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SU MMA RY

1. ö-Aminolevul-inic acid (ALA) and aminoacetone (aa¡

synthetases in liver mitochondria from guinea pigs dosed

with the drug DDC þ¿i¡g been localised as either within the

mitochondrial matrix or possibJ-y loosely bouncl to the inner

mitochondrial membrane .

2. A cytoplasmic form of A.tA synthetase, accounting for

approximately 30? of the totaÌ enzyme activity in liver after

allowing for leakage frorn mitochondria, has been demonstrated

in guinea pig l-iver 24 hours after DDC administration. This

finding is in agreement with previous reports of extra-
mitochondrial ALA synthetase activity in rat 1iver.

3. Electron microscopy studies of liver mitochondrj-a

from DDC-treated guinea pigs showed no specific structural
alterations that could be correlated with a.n i.ncrease in ALA

synthetase activity or norphyrin production.

4. ALA synthetase, extracted from porphyric guinea pig

mitochondria by sonication or freeze-drying was found to be

excluded from Scphadex G-200, and other stud.ies revealed

that activity was associated with a large aggregate. In
contrast, AA synthetase behaved. as a soluble enzyme with
a molecular weight of 64,000. By treating the aggregate

with both NaC-]- a;rd dithioerythritol, ALA synthetase activity



was released to lzieJ-d a soluble enzyme of molecular weight

77 ,000, as determined b1z Sephadex 9eI chromatography.

5. The purification of solubilised mitochondríaI ALA

synthetase r¡¡as initially attemoted from porphyric guinea

pig liver. In later sLudies, a relatively fast,

reproducible method, involving Sepi,adex chromatography,

ammonium sulphate fractionation and affinity chrornatography

and giving a 4O-fold purification, was developed for

solubilised enzyme from rat l-iver mitochondria.

6. Some prelìminary kinetic studies of the purified

enzyme from rat liver mitochondria were carried out, using

an assay system containing chemically synthesì-sed succinyl-

CoA. True Michaelis constants for glycine and succinyl-CoA

r,rrere determined as 19 ml4 and 200 pM respectively. Hemin

inhibited the enzyme by 508 at a concentration of 10 UM.

The addition of glycine and succinvl-CoA to the enzyme

surface was shown to occur by a non-sequential reaction

mechanism.

7. The molecular weight values of ihe solubilised

mitochondrial and cytoplasmic forms of AJ-A svnthetase

from rat liver, determined under identical conditions by

Sephadex chromatography, were 77,000 and 178r000 respectively.

Antib.rdies prepared in rabbits against the purified mito-

chondrial enzyme cross-reacted with the cytoplasmi': enzyme,



\ -LrJ-.'

although not to the same extent.

The above findings are discussed ín terms of the

hypothesis that cytoplasmic ALA synthetase is a precursor

of the mitochondrial enzyme

8. other immunological studies failed to detecL the

presence of an enzlzmi-ca11y inactive, but immunologically

reactive precursor of ALA synthetase in liver of normal

rats. This supports the proposal that the drug-induced

íncrease in ALA synthetase activity is due to de nouo

synthesis of enzyme'.
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{/l/'1I.1. INTRODUCTION

Porohyrins probably originated abiogenically in

the 'primitive soup' when oxygen appeared in the Barthrs

atmosphere at a relatively late stage in evolution [1].

In the beginning period of the existence of life,

organisms rvhich were able to use oorphyrins as photocatalysts

\dere placed at a selective advantage, since they were then

able to utílise visible Iíght as an additional source of

energy l2l.
As lif e has evolved, porphyrin derivat-i-ves have

become an essential part of metabolj-c processes; the

ability to synthesise porphyrins is possessed by almost all

species. Cytochromes occur in virtually all aerobic organisms;

hemoproteins are vital to the maintenance of normal metabolism

ín anímal cel-Is; chlorophylls are essential for the process

of photosynthesís in plants.

This thesis ís concerned with studies in mammalian

Iiver of the Oroperties of the enzyme 6-aminolevul-i-nic acid

(ALA) synthetase, which catalyses the first step in the

biosynthesis of porphyrins and heme. As is discussed later'

this step is rate-Iirniting in the heme biosynthetic pathway

in almost all systems studied, and is therefore a logical

control point to regulate production of porphyrins and heme.

The following literature review provides background

information as an introduction to the field of ALA synthetase

and heme biosynthesis. Firstl.¡2, some details of this enzyme

.'n Various systems are described and our present knowledge of



the other enzymic steps involved in the formation of heme

are summarised.

Secondly, åctors which operate to regulate the

level of ALA synthetase activity in bacterial and animal

cells, and control heme synthesis, are discussed. Some

suggested molecular mechanisms by which regulation of

activity may occur are also presented.

Fína11y, the 'porphyriS"' a group of metabolic

disorders characterised. by greatly increased formation,

accumulation and excretion of porphyrins and/or their

precursors, are mentioned, with a discussion on possible

sites of genetic defects in the hepatic porphyrias.



1 .2. THE ENZY¡4OLOGV OF THE HEI.1T BIOSYI\THETIC PATHl.JAY

The stud.y of the biosynthesis of heme began in

Ig45 when it was demonstrated by shemin that labelled

glycine was incorporated into the heme molecule I3l. Since

this time, all of the reactions involved in the heme

biosynthetic pathway have been eluciclated and demonstrated

in a varieÈy of cel-I-free systems, and studies of the

enzymes catalysing the individual steps carried' out.

A summary of the Steps involved in the pathvray 'i s shor,vn in

Fig. 1-1.

The en?ymes are compartmentalised, at least in

mammalian liver l,4l , such that the initial enzvme

ô-aminolevulinic acid (ALA) synthetase is in normal

condj-tions detected in mitochondria; the next three enzymes

occur in the cytoplasm; and the last two enzymes are again

found in the mitochondrion. In fact, recent work has localised

ALA syntheta-se in the matrix of the mitochondrion, and ferro-

chelatase the last enzyme of the pathway, oñ the inner mito-

chondrial membrane [5,6]. Another recent finding is that a

cytoplasmic form of ALA synthetase exists in rat liver [7'8].

This form of the enzyme has been proposed to be in transit

from its cytoplasmic site of synthesis to the mitochondrion,

and this hypothesis and ot.he:: data relevant to the relation-

ship between the trvo forms of enzyme wj i-I be discussed in

detail later in this thesis.

Some of the reactions in the pathway have been

characterised in more detail than others, buL studies are

continuing on all steps in a variety of systems. The purpose



Fig - 1-1.
The yrin-heme biosyn thetic pathway'

showing the formation of both type I 9nd III series of isomers.
A = acétyl; P = propionyl; V = vinyl; M = methyl.

The enzymes catalysing the individual steps are:

I
2
3
4
5
6

ALA,synthetase
ALA d.ehydratase
Uroporphyrinogen III sYnthetase
Uroporphyrinogen IfI decarboxylase
Coproporphyrinogen IrI oxidase
FerrocheLatase.
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of the following section is to describe what is known

about the enzymes catalysing the individual reactions, with

emphasis on more recent work that has been published in the

Iast five years. Several excellent reviews are available

which cover work until 1967 l9-L41, and these are recommended

to the reader for a more detailed coverage of earlier work.

No attempt therefore has been made, in this section, to

refer to all papers published before L967,

Stép I ô-Aminolevulinic Acid (ALA) Synthetase (Succinyl-

CoA gI ine succinr¡ltransferase)

ALA synthetase, the first enzyme of heme biosynthesis,

requires pyridoxal S-phosphate as a co-factor, and catalyses

the condensation of glycine and succinyl-CoA to form ALA,

carbon dioxide and CoA.

Succinyl-CoA + Glycine + ALA + COz + CoA

The enzyme has been detected in ce1ls from a number of sources'

including R, sphez,oi.des II5], ^9. itez'soni¿ 11-6l , P: shermanií

ll7) , yeast [18] , spinach [19] r soybean calIus l'20] ,

/y. era,ssq. l2Ll , mouse spleen 122,231 , bone marrow Í24,251 ,

rat Harderian gland [26] , mammali an and avian reticulocytes

[9], mammalian and avian l-iver 127,281 , and rat kidney Í29J.

Unless large a¡nounts of porphyrín derivatives,

such as bacter.'-ochtorophyll in photosynthetic bacteria t oY

heme proteins, such as cytochromes in liver and hemoglobin

in reticulocytes, are being made by the cell, the level of

detec+-able AIA synthetase is very Iow. The enzyme has proved

to be rery difficult to measure in plant systems, and no



significant activity could be detected in chloroplasts

and pr:oplasmids competent of rnaki.ng heme and chlorophyl1s,

even using a sensitive radiochemical assay t301. In many

systems which have high levels of ALA dehydratase and other

enzymes d the pathwây, ALA synthetase cannot be detected.

In all of the above systems, ALA s¡znthetase has

been accepted as the rate-límiting enzyme of the heme

biosynthet.ic pathway, with a few exceptions [16,ì7] . Thus,

only smal1 amounts of enzyme may be necessary to meet the

porphyrin requirements of the cel1. Alternativellr, inhibitors

may be present in the ce1I to control ALA synthetase activity,

as has been reported for Ã. spheroides, or ALA could be

generated by an alternative metabolic pathway in some

systems r âs discussed by Tait t14l .

Although the second enzyme nf the heme pathway,

ALA dehydratase, ilây be of regulatory importance in a few

cases [16-18 ,2I,3I,32f , the formation of ALA represents

the control step in heme biosynthesis for most systems.

This ís best illustrated in mammalian and avian 1iver, since

Ievels of ALA synthetase can be drammatically elevated by a

variety of drugs and steroids 127 ,28,33 ,341 , and this results

in an over-producÈion of porphyrins and./or their precursors,

such that liver cells fluoresce under ultraviolet light.

Many factors are now known to increase levels of

.AIA synthetase in Iiver. Lhese increases are prevented by

inhibitors of RNA and protein synthesis [28,35], and are

therefore thought to result -'rom new enzyme synthesis. The

next section (1.38) discusses these factors more fully in



terms of the control of heme production.

Atthough initial attempts at purifying ALA synthetase

were frustrated by its j-nstability, this difficulty is now

being overcome, and reports have recently appeared on the

purification of the enzvme from R. sphenoides Í36,371 , rat

Iiver t38l and rabbit reticulocytes t391.

l'he R. spheroides enzyme has been purified 1200

to 1300-fold 136,371 and has a molr,cular weight of approx-

imately 60,000. Kikuchi's group t36l has reported the

existence d t¡¡o forms of the enzyme, which can be

separated on DEAE-Sephadex due to their different charges

at pH 7.4. The two forms appear to be subject to different

control mechanisms, and increases in enzyme activity can be

ind.uced by different stimuli t401. Also' one form of the

enzyme can exist in an ínactive state, which has a slightly

greater molecular weight than the active enzyme t411. The

presence of a 1ow molecul-ar ureight activator and an inhibitor

of ALA synthetase in extracts of R. spheroides h¿s also been

reported 142,441. These findings are discussed in Section 1.34.

The purifíed enzyme from R. sphenoides is sensitive

to end product inhibition by hemin. No evidence of allosteric

behaviour \,vas observed in kinetic studies with substrates

glycine or succinyl-CcrA. The activity of the enzyme in

crude extracts was greatiy affected by oxidísing and reducing

reagents, such that potassium ferri:yanide marke<1ly stimulated

actívíty, while dithiothreitol was inhibitory. In contrast,

no effect of these compounds was observed with purif:ed

enzyme t371.



ALA synthetase in Èhe mammalian liver cell

exists after drug treatment in the cytoplasm and m.itochondria

[7r8]. The cytonlasmic enzyme has been purified 200-fo1d

by Scholnick et aL. t451. The presence of dívalent or

monovalent cations !üas necessary to stabilise and activate

the enzyme, and to prevent enzyme aggregation. Sucrose

density gradient centrifugation gave a molecular weight

for the enz)¡me of approximately I50 
' 
000. While the crude

enz)zme was inhibited by heme only by hígh, non-physiological

levels, purified cytosol ALA synthetase was inhibited 50? by

a concentraÈion of Z.tO-5 ¡,t.

AIA synthetase from rabbit reticulocytes has been

purified 4,40O-fo1d to apparent homogeneity b1z disc ael

electrophoresis t391. The molecular weight of the enz)¡me

from Sephadex G-200 chromatography wis around 200,000, and

the enzlzme was inhibited 402 by hemin at a concentration

of to-5 t,t.

A'mechanism for the ALA synthetase catalysed

reaction has been suggested from studies with the

R. spheroides enzyme l46J , and is shown in Fig. L-2.

Pyridoxal S-phosphate is postulated to be bound to Lhe

enzyme through the phosphate group by ionic forces, and by

a covale¡rt- linkage produced by the formation of a Schiff

base between an amino group on the enzlzme and the aldehyde

group of pyridoxal S-phosphate.

Pyridoxal S-phosphate then transiminates with the

antino group of glycine while sti1l línked to the enzyr,ê. A

stabilised carbanion of qlycine makes a nucleophilic attack
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on succinyl-CoA, displacing CoA. The cx,-amino-ß-ketoadipate

formed spontaneously decarboxylates and ALA is released from

the enzlzme by the reverse of the transimination process.

The formation of a carbanion from glycine by

stereospecific loss of a protcn has recently been demonstrated

by Akhtar and Jordan 147,481. They prepared. trvo species of
glycine in which the o-hydrogen atoms hrere stereospecifically
labelled with tritium. On incubating these molecules with
enz)rme from .R. spheroídes and succinyl-CoA, they found one

of the hydrogen atoms was stereo-specifically removed,

whereas the hydrogen atom in the other confi-guration was

retained,

The condensation of an acyl-CoA derivative with
the o-carbon atom of an arnino acid has also been observed

in the reaction of acetyl-CoA and glycine to form aminoacetone.

The enzyme'catalysing this reaction has been demonstrated in
chicken reticulocytes I49l and j-s readily detectable in
normal mammalian liver t501. Some studies have been carried
out in this laboratory on the partially purifíed enzl¡me fror¡

sheep liver mitochondria t511.

More recently, a similar react-ion ín which palmityl-
CoA condenses with the o-carbon atom of serine has been

demonstrated in the synthesis of sphingosine L52l.

. ô-Aminolevulinic Acid Dehydratase

(S-aminol-evulinate hydro-1yase Iadding ô-aminolevulinate

and cyclisingl , E.C . 4.2.L.24)

Step 2

ALA dehydratase catalyses the ccndensation of two



molecules of ALA to form the pyrrole, porphobilinogen

(PBG). The specific activity of this enzyme in animal and

bacterial cells is much higher than that of ALA synthetase,

with few exceptions 1161.

The enzyme has been purified from a wide variety

of sources including cow liver, human erythrocytesr soy

bean callus tissue, wheat leaves, yeast and F. spheroides

(see Tait t14l¡. More recently the propertíes of the enzlzme

have been studied in 5. ítersoníi [16] , M. phLe¿ [53] ,

N. tabaeum tSal and mouse liver [55], and compared with
properties previously reported for the enzyme from other

sources.

The enzymes from mouse liver t55l and R. spheyoides

t56l have a molecular weight of 250,000, and consist of
síx subunits of equal molecular weight (40r000). Thiol

groups are Jnown to be an essential requirement for enzyme

activity in all systems, but other properties differ with

enzyme sources. Inhibition by heme is significant for enzyme

from R. spheroides t57l and mammals [58], but not from

il. tabacum t54l or .9. itersonii t16l . ALA dehydratase of

,R. sphenoides has many of the characteristícs of an allosteric
enzyme [59], but no evidence has been reported to suggest

allosteric control of the mammalian or plant enzyme. EDTA

is a potent inhibitor of enzyme from mammalían sources

160-621, except that from the mouse [63], while enzyme from

R. spheroides is insensitive to this compound t151. Magnesium

ions activate enzyme preparations from ,S. ítez,sonii [16],
/y. tabacum 1541, and R. spheroides t591. Shemin t46l has
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suggested that all dehydratases contain a metal ion, bub

in some cases, such as for F . sphenoides, strong binding

of the metal prevents its removal by EDTA.

The mechanism of PBG synthes.is has been studied

using purified enzyme from ,R. spheroides by Shemin and

co-workers, and is discussed in detail in a recent review

t461.

Step 3. Uroporphyrinogen Ïff Synthetase or Porphobilinogenase

The condensation of four molecules of PBG to form

uroporphyrinogen fII (or uro'gen fII) constitutes one of the

most intricate steps in porphyrin and heme biosynthesis.

From early work on plant systems [64,65], the enzyme complex

involved in this step, which has been termed uro'gen IIf

synthetase, )r porphobilinogenase was known to consist of

two different enzymes. These are PBG deaminase, which

catalyses the conversion of PBG to urorgen I, and urotgen

isomerase or uro'gen IIr cosynthetase, which is responsible

for the formation of uro'gen III. The two enzymes can be

dístinguished on the basis of their heat stability, the

isomerase being unstable at 60-70"C for short times.

The mechanism of the overall reaction sequence

is largely unknown, although hypothetical reaction mechanisms

have been proposed (see Tait t]al ¡ . Recent work has resulted

in the separation and purification of the two enzymes from

cow Iíver [66], avian erythrocytes 1671, and cultured soybean

callus cells [68], andkinetic studies have been performed

cn these preparations Í66,691 in an effort to elucidate some
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aspects of the reaction mechanism.

The mode of action of the isomerase is of
particular interest, since alone it has no action on

either PBG or uro'gen ï. Evidence has now been obtained

for a polypyrrolic intermediate, which in combination with

PBG, acts as substrate in the format:'-on of uro'gen III by

purified isonterase preparatíons from various sources IZO].

A hypothesis which is based on that of Cornford l7Ll, has

been proposed for the formation of uro'gens I and III from

PBG [eg]. This scheme suggests that the iso¡lerase functions

at a step after the condensation of tv¡o molecules of PBG

to form a dipyrrol, but before the insertion of the fourth
molecule of PBG. The result is the insertion of a PBG

molecule "back the front" in the tetrapyrrole ring to form

the type IfI isomer.

Step 4. Uroporphvrinogen fIf Decarbo>:ylase

Uroporphyrinogen ITI (or uro'gen III) decarboxylase

catalyses the conversion of the octacarboxylic compound,

uro'gen Iff, to the l-etracarboxylic coproporphyrinogen

(copro'gen) III by decarboxylation of four ace'ùic acid

sidechains to four methyl groups. The enzyme has been

studied in plant, animal and bacterial ce11s ¡ âr:d recently
reports have anpeared of a 220-foTd purifícation of the

enzyme from chicken erythrocytes to apparent homogeneity

on polyacrylamide gels n)1 , and a 21-fo1d purificatj,on
from mouse spleen IZ¡].

Since intermediate porphyrins with 7, 6 and 5
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carboxyl groups can be detected in incubation mixtures,

the decarboxylation reaction has been proposed to occur in
a step-wise manner, with the first decarboxylation proceeding

more rapidly than the last three. How.ever, only one component

with decarboxylase activitv has been found in chicken erythro-
cytes, and it is therefore thought that this enzvme must

have more than one active site t721.

The enzyme from mouse spleen decarboxylates

uro'gens I and III at the same rate 1731, but the type III
isomer has been found to be decarboxylated twice as rapidly
as the type I in chicken 1,721 and rabbit Í741 retículocytes,
giving some degree of specificíty to this enzyme.

Step 5 Coproporphyrinogen IfI Oxidase

The enzyme catalysing the step Coproporphyrinogen

III to Protoporphyrin IX is coproporphyrinogen (copro'gen)

oxidase. Two propionic acid chains of the tetrapyrrole,
copro'gen Ïff are converted to vinyl groups. The proto-
porphyrinogen rx so formed is then oxidised to protoporphyrin.
The enzyme from liver mitochondri-a has been purified to

electrophoretic homogeneity and has a molecurar weight of
80r000 t751. Studies with this enzyme have shown an

absolute requirement for oxygen for the react,ion to occur; no

other electron acceptor could substitute. This has led to
the suggestion that in an oxygenase type reaction, propionic
acid side chains are converted into g-hydroxypropionic acid;
dehydration then yields acrylic: acid and subsequent decarboxy-

I¿:tion yields a vinyl group t761 . Indeed, chemically



synthesised 2,A-bis-S-hydroxypropionic acid deuteroporphyrino-

gêDr an expected intermediate fo:: this reaction mechanismt

ís converted to protoporphyrinogen by the enzyme t761.

Sínce certain bacteria can synthesise cytochromes

or bacteriochlorophylls during growth under anaerobic

conditions, a mechanism using another electron acceptor

must exist for this oxidative reaction. Tait l77l has

shown that extracts of R. spheroíd¿s grown serni-anaerobíca11y

in light can convert copro'gen III to protoporphyrin in the

absence of oxygen íf extracts are supplemented with ATP'

methionine or S-adenosylmethionine and l4gSOn.

Addítional sÈudies suggested that under anaerobic

conditions a flavoprotein and iron are involved in the

removal of hydrogen from copro'gen, and that I'TAD(P)+ is

the final hydrogen acceptor t781.

The aerobic reaction in E. eoLi is thought to

be similar to that demonstrated in livcr mitochondria,

although rather surprisingly the reaction could not be

demonstrated in some other heme-containing bacteria t791.

Step 6. Ferrochelatase or Heme Synthetase

(Protohaem Ferro-Iyase, E.C . 4.99.1.1)

Ferrochelatase catalyses the last step of heme

biosynthesis, inserting Fe++ ions into protoporphyrin to

form heme. The enzlrme has been detected in celI-free slzstems

from Iiver, bone marrow, reÈiculocytes, yeast and bacteria,

and ncre recently in isolated spinach chloroplasts t80l and

plant mitochondria tBIl . The enzyme also has a wi'1e



distribution in rat tissues and activity has been assayed

in Iiver, kidney, heart and brain t291.

Ferrochelatase is a particulate enzyme; it is
locat,ed in mitochondria of animal and. yeast ce11s, and is
probably attached to the cel1 membrane in bacteria.

Solubilisatíon of the enzlzme from chicken erythrocyte

stroma has been accomplished by detergent treatment,

and evidence obtained that phospholipids are importanË

for high enzyme activity t821.

In general, the enzyrne is not specific for Fe++,

and will incorporate zn** or co**, and other metal ions

at lower efficiency. Extracts of .R. sphenoídes have been

shown to contain two ferrochelaÈases, one being a soluble

form and the cther part,iculate t831. The significance of
the soluble fcrm is uncert,ain.

Other studies have shown that particulate
R. spheroí,des ferrochelatase is sensitive to inhibition by

magnesium protonorphyrin and heme t831. Since heme is known

also to inhibit ALA synthetase and ALA dehydratase in this
organism, the regulation of heme and chlorophyll synthesis

by feedback effects is now complex. Heme has also been

reported to inhibit rat, liver mitochondrial ferrochelatase

tBa¡.



I .3. THE CONTROL OF THE HEME BIOSYNTHETIC PllTHl^lAY

Under normal metabolic conditions, porphyrin

and heme biosynthesis is efficiently regulated and very little
accumulation of porphyríns or the precursors, Al,A and PBG,

occurs. However, the controls which operate on the pathway

can be interfered with by various treatments, leading to
disordered metabolism and over-production of porphyrins

and their lrecursors. The study- of how these disorders

are brought about can provide information on the mechanisms

of normal control processes that occur in uíuo.

As descríbed in Sect,ion I.2, the focal point of
control of flux in the pathway is ALA synthetase, because

it is the rate-limiting step in almost all s¡rstems studied,

and therefore regulates porphyrin production.

The followíng section is mainly concerned with

factors that increase or decrease the amount of ALA

synthetase in the ceII. An increase is defined as

rinduction'i and a decrease as 'repressiont; these terms

are used without any mechanistic implications of how the

effects are brought about.

To illustrate the types of control known to operate,

three cell types in which levels of ALA slznthetase activity
can fluctuate in response to various stimulí are described.

These are the bacterial cel1, R. sphen<,ídes, the mammalian

and avian liver parenchymal cel1, and the erythroid ceIl.



1.3 A. Control of ALA Synthetase Activity in R. spVieroides

.R. sphez,oides is a photosynthetic bacterium whích

has been used in studies on the regulatíon of tetrapyrrole
biosynthesis because under appropriate conditj-ons of growth,

bacteriochlorophyll is synthesised in large amounts r âs

well as heme. The first step leading specifically to

bacteriochlorophyll production involves the incorporation
J. J-of Mg" into protoporphyrin; an alternative to heme

formation which is not present in animal ce1ls thus exists
for the metabolic fate of protoporphyrin. Bacteriochlorophyll

synthesís by far predominates under anaerobíc-illuminated

conditions of bacterial growth, but its synthesis is inhibited
by high aeration or by high light intensity. ALA synthetase

has been suggested as a major rocus of these effects since

the synthesis of thís enzyme is repreosed by oxygen or

light [85,86] .

Recent studies on the role of ALA synthetase in
the regulation of tetrapyrrole synthesis ín A. sphez,oides

reveal a eomplex situation. The purífication of the enzyme

t36l has resulted in the isolation of two forms of enzyme,

and these appear to be subject to control by different
environmental conditions t401. Levels of form I were

greatly íncreased by anaerobic arowth of ceIls, but 1evels

of form 2 were increased only when cultures were íIlumínated
as well as rncubated anaerobicatly.

While these increases are due to new protein
synthesis [40], the activity of existing enzyme also aIr:rears

subject to several control mechanisms. Form t has been



shown to be present in active and inactive states [36r41].
The enzyme ín the inactive state was found to be slightly
larger (¡lW fOO,000) than the active enzlzme (MW 80,000).

Conversion to the active state was accomplished by a
protein component from Ã. spheroides t oE by a protein

fraction from rat liver mitochondria l. Ll, and is therefore

thought to involve some enzymic modifícation of the ALA

synthetase molecule.

Another type of control is revealed b1z the studies

of Marriott et aL. 143,441 . They reported an unusual

spontaneous activation of ALA synthetase in extracts of

cells grown semi-anaerobically, when stored at 4"C for t hr.

This effect was dependent on the cel1 concentration of the

suspensions used, and. further studies indicated a labile,
heat-stable activator of low molecular weight was involved.

Oxygenated cells were shown to contain a low molecular

weight inhibitor which prevented the aetivation, and a

specific reversibl-e inhibitor of ala synthetase with somewhat

similar properties was al-so reported by Tuboi et aL. l42l .

The *,ructures of the activator and inhibitor, and the nature

of their interaction with ALA synthetase is still unknown.

A similar activation phenomenon has also recently been

reported for ALA synthetase in a plant system t20l.
As wr:l-I as these findings having possible regulatory

significance, heme is loown to affect ALA synthetase activity
in .R . spheroí.des in two hrays. Firstly it is a potent

feedback inhibitor [15,37]; secondlyr âs well as decreasing

the activity of ALA synthetase present, heme is knc,wn to



rlepress the synthesis of this enzyme [86,87]. Thus many

factors are row known to control the amount and activity
of AIA synthetase in R. spheroides.

1.3 B. The Control of ALA Synthetase Activity in Liver

Studies on the role of ALA synthetase in the

production of porphyrins and heme in liver beqan in 1963

when a dr¿:matic increase in hepatic ALA synthetase activíty
was detected ín guinea pigs dosed with the drug, DDC 1251.

Solomon and Figge t88l had prevíousIy reported that this
chemical disturbed normal porphyrin metabolism. producing

a marked increase in hepatic concentrations of protoporphyrin

and coproporphyrin.

Since this time, much work has been carried out

on the study of the control of ALA sy;rthetase product,ion

in liver. A lot of the progress made in this field is
due to the development, of an in uitro system by Granick

lZe¡. Using chick embryo tiver cells in culture, ALA

synthetase could be measured in a semi-quantitative fashion

indírectly by porphyrin fluorescence, since ALA synthetase

is rate-limiting. Many compounds could thus be guickly
tested for an effect on ALA synthetase activity by their
inclusion in the qrowth medium. Other advantages cf this
system are the knowledge that compounds under test are

having a dírect action on the liver cell, and that useful
experimental manipulations with the ceIIs, which are not

possible using ín uiuo sysùems, can be carried out. Th¿

validity of this technique has recently been confirmed by



direct assay of ALA synthetase ín large-scale cultures

lBe-erl.
Attempts to obtain an in uítz,o system in mammalian

Iiver whereby AIA syntheÈase levels can be altered under

well-defined conditions have been initiated in this laboratory.
The :esults of studies using isolated perfused rat liver
hrere reported recently 192,931 . Many factors and compounds

are now known to affect, directly or indirectly, the amount

of active ALA synthetase present in the liver ceII. These

may be classified as various drugs, steroids, heme, glucose,

vitamin E, Iead, and ferric citrate.
Studies describing the effects of each of these

compounds in turn on ALA synthetase activity in liver, and

their possible mechanisms of action, will now be discussed.

Factors Affecting the Level of ALA Synthetase Activit vin
the Liver CeII

(i) prugs

From studies in uítyo Í28,9L,941 and in uiuo

127,331, a wide variety of foreign chemicals are known to

increase the level of AIA synthetase in mammalia.n and avian

liver celIs. the 'experimental porphyria' produced by these

co:npounds has attracted great interest because of it,s
resemblance bio:hemically to human porphyrias, genetically
determÍned diseases in man lsee Section I.4]. AIso, a large

number of the inducing drugs have been implícated as causing

attack; of porphyria in man.

The increase is prevented by inhibitors oÍ RNA
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and prîotein synthesis [28,35], and is thought to be due

to increased synthesis of enzyme, rather than decreased

degradation, since inducing chemicals do not affect the

half-life of ALA synthetase in the chick embryo liver cell
system ln uitro t891. Alsor ërr attempt to distinguish
between these two possibilities has been made using

mathematical models [95,96], and using a half-life for
rat liver ALA synthetase of 65-7Q min [35,95]. However,

conclusive evidence regarding these points awaits the

preparation of a specific ALA synthetase antibody for direct
measurement of enzyme Ievels using established radioisotopic
techniques.

The chemieal structures and steric confÍgurations

of the inducing chemicals seem unlimited in their diversity,
and it is ve.y difficult to envisage a cornmon site of action
for such a v¡ide range of compounds. Marks et aL. [97-100]

have searched for a relationship between chemical structure
and rporphyrin-inducing' activity by synthesisíng various

analogues of well-known inducers, and suggest a critical
feature of inducing compounds is an ester or amide group

which is sterically hindered from hydrolysis. De Matteis

194J has suggested that a correlation exists between lipid
solubility and porphyrinogenic ac.tivity of inducing

compounds. There is now evidence that .r11 drugs do not

have similar effects. This had been índicated earlier by

the finding that different patterns of porphyrirrs and

porphyrin precursors were proö.rced in experimentat animals

by different dnrgs. For example, DDC caused a very much



greater accumulation of protoporphyrin in livers of rabbits

[101] and mice t1021 than did AIA.

Recently, Sassa and Granick t89l have proposed

that these two compounds stimulate ALA synthetase synthesis

at different points in the prctein biosynthetic machínery.

From studies wiÈh inhibitors of RNA and proteín synthesis,

DDC appeared to act at a transcriptional leve1, whil-e AIA

acted at the translational Ievel._

The association of other metabolíc changes with

experimental porphyria in animals, including the stimulation

of synthesis of several other Iíver enzlzmes, indícates that

a drug-induced increase of ALA synthetase may be only one

aspect of a more basic alteration of liver metat¡olism

involving protein biosynthesis. Although studíes with

radioactive --¡roÈic acid and leucine in tissue culture showed

that AIA did not bring abouÈ a detectable change in the

overall rates of RNA and proteín synthesis 128,291 , AIA is

known to cause many metabolic changes within the liver when

adminístered ín uiuo. A list, of these changes includes an

increase ín liver size with hypertrophy of the smooth

endoplasmic reticulum [103,I04] ; increased liver protein

synthesis [105], increased fatty acid synthesis [106] ,

increased cholesterol synthesis .[107], increases in the

enzymes tyrosine aminotransferase [104, 108,109]' tryptophan

pyrrolase [109,110], NADPH-cytochrome C reductase [111],

glucose-b-phosphate dehydrogenase [111] and ALA dehydratase

[351111], and at later times, increases in the drug

rretabolising enzymes [104rI05r1-L2J .
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Other effects that have been observed are

increased microsomaL heme breakdown [113-115], increased

levels of the heme-binding serum glycoprotein hemopexin

t1161, and. behavioural changes t1171 .

Elder in this laboratory has also shown that

AfA gíven to rats can depress RNase activity in microsomal

and cytoplasmic liver fractions [118]. Simil¿tr findings

have been reported in phenobarbital-treated rats [119-121-].

Further studies have shor¡n, however, that the induction

of ALA synthetase precedes any significant change in

RNase activityr so the tlo effects appear unrelated. Some

of the other broad effects of AIA on protein synthesis could

possibly result from increased protein synthesis if this

depression results in decreased m-RNA breakdown. Nevertheless,

it is clear that levels of ALA synthetase rise very quickly,

and at early times there is a striking increase in this

enzyme as com[ìared with other proteins.

Increased heme production would be expected to

result after drug treatment, and this is indeed the case

as shown by Marver ll22l for the compounds phenobarbital

and AIA. However, the question arises as to what is the

function, if êny, of the increased. heme produced. ft now

seems likely that the majority (around 702) ís involved in

the synthesÍs of the microsomal cytochromes, notably

cytochrome P-450 lI22J, with some heme being devoted to

mÍtochondrial cytochrome formation t1231. This leads to an

interesting control mechanism since cytochrome P-450 ís the

hemoprotein consídered to be the terminal oxidase involved



in drug metabolism. fncreased levels of ALA synthetase

may then be reguired after drug administration to produce

increased heme, for incorporation into cvtochrome P-450.

The stimulation of certain hepatic microsomal drug oxidations,

and subsequent detoxification and excretion of the drug then

occurs.

This relationship between increased heme synthesis

and increased drug metabolism has been studiecl by Baron and

Tephly using the drugs phenobarbital and benzpyrene lnL-I2B].
Their findings support the above concept in that when heme

synthesis is partially blocked by 3-aminotriazole, índuction

of cytochrome P-450 by phenobarbital is impaired; that is,
increased cytochrome P-450 synthesis requires increased

heme svnthesis. However, Dê Matteis and Gibbs [fZg]
have recently published ev-i-dence suggesting that the

stimulation of the drug-metabolising system and an increase

in ALA synthetase are Iikely to result from different actions

of the drugs.

If a prirnary effect of drugs is to increase ALA

synthetase synthesis, what are the molecular mechanisms

involved in this process? It is difficult to formulate a

unifying hypothesis because of the structural diversity of

the drugs, as already described. Granick has proposed a

scheme based on our knovrledge of gene expression in
bacterial cel-Is lsee Section 1.38 (iii)]. An alter¡rative
theory that avoids this difficultr¡ is that atl drugs may

inÈerfere with the metabolism of a physiotogical compound

which is the tnr-re inducer of ALA synthetase. Steroid.s



are knorùn to be alternative substrates to drugs for the

drug metabolising enzymes [130,131] and it seems possible

that drugs might compete with steroids for the microsomal

enzymes, increasing the concentration of an endogenous

steroid to a level sufficient for induction at ALA synthetase.

The next section discusses the role of steroids in the

induction process.

One other hypothesis to .rriefly mention is that

of Labbe et aL. [132-134], who have proposed that the

concentration of NADH or the NADH/NAD* ratio of the cel1

is involved in the control of the 1evel of ALA synthetase.

They have correlated the ability of various compounds to

inhibit NADH oxidase, prepared from beef heart mitochondria,

and their abílity to produce porphyrin accumulation in chick

embryo liver cells t1331. Alsor Gadjos and cadjos-Török t1351

have suggested inÈracellular leve1s of ATP may be important

in controlling the expression of hepatic ALA syr"thetase.

(ii) steroids

Initial studies by Granick [28] showed that in
addition to various drugs, some sex steroids, such as

progesterone, testosterone and estradiol, \^/ere moderately

aetive in inducing porphyrin synthesís in chick embryo liver
parenchymar .ce.l-1 s in culture. None of the corticosteroids
tested was active.

Further work showed that some metabolites of
testosterone and progesterone were much more potent inducers

of porphyrin forr¡ation than \¡¡ere the original sterc,ids



themselves [34,136,I37J . The j-nduction \.,ras sensitive
to inhibitors cf RNA and protein synthesis and therefore
probably represented nerv enzyme synthesis. rnvestigations

of the structural requirements for activity revealed only

steroids with 19 or 2r carbon atoms and a 5ß-H configuration
(a:g cis) were potent inducers.

That the porphyrin-inducíng action of these

steroid metabolites was mediated tl:rough the induction of
AIA synthetase was confirmed by assaying the activity of
the enzyme in whole livers from 16-day-o1d chick embryos

after treatment with the steroids t138l. Derivatives of
progesterone used as contraceptive steroids are also active
in this system [139].

On the basis of these findings, it has been

suggested that steroids may be the physiological regulators

of heme biosynthesis in man. This idea is attractive
because the episodic, spontaneous nature of acute intermittent
porphyria, and its rel-ation to puberty, pregnancy and the

menstrual cycle can then be explair.ed in terms of an

endocrine imbalance ín affected individuals (see section 1.4).
Against this hypothesis, is the findi_ng that

5ß-H steroids do not increase ALA synthetase actívity
ín uiuo in mammalian liver [138]. Granick has pcstulated

that additiona-'1. mechanisms may exist for controlring heme

formation in mammalian cells, but recent work in this
laboratory using isolated perfused. rat líver has shown that
progesterone and a 5ß-H metabol_ite of this steroid,
pregnanolone, are good inducers of AIA synthetase in this



system [92,93] .

As well as sex steroids, the corticosteroíds may

play an indirect role in the induction of ALA synthetase

in uiuo, since the drug, AIA, administered to adrenalectomised

rats, only produced a small rise in hepatic ALA synthetase

activity t1401. When hydrocortisone was injected into these

rats in addition to AIA, the levels of ALA synthetase

activity reached. the normal high value obtained in intact

rats with AIA alone. Also, Matsuoka et aL. t1411 have

reported that hydrocortisone greatly stimulated the increase

in ALA synthetase activity in rats after AIA treatment,

but hydrocortisone alone had no affect.

This apparent rpermissive' role of hydrocortisone

in ALA synthetase induction in uíuo is not understood.

(iii) Heme ¡

lfhiIe both drugs and steroids increase the

amount of ALA synthetase present in the liver celI, heme

appears to repress or decrease the synthesis of this enzyme.

Studies in uiuo [1I0, I42-I441 and ín uitz,o Í28 ,89-9I,136 ,145]

have shown that when heme (or hemin) is adminis'-.ered with

an inducing chemical, such as AfA, the effect of the AfA

is nullified and very litt1e increase in ALA synthetase

activity result's. This effect does not appear to be due

to heme altering the stability of the enzvme t8gl. Some

other metalloporphyrins also prevent induction Í28,136,146] .

Although end product inhibition by heme may be

a controlling factor of ALA synthetase activity in liver



lBr457, this mechanism alone cannot explaín the decreases

of ALA synthetase activity produced by heme, since it. is
apparent that a reduced amount of enzyme results from its
effect on cells. A molecular mechanism to explain heme

repression of ALA synthetase has been proposed by Granick

Í28,L371. Th-i.s modelr âS shown in Fig. 1-3, is based on the

Jacob-Monod scheme for gene regulation in bacteria, and also

accounts f¡r &ug- and steroid-mediated induction of AIA

synthetase.

The operator of the structural gene for ALA

synthetase is proposed to bind a repressor protein, which

prevents transcription of the gene and the production of
m-RNA. The repressor protein is made up of an apo-repressor

prot.ein, which is synthesised from a regulator gene, and a

co-repressor, heme, which enables the apo-repressor to bind

to the operator site. Drugs and steroids induce ALA

synthetase f ormation by competj-ng with heme f,or, or

displacing heme from, its binding site on the apo-repressor

proteín. This allows production of ALA synthetase mRNA, and

íts translatíon to form active enzl¡me.

The int,racel-1-ular concentration of heme thus

determines whether the operator site is open or blocked,

and therefore whether tra,nscription and Lranslation occur.

If heme is úilised in the synthesis of various liver hemo-

proteins, such as cytochrome P-450, or is degraded to bile
pigments, the concentratíon v¡iII fall to a sufficiently low

Ievel to aIIow 'de-repression' of the ALA synthetase gerr,l,

synthesis of ALA synthetase and formation of more heme.
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From thís type of control, it can be predicted

that the 1eve1 of ALA synthetase might oscillate between

certain limits, and cyclic variations of ALA synthetase

activity have been observed in rat liver after the

administration of heme t1431, and in yeast t18l .

While satisfactory as a working hypothesis,

this scheme is difficult to test in animal ceIIs. From

more recent work, Sassa and Granick t89l have suggested

heme may act at a translational Ievel, rather than at a

transcriptíonal level. Also, Marver ÍL221 has shown that

the phenobarl:ital induction of microsomal proteins and

enzymes in rats is also repressed by heme. Thus, ALA

synthetase may not be the only enzyme induced by drugs and

repressed by heme.

Further complications have arisen following work

from Kikuchi's laboratory lI47 ,1481 . Administration of hydro-

cortisone with AIA and hemin to rats prevented the repression

of ALA synthetase activity observed in the absence of hydro-

cortisone. Also, hemin appeared to affect the distribution

of enzyme between mitochondrial and cytosol fractions from

liver.

In spite of the complexity of the role of heme,

its concentration in the liver parenchymal ce1l emerges as

a critical factor in controlling the level of AIA synthetase

activity, and. it therefore seems relevant to now consider

how heme is degraded.

Heme is catabolised via biliverdin to bilirubin.
Sj"nce the bilirubin formed is almost enti:'e1y the IXq,



ísomer, ít is generally accepted that the initial step of

heme catabolism involves cleavage specifically at the

o-methine bridge of heme to yield biliverdin IXq'

Controversy exists over the mechanism of this

specífic cleavage ín uiuo. A microsomal heme oxygenase,

whích is the rate-limiting enzyme in the oxidative breakdown

of heme to bilirubin and. bíIe pigments, has recently been

described and characterised [149-152]. The precise cellular

location for the reaction catalysed is disputed, but the

reticuloendothelial system seems to be a primary site, since

high læme oxygenase activity is found in spleen and bone

marrow t1531. other celI types may play a role in heme

catabolism. For example, radioactive hemin was shown to

gain access to hepatic parenchymal celIs, tnrhere it was

localised in the microsomal fraction lI22J. A1so, the effect

of hemin on ALA synthetase formation in cultured cells

128,89-91 ,136,1451 shows that it must bc at leasL partly

taken up by parenchymal ceIIs. The significance of this

degradatíve system then, in removing heme from liver

parenchymal cells is uncertain.

The existence of a unique heme oxyge:1ase enzyme

has been disputed by O'Carra and Colleran t-l-541. They

have presenÈed evidence that hemoproteins themsefves are

able to cfeave heme in the required specific manner. Apo-

hemoproteins v/ere envisaged as specific heme oxidases with

the heme binding sites being equivalent to active sites.

In u'L:,o heme breakdown could then occur non-enzymically by

coupled oxidation of hemoproteins with ascorbate ir. the



presence of NADPH.

Another idea is that heme and hemoprotein

degradation is mediated by lipid peroxidation. Heme ís

knovrn to be rapidly decomposed by lipid peroxides [155],

and when NADPH-dependent lipid peroxidation was stimulated

in rat liver microsomes in uitro t1561 , so \^/as microsomal

heme breakdown (including cytochrome P-450).

Although the actual relevance of these mechanisms

of heme breakdown to the liver parenchymal ceII is uncertain,

the ¡ntent porphyrinogenic compounds, AIA and DDC or

metabolites of these compounds have recently been shown to

initially decrease cytochrome P-450 content in mammal-ian

Iiver 1I:--2,115,157-1591. Further studies with AIA have

shown increased microsomal heme turnover, with the production

of tgreen pigments' Ín Iiver, is the ,:ause of the decrease

III5,160]. The mechanism by which these pigments are produced

fnom heme is obscure, but it has been suggested that random

cleavage of the four methine bridges of free heme would give

rise to a mixture of unphysiological bil-iverdin isomers, that

would not be converted into bilirubin [154,160]. These

could be the 'green pigments' that accumulate.

In any case, increased microsoinal heme turnover

in liver caused by AIA (and. probably DDC) may be rel-ated

to the observed increases in ALA synthetase activíty. Heme

might be diverted from a repressor function, allowing

increased ALA synthetase production [115r160]. This may

explain why other drugs, such as phenobarbital, induce cnly

slight increases in ALA synthetase compared with AIA and
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DDC. Phenobarbital does not decrease cytochrome P-450 levels

in liver LLI2,I24J, and the sLimulation of ALA synthetase

induction by decreased hepatic heme levels thus may not occur.

Another possible way DDC rnay decrease hepatic

heme levels, leading to ALA synthetase induction, is by

inhibiting the conversion of protoporphyrin to heme ÍI2B tf61l.
fn summary, heme plays a very important central

role jn the regulation of ALA synthetase production in 1iver,

and many compounds may be interpreted as having their

observed effects on ALA synthetase activity by altering
hepatíc heme Ievels, either by affecting its rate of synthesis,

or its rate of breakdown.

(iv) Glucose

fn experiments measuring tl:e increase of ALA

synthetase ín rat líver produced by the drug, AIA, Tschudy

et aL. t33l found that simultaneous administration of glucose

markedly depressed the observed increase in activity. This

phenomenon became known as the 'glucose effect' because of

Íts superfícial similarity to that of catabolite repression

in bacteria, and explained why it was necessary to starve

anÍmals for at least 24 hr to produce chemical porphyria.

Later studies t35l shov¡ed that glucose administra-

tion 3 hr prior to or together with AIA was as effecËive

in blocking the ind.uction of ALA synthetase as actinomycin D.

When glucose was given to rats after ALA synthetase had been

induced by AfA, the activity of the enzyme declined rap:dIy.
However, glucagon injection of raÈs failed to increase the



Ieve1 of ALA synthetase [35], although a snall increase in

enzyme activity has been detected in chick embryo liver

after glucagon treatment t1621.

The rglucose effect' may not be restricted to

experimental porphyria since high carbohydrate diets have

proved to be a good therapy for the human disease, acute

intermittent porphyria I1631. Because of complex hormonal

interactio',¡s that occu-r in uiuo upon glucose administration,
rglucose repression' is best studied in uitno to elucidate

the compounds that are directly affecting the liver.

Granick found that glucose, glucagon and insulin had no

effect on AIA-induced fluorescence in chick embryo liver

cells t281. However, UDP-glucuronic acid did prevenl: steroid

induction of porphyrin production ín uitz,o, and Granick t1361

has suggested that perhaps ín uiuo, glucose is converted to

UDP-glucuronj-c acid, leading to increased glucuronidation and

thus inactivatíon, of inducing substrates.

Studies in thj-s laboratory using the perfused

rat liver by Edwards and Elliott Í92,931 have shown the

addition of glucose to the perfusion medium does not repress

increases in ALA synthetase activity. However, insulin did

repress by 402 the progesterone-induced increase of ALA

synthetase, and cyclic-A}{P at a concentration of 1O-4 M was

a potent inducer of enzyme acbivity.

. Ihus, glucose may be having its observed ín uiuo

effect on ALA synthetase in mammalian liver by alteration of

insulin levels, which in tur¡, would affec:t cyclic-AMP levels.

Catabolite repression in bacteria is now known to be mediated



through cyclic-AMP t1641 as probably is glucose repression

of the inducible mammalian liver enzyme serine dehydratase

t16sl .

(v) vitamin E

The induction of experimental porphyria in rats

by AIA has recently been shorvn to be preventerl by prior

administr¿tion of vita¡nin E [166]. This control is

mediated by inhibiting increases in the activities of Al,A

synthetase and ALA dehydratase. On the other hand, vitamin

E-deficient rats have decreased ability to synthesise heme

in the liver t1671, but show increased susceptibilíty to

the jnduction of ALA synthetase by AIA.

On the basis of these results, Nair et aL. tt66l

have suggested two forms of ALA syntlretase exist; a normal

constitutive enzyme being vitamin E-dependent, and an

inducible enzlrme, the synthesis of which is inhíbited by

vitamin E.

Thus vitamin E appears to play a role in the

regulatíon of heme synthesis. In fact, a remission in human

porphyria has been observed after vitamin E treatment [168].

An interesting possibility is that since vitamin E is an

inhibitor of lipid percxidation tf69l, it may have its

effect by preventing heme breakdown, leading to repression

of ALA synthetase synthesis.

(vi) Lead

Lead poisoning is regarded as a disorder of heme



synthesis, since porphyrins and their precursors are over-

produced and excreted in this condition (see [170,171] for

reviews). Heme synthesis in boÈh hepatic and erythropoietic

cells is affected, and an anemia is often associated with

lead poisoning.

Lead has been proposed Lo affect the activities

of sulfhydryl enzymes of the heme pathway, in particular

ALA dehydratase and ferrochelatase, producing the observed

pattern of porphyrin excess. Although it might be expected

that an increase in ALA synthetase activity would occur

if heme production r¡/as reduced sufficiently to relieve

heme repression in liver, Gibson and Goldberg r-I721 did not

find a significant increase in liver from lead--poisoned

rabbíts. Also, Stein et aL. t1081 found no increase in

hepatic ALA synthetase leve1s in rats dosed with lead

acetate for 5 days, although ALA dehydratase leveIs were

reduced.

These results contrast with recent findings

that intravenous administratíon of lead acetate to mice

resulted in a depression of heme synthesis and a 3-fold.

increase of ALA synthetase activity in 24 hr t173i and

that 10-3 M lead acetate can increase ALA synthetase acti'¿ity

in the perfused rat liver 1,92,92). AIso, it has very recently
been demonstrated that lead acetate can increase ALA

synthetase activity in cultured chick embryo cells t911.



(vii) Ferric Citrate

Oral1y administered ferric cítrate was shown to

resuÌt in a marked synergistic effect on the índuction

of læpatic ALA synthetase produced by ATA in rats t1081.

Ferric citrate alone produced little or no induction.

The increased enzlzme levels v¡ere thought to be due to

increased synthesis, but the mechanism involved is

uncerLain. One possibility is th¿t- sínce ALA dehydratase

levels in livers of rats given AIA and ferric citrate \^/ere

less than levels jn rats given AIA alone, this enzyme may

become ::ate-limiting for heme production, resulting in

de-repression of the ALA synthetase gener âs already

discussed Isee section t.38 (iii) ]. AIso, heme degradation

may be increased by ferric citrate, since ferric chloride

has been shown to stimulate lipid peroxidation and microsomal

heme Treakdown t1501 .

1.3 C. Control of ALA Synthetase Activity in Erythroíd Cel-Is

ALA synthetase is the ra.te-limiting step in heme

formation in erythroid cellsr âs well as in liver [175,176].

Levere et aL. lI77J, using cultured chick blastoderms as a

source of erythroid ceI1s, have shown that steroíds with

a 5ß-H configuratíon stimulate hemoglobin formation by

íncreasing AL.ä synthetase activíty. These 5ß-H steroids

have recently been shown to have erythropoietic activity ín

mice ÍL78,L79) and had previously been shown to stimulate

ALA synthetase activity in chick embryo liver cells ín

culture [see section 1.3 B (ii) ] . However, unlike in liver



cells, foreign chemícals, such as AIA or DDC, had no

effect on heme synthesis in erythroid cell-s. This sugEests

differences exist between liver and erythroid cell-s in the

regulatory mechanisms controlling ALA. synthetase activity,

and studies in mice tl8Ol have confirmed this proposal,

since erythropoietic ALA synthetase was increased by

hypoxia and erythropoietín, while liver ALA synthetase

remained relatively constant

Other studies r,vith rabbit bone marrow cells in

culture have shown that erythropoietin enhances ALA

synthetase activity []-811, and that this effect may be

mediated by cyclic-AMP tlB?1. Although testosierone may

stimulate erythropoiesis by augmenting productíon of

erythropoietin, the effect of 5ß-H steroids is not related

to Lhis facr:or t1791.

It seems possible then that in erythroid ce1ls,

a common mechanism of action of steroid metabolites and

erythropoietin in stimulating erythropoiesis is vía the

induction of ALA synthetase.
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I.4. THE PORPHYRIAS: HUMAN DTSEASES INVOLVING DISORDERED

PORPHYRIN METABOLISM

The porphyrias are regarded as metabolic disorders

of porphyrin metabolism in man because increased amounts of
porphyrins and,/or their precursors are produced and

subsequently excreted. They are almost all genetically

determined. On the basis of the localisation of the

disorders, the porphyrias have been classified into two

main groups, erythropoietic and hepatic. The e::ythropoietic
porphyrias consist of two distinct varieties, congenital

porphyria and erythropoietic protoporphyria, which differ

in the type and amount of porphyrin over-produced. A

comprehensíve review of the biochemical and clinical

features of t,hese conditions has been undertaken by

Schmid t1ll and others [183-185], and they will not be

discussed further here.

The hepatic porphyrias may be subdívided into
four classes r or the basis of the clinical features and

the patterns of prphyrin and porphyrin precursor

excretedr âs shown in Table 1-1 lfor reviews of the

hepatic porphyrias, see 11, 12, 183, 185, 1861. As is

summarised ín this table, all types are inherited. in auto-

somal doninant fashion, except for symptomatic porphyria,

which is thought to be an acquired condition in most cases.

The genetically determined hepatic porphyrias

are all characterised by episodic attacks, which may include

abdomínal paih, constipation, hypertensíon, and a variety

of neurological and mentai disturbances. Attacks are



Table 1-1. A Summary of the Hepatic Porphyrias
Type of
Hepatic
Porphyria

Acute
Intermittent
Porphyria
(AIP)

Variegate
(or mixed)
Porphyria

Hereditary
Copro-
Porphlzria

Symptomatic
Porphyria
(Porphyria
Cutanea
Tarda )

ALA., PBG,
Porphyrins
Excreted

ALA, PBG (U) +

Copro, proto
(F) +; ALA,PBG
& porphyrins
(u) ín attacks

Copro (r'
ALA, PBG
copro (u

Mainly uro
(u) ; some
copro (u & F)

ALA
Synthetase

Increased
[187,188]

Increased
[189 ,19C ]

Increased
[191,r92]

Increased
[189,190,
L93,L94J ¡
normal
trerl

+ (u)

Other Heme
Biosynthetic
Enzymes

ALA dehydratase
inc. [188];
uro'gen synthet.
norm. [188],
dec. [90,,195]

ALA d.ehydratase
inc. [191];
ferrochelatase
norm. I1911

ALA d.ehydratase
norm. I1911
ferrochelatase
norm. t1911

Acquired Yes
not Alcohol
inherited estrogen

¡*n

ClinicaI
Features

Episodic with
neurological,
but no cutaneous
symptoms; ass.
with pregnancy
or menst.cycle

As for AIP, but
cutaneous
syrnptoms
observed

As for AIP,
cutaneous
symptoms rarely
observed

No neurological
symptoms; only
dermatological
Iesions

Inher-
itance

Dominant
(Latent
cases )

Pptd
by
Drugs?

Yes
Barbit-
urates,
etc.

Dominant:
(Latent
cases )

Yes
Barbit-
urates,
etc.

);
,
)

uro
Dominant
(Latent
cases )

Yes
Barbit-
urates,
etc.

ine;ur (F) faeces.



often provoked by barbiturates, sulphonamides, steroid-s

and other compounds. In'addition, cutaneous lesions,

essentially similar to those seen in symptomatic porphyria,

are observed in variegate porphyria. Photosensiiivity

is probably due to photodynanrically active porphyrins

accumulating in the skin, but a d.irect causal relationship

between porphyrins and/or their precursors and neurological

symptoms has not been established.

As indicated in Table 1-1, an increaså in ALA

synthetase measured in liver hriopsy and autopsy samples has

now been reportêd for all forms of hepatic porphyria, and

ís most Iil<ely the reason for the increased production of

porphyrins and their precursors in the porphyrias. !{hether

the primary genetic lesion jnthese conditions is a gene

directly cortrolling ALA synthetase production, however,

is uncertain.

It has been suggested that, ín terms of the

Jacob-Monod scheme of genetic regulation, an operator

constitutive mutatíon could produce the observed genetic

and biochemical features of the disease t28,I96J .

However, constítutional differences in the activities

of enzynes beyond ALA synthetase would be required to

produce the pattern of po:cphyrin and porphvrin precursor

excretion in each of the various types of porphyria, and

this d.oes not seem likely.

A second possibility is that mutation has

resulted, either directly or .indirectly, in partial blocks

at various enzymic steps in the heme bicsynthetic pathway,
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leading to the observed patterns of porphlzrin or porphyrin

precursor accumulation [186r191] . Also, if intracelluiar

heme levels were decreased because of these mutations,

ALA synthetase synthesis could be Íncreased as a secondary

effect by release of heme repression. Consistent with this
idea, conversion of pge to porphyrins in liver was found

to be decreased by 50? in patients with acute íntermittent
porphyria in two laboratories 190,i95J , although earlier

studies had not detected such a decrease t188l. Partial

enzyme blocks at the appropriate steps for other forms

of porphyría have not yet been demonstrated, but this

theory is attractive since it can account for the unique

biochemical features of each type of porphyria.

Both the above theories cannot explai-n the

neurological symptoms associated with the genetically

inherited porphyrias, unless it is assumed that porphyrin

precursors produce neurological dysfunction. Early

experímental work does not support this idea lI97,I98l, but

recent work, which is discussed fully in Chapter I of this
thesis, has shown that AT,A and PBG may yet be responsible

for the neurological disorders in porphyria t1!91.

A third possible site for the genetic lesion

is outside the heme biosynthetic pathway, perha¡:s in the

drug metabolieing enzyme system [200]. Such a theory need

not require that ALA or PBG be neurotoxic since the

accumulation of erdogenous substances normally metabolised

in l-Lver microsomes ma]¡ result in the production of toxins

which affect th.¡ nervous system. The induction of ALA



synthetase could result in an unknown way as a secondary

effeci of this muta+-ion, or be produced directly, also by

an altered levei of an endogenous compound.

Endogenous substances, or their metabolites,

capable of inducing ALA synthetase have been isolated

from patients with acute intermittent porphyria by two

groups of workers. Firstly, Go1d.berg et aL. t2011 have

identífied excessÍve porphyrinogenic steroid metabolites

in the urine of patients with acute intermittent porphyria

and have shown the precursor of one of these compounds,

dehydroepiandrosterone, can cause si-gnificant elevations

in ALA synthetase when administered to rats. Also, excessive

I7-ketosteroid excretion v/as detected in two patients in

relapse with hereditary coproporphyria, v¡hile patients

in remission showed normal excretion ievels ll92l.
Secondly, Kappas et aL. 1202J have demonstrated

the presence in the plasma of several acute intermittent

porphyria patients of a specific substance capable of

inducing ¡:orphyrin slznthesis in chick embryo liver ce1ls

in culture. Thís substance is of low molecular weight'

ethanol solubIe, heat .stable and trypsin insensitive, and

could thus possibly be a steroid. Plasma from normal

individuais or from porphyric patients in remission was

ineffective, but further studies t2031 have shown that normal

human serum ocntains a protein component which inhibits

porphyrin formation and masks the biological activity of

the inducl.ng substance. Thus, normal human sertlm contains

separate factors which mal be involved in the regulation



of heme formation in liver, and further studies on the

relevance of these factors to acute intermittent porphyria

are arvaited with great interest.

As well as bej-ng studied from a medical viewpoint,
porphyria appears to have been of considerable significance
historically. Macalpine and Hunter have stated 12041 follow-
ing their investigatio¡rs into the possj-ble reasons for the

reported insanity of King George III that 'a picture unfolcted

which revealed the purple thread of porphyria running

through the royal houses f rom ';he Tudors to the Hanoverians,

and from the Hanoverians to the present day'.

Thus, they have suggested. +-hat George III, and

some of his blood relatives, j-ncluding Mary, Queen of

Scots, James VI and I, George IV and Princess Charlotte,

suffered fron variegate porphyria 1204,2051 . If correct,
the great influence this disease had on English history is
illustrated in t,he following quotation from their book

Í2041: rPorphyria may justly be called a royal malady

and command the historian's respect. It caused directly

two national disasters; the Regency Crisis in 1788 and the

catastrophe of 1817, when Princess Charlotte died in child-

bed with her infant. This tragedy threatened the Hanoverian

succession with extinction and left the nation without an

heir apparent until the birth in 1819 of Victoría' .



I.5. AIMS OF THIS PROJECT

The molecular events that regulate gene expression

in higher aganisms are not known, although much effort is

being directed at this fundamental problem of biochemistry.

Perhaps one of the most advanced systems in the study of

how the expression of a specific gene is controlled is that

of Tomkins et aL. , r,u-ho have conducted experiments with

cultured rat hepatoma cel1s, in which glucocorticoids

induce the synthesís of tyrosine aminotransferase without

affecting overall ceIl growth or the synthesis of general

cellu1ar protein or RNA 12061.

fnitial work on the study of inductioh of ALA

synthetase in liver ceI1s by drugs and steroids has

shown that this system has features, some unique, which

may prove advantageous in any study of the molecular

mechanisms involved. in the control of gene expression.

These are firstly, both intact aníma1s and isolated cells

in culture are available to study the induction of ALA

synthetase. SecondJythe drug-stimulated increase in ALA

synthetase is rapid, and large changes in enzyme activity

can be detected in a few hours. This is related to the

fact Èhat the ta1f-life of AIA synthetase is 60-70 min

[35195], and that the mRliA for ALA synthetase also turns

over very rapidly comparecl Èo other enzymes, and has been

calculated to have a half-life of 1 to 3 hours [35r14I].
Since the time course of apf,roach to a new steady-state

leve1 of enzyme is soIeIy dependent on the half-Iife of the
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enzlzme l2\'il, the leveI of an enzyme wþich turns over

rapidly can be altered signif icantly in short t-imes.

Thirdtythe repression of the enzyme by hem'e

means that different mechanisms may be involved in the

control of ALA synthetase gene expression than for other

systerns. FinalJ.y, any studies on the control of ALA

synthetase ¡roduction in liver may be relevant to the

hepatic porphyrias, and may suggest new treatments for

these diseases.

Work ín this laboratory is aimed at eventually

understanding, ât the molecular levef, the details of

how the ALA synthetase gene is controlled in mammalian

liver. Experiments are being carried out using perfused

rat liver to investigate factors that affect levels of

ALA synthetase activity in this system Í92,931 .

As part of this overall study, it is necessal:y

to purify and characterise the enzyme, and gain an

understanding of its propertíes. At the commencement

of this project, only preliminary attempts at purifying

ALA synthetase had been reported. Studies by Irving [208]

had shown that ALA synthetase from guinea pig liver

mitochondria was unstable after extraction from mitochondria,

and could not be stored for any length of time without

loss of activíty. The aim of this prorect, then, \^Ias

to further investigate methods of purification, with

particular attention to the stabílisation of the enzyme.

It was hcped that ultinately, the properties of the purifie,o

enzyme cou-ld be determj.ned, and an antib:dy prepared against
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the purified enzyme for use in immunological experirnents,

with radío-isotopes to measure directly the rates of enzyme

synthesis and degradation before and after drug treatment.

During the course of this work, the existence

of a cytoplasmic form of ALA synthetase \^/as reported by

other workers 17,81. This findíng was confirmed, and

anothe:: aim of this project became the investigation of

the relationship between cytoplasmic and mitochondrial

forms of ALA synthetase in liver.



CHAPTER 2

MATERIALS AND METHODS
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MATERIALS AND MTTHODS

All materials used in the work in th-is thesis

are described below, but some methods are described in

Iater chapters, where immediately relevant to the results
presented.

2.1 . MATERIALS

(a) Chemicals

ATP (disodium salt, 98% pure), CoA (858 pure),

GSH and pyridoxal S-phosphate were products of the Sigma

Chemical Co. Solutions of these compounds used in ALA

synthetase assays \^rere adjusted to pH 7 "4 with NaOH and

stored at -15oC.

Also from the Sigma Chemical Co. were Dl-a-aminoadipj-c

acid (Crade II, 9B? pure), 5'-AMP, 5,5'-dithiobis (2-dinitro-

benzoic acid) (Ellman's reagent), dithioerythritol (C1eland's

reagent), hemin (ferric protoporphlrrin, bovine, type I),

o-ketoglutarate, p-hydroxymercuribenzoic acid., pyridoxamine

S-phosphate, tris (Trizma grade), and 1-ethy1-3 (3-dimethyl-

aminopropyl ) carbod iimide .

Other chemicals used and their sources r,.rere

DDC, Eastman Kodak; sucrose (rt.R.), C.S.R. Co., Sydney;

ammonium s:rlphate (enzyme ¡y-ade), Mann Research Laboratories;

ô-ALA hydrochloride, cyclic AMP, protamine sulphate,

N-ethylmaleimide, aì-I from Calbiochem; c.¡xaloacetate,

California Corp. for Biochem. Research; y-aminobutyríc acid,



e-aminocaproic acid, Y'amino-N-valeric acid hydrochloride,

all from Cyclochemical; avidín, Nutritional Biochem. Corp.,

and cyanogen bromide, Ajax Chemicals Ltd., Sydney.

Acetyl phosphate r'¡as prepared from acetic

anhydride, K2IIPO4 and LiOH, and twice recrystallised 1209).

Solutions of acetyl phosphate lrere stored at -15oC.

(b) Chromatoqraphic Materíals

sepharose 4B and all grades of sephadex used were

from Pharmacia; DEAE-, CM- and A$-cel]u]oses were from

Whatman; hydroxylapatite was from Clarkson Chemical Co.

AtI these materials ivere handled according to the manufacturers'

recommendations .

(c) Isotopes
14"-t,4-succinic acid or 14"-2,3-succinic acid

used in radiochemical assays of ALA synthetase was obtained

from the Radiochemical Centre, Amersham.

(d) Proteins and Enzymes

Proteins used as markers of known molecular weight

ín Sephadex chromatography or sucrose density gradient

centrifugation were Albrrmin, bovine Cohn fraction \7, Sigma;

Catalase, beef liver twice crystallised, Sigma; o-Chymotrypsino'-

gêtr, crystalline A grade, Calbiochem; Y-Globu1in, human Cohn

fraction II, Commonwealth Serum Laboratories; i{emogIobin,

bovine twice crystallised, Iviann Research Laboratories;

Lactate Dehydrogenase, rabbit muscle type It Sigma; and



Ovalbumin, twice crystallised, Mann Research Laboratories.

Enzymes used and their sources were Lipase,

porcine pancreas B grade, California Corp. for Biochem.

Research; and Snake Venom, Crotalus alrox, Sigma.

(e) solutions

Ehrlich reagent was prepared by the method of

Urata and Granick 1501. To 168 gr1 of glacial acetic acid

were added 40 m1 of 70? perchloric acid, 4.0 g of

p-dímethylaminobenzaldehyde, and 0.7 g of HgCIr; the

solutíon was diluted to 220 mL with water.

Scintillation Fluid was a solution of 0.33

(w/v) 2,5-diphenyloxazole and 0.032 (w/v) I,4-bís-2-
(4-methyl-4-phenyloxazolyl) benzene in toluene.

Freud's Complete Ad juvant was purchased from the .1.

Commonwealth Serum Laboratories, Mell:ourne, Australia.

(f) Buffers

PEST buffer for the preparation of mitochondria

consisted of 0.1 mM pyridoxal S-phosphate, 0.1 mM EDTA,

0.25 M sucrose and 5 mM tris-HCl, pH 7.4, and. was stored at

4"c.

TP buffer was 0.02 M tris-HC1, 0.1 mM pyridoxai

S-phosphatt), pH 7.4.

SIDP buffer r,.ras 0.05 M tris-HCl, 1 mM dithioerythriloI,

0.01 M pyr:l-doxal S-phosphate, pH 7.6.

l,Iany other buffers \^rsre used for column chromatography,

and are descrikred in the text.
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2.2. PREPAR¡,TION ()F BACTERIAL ENZYMES

(a) Succinyl-CoA Synthetase (succinate:coA ligase (ADP) t

E.C.6.2.1.5.)

The enzyme was partially purified from E. eoLi

(Crooke's strain) by a method based on that of Hildebrand

and Spector [2f0]. Bacteria were soni-ca1ly disrupted and

the e>:tract treated with streptomycin sul.phate and ar',r¡nonium

sulphate as described I2101, before the redissolved pellet

was dialysed against 0.05 M tris-HCl, 0.05 M KCI, PH 7.2

overnight. The enzyme solution was then clarífied by

centrifugation at 10,000 x g for 10 min, and dispensed

into sma1l vials for storage at -15oC. The enzyme, with

a specific actívity at approx. L4 ymoles of succino-

hydroxamic acid synthesised/30 min/mg protein when assayed

by the method of Kaufman l2LLl ' was stable for many monÈhs.

(b) Phosphotransacetylase

This enzyme was kindly supplied by Mr. R.L. Walsh.

Crude extracts of enzyme \^rere prepared from E. eoLi (strain

B) gro\^rn overnight in nutrient broth. The harvested and

washed cel1s, resuspended in I.5 t"o 2 volumes of 0.1 M tris-HCl,

pH 7.9, containíng 0.14 M magnesium acetate and 0.06 M KCl'

v/ere disrupted in a French press t511. The resuitant

suspension was centrifuged at 105r0C0 x g for 30 mii: and

the pellet discarded. The supernatant, dialysed overnight

against the same buffer, l¡Ias stored at -15oC in small. vials

The average protein concentration of the extracts was



4 mg/mL, and the activity was 500 pmoles acetyl phosphate

degracledr/I5 min/ml solutionr ês assayed by the method of

Stadtman l2L2l.

2.3. ENZYME ASSAYS

(a) ALA Synthetase

Aï,A, synthetase was assayed radiochemically, or

colorimetuically basecl on the methcd of Irving and Elliott

t2131. The following amounts of reagents (Umoles) in a final

volume of 1.0 m1 \^rere used in the colorimetric assay:

trís-HCl, pH 7.4, 50; glycine, 100; potassium succinate, 10;

magnesium chloride, 20¡ CoA, 0.3; glutathione, 2¡ ATP, 15;

pyridoxal S-phosphate, l; and succinyl-CoA synthetase, 2

units. EDTA (10 pmoles) was included in assays of the

cycloplasmic enzyme. Incubations w€rê carried out at

37" for 30 min. All reagents except CoA and glutathione

were adjusted to pH 7.4.

The procedure for the colorimetric estimation of

ALA forme<1 was varied according to the source and purity

of the enzyme preparation being assayed.

For mitochordria and mitochondrial extracts, the

reaction was stopped with 1.5 mI of 0.3 M trichloroacetic

acid; 0.5 nrl of water was then added and the mixture

centrifuged. The protein-free supernatant (2.5 ml) was

mixed with 0.75 mI of 1M sodium acetate, and 0.I mI of

acetylacetone, and heated at I00o for 15 min. After cooling,

I ml of this solution was mixed with 1 n,I of Ehrlich's

reagent [50], and the opt:ì.cal density of the solution read



at 552 mp after 10 mín.

To the remainder of the solution was added

0.05 ml of 0.5 M disodium hydrogen phosphate and 0.15 mI

of 1 N NaOH, and the mixture ether extracted Í28J. The

optical density of the aqueous phase r." *..sured as

above, and the amount of ALA formed in the assay,

corrected for AA contamination, was calculated according

to the formula of Granick 1,281 , modifíed for this assay.

When partially purified samptes tt enzyme $rere assayed, the

ether extraction r^/as omitted, since AA synthetase activity
was not present.

To estimate low ALA synthetase actj-vities
(0 20 mpmole ALA formed), 'bhe sensitivity of the assay

hTas increased in the following !Êy. Incubat,ions lvere

stopped with 0.3 ml of 22.52 trichloroacetic acid, and

centrifuged. 1.0 ml of supernatanÈ was rnixed with 0.25 ml

of 2 M sodium acetate and 0.05 ml of acetylacetone, to
give a pH of 4.6, and the mixture heated at 100oC for
15 min. When cool, 1.3 mI of Ehrlich's reagent was

added and the optical density read at 552 my, 10 min

after mixing. The extinction coefficient for ALA pyrrole

rtras taken as 5.8 x tO4 ¡,t t281. One unit of ALA synthetase

activity is defined as the amount of enzyme calalysing

the formation of l m1rmole of ALA in 30 nin by this assay.

(b) AA Synthetase

AJ\ synthetase was measured by the procedure of

Vtalsh [5I], in which acetyl-CoA was generated enzymically
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from CoA and acetyl phosphate. rncubation mixtures

contained in 0.5 ml the following reagents (umoles):

tris-HCl, pH 7.4, 25¡ glycine, 75; acetyl phosphate, 2.5¡

CoA, 0.2L; glutathione, 1; and E. eoLí phosphotransacetylase,

prepared as has been described, 0.05 mI.

Mi:itures \^rere incubated at 37"C for 30 min and

the reaction stopped by the addition of 1.5 ml of 0.2 M

trichloroacetic acid. The AA in the protein-free super-

natant was then estimated t501. One unit of AA synthetase

actirrity is defined as the amount of enzyme catalysing

the formation of 1 mpmole of AA in 30 min by this assay.

2.4 . TREATMENT OF AN IMALS

Male guinea pigs (400 500 g) from the Institute

of Medical and Veterinary Science, Adelaide, \^rere starved

for 40 hr and dosed orally with a suspension of 2 g of

DDC in 10 mI c:f water.

Albino Wistar rats (250-300 g) from the Central

Animal Hourse, Waite Institute, Ade1aide, were starved for

24 hr, and lightly anaesthetised wíth ether. 0.5 g of DDc

r,rras then administered i-n 2 mL as a suspension in a 15?

(v/v) tragcanth mucilage via a stomach tube.

2. 5 PREPARATION OF MITOCH()NDRIA

After drug treatment, anima-ls were starved for

a further 24 lrrr, then anaesthetised with ether, ki11ed by

heart puncture, and their livers removed and imnediate.l-y

chilled in cold buf f er. ifitochondria were isolated and



washed in PEST buffer essentially by the method of

Schneíder and Hogeboom t2l4l. After resuspending in TP

buffer to a protein concentratj-on of 60 100 mg/ml '
mitochondria were freeze-dried, unless otherwise stated.

Levels of ALA syntheLase ".iirriay obtained

in mitochondria generally varied from 200-300 units/g

liver for guinea pigs, and from 350-600 units/g liver

for rats.

2.6. PROTEIN DETERMiNATIONS

Estimations of protein were carried out using

the Lowry method t2151 for samples of purified enzyme, and

the hluret method t2161 for samples of crude enzyme or

mitochondria. Bovine serum albumin was used as standard.



CHAPTER 3

THE INTRACELLULAR DISTRIBUTION OF

ALA SYNTHETASE AND ELECTRON MICROSCOPY

STUDIES OF PORPHYRIC GUINEA PIG LIVER
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3.1. I NTRODUCT ION

(a) The Intracellular Distribution of ALA S nthetase

in Porphyric Guinea Pig Liver

Although it was shown by Granick in 1963 l27l

that a dramaÈic biochemical effect of the drug DDC was a

greater than forty-fold elevation of ALA synthetase activity

in guinea pig liver rnitochondria, the actual distribution

of enzyme amongst the subcellular i::actions an<l in particular

íts intramitochondrial location was not determined.

Later studies on the synthesis of this enzyme

in rats demonstrated that ALA synthetase turned over very

rapidly, and the half-life for the enzyme has been calculated

to be 70 min [35195]. Since it has been proposed on the

basis of turnover rates of 8-10 days for inner membrane

components that the inner mitochondrial membrane may turn

over as a unit 12L7,2181, the determínation of the

intramitochondrial location of this enuyme coul-d be relevant

to mitochondrial hiogenesis. A finding of ALA synthetase

being attached to the inner membrane would infer that not

all inner membrane components are assembled en bLoe.

Established techniques vüere therefore used in an effort

to localise ALA synthetase to a specífíc mitochondrial

fraction.

It was also origina-lIy reported by Granick that

ALA synthetase acÈivity could be detected in a high speed

supernatant from a porphyric liver homogenate 1271. This

possihility of an extramitochondrial form of ALA synthetase

was not investiqated thoroughly until 1969, when i'þ- was
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independently reported by two laboratories that the post-

mitochondrial supernatant from an AÏA-induced rat liver

homogenate contained 40-508 of the total enzyme activity

17 ,81 .

In the present work, this claim was tested in
guinea pig liverr using DDC as the inCucing chemical, and

assaying for mitochondrial matrix marker enzymes, citrate

synthase and glutamate dehydrogenaser âs a control for

mitochondrial breakage during preparation of the post-

mitochondría1 fractíon.

During these experiments, the intracelluiar

distribution of the related enzyme, aminoacetone (AA)

synthetase, \tras also determined.

(b) An El-ectron Microscopy Study of Liver Ce1ls

and Isolated Mitochondría Before and After

Treatment of Guinea Pigs with DDC

Since the original observation by Granick and

Urata t27l that porphyric guinea pig mitochondria increased

in diameter by 15? with an increase in the area of the

cristae, more detailed histological and electrc.n microscopy

stud-i-es have been performed on liver from AIA-treated rats

[I03r2I9,220]. The most noticeable finding was a

proliferation of the smooth endoplasmic reticulum in
porphyric rats as compared with controls.

The observation of mitochondrial enlargement

becarie especially interest,ing when it was reported that the

increase of pynrvate carboxylase in diabetic sheep líver
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\^/as accompanied by enlargement of many mitochondria to

several times their normal size [22I). These mitochondria

were fragile and were disrupted to membrane fragments by

norma-]- procedures f or isolation of mitochondria.

wit,h these studies in mind, guinea pig liver

slices and isolated mitochondria, from starved controls

and animals dosed v¡ith DDC, h/ere compared under the electron

microscopc.

3.2, METHODS

(a) Glutamate Dehydrogenase Assays

Glutamate dehydrogenase (L-glutamate:NAD +

oxidoreductase (deaminating), E.C. I.4.L.2) was assayed

at 30o by a method. based on that of Co1man and Frieden

Í2221r âs rnodif ied by Tay lor et a1. l22ll. The reaction

mixture contained 100 mM tris-Hcl, pH 7.4, 5 mM a-ketoglutamate,

5 mM ADP, 50 r."J4 NH4C1, 0.3 mM NADH and enzyme. Controls

contained no o-ketoglutarate. one unit of enzyme is

defined as the amount of enzyme necessary to form 1 pmole

product in 1 min at 30o.

(b) Citrate Synthase Assays

Citrate synthase (citrate oxaloacetate-11'ase

(coA-acetylating) , E.c. 4.L.3.7') was assayed at 30o by a

modification of the method of Srere Í2231 r âs described by

Taylor et aL. Í221-1, in which the reduction of 5,5'-díthiobis-

2- (2-niLrobenzoate) \^¡as f ollowed spectrophotometricall'¡ at

412 mp. The control was'-.he rate in the absence of oxalo-
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acetate. One unit of enzyme is defined as the amount of

enzyme necessary to form 1 Umole product in I min at

300.

(c) Electron Microscopy

Samples were prepared by Miss P.Y. Dyer and

examined in a Siemens Elmiskop I electron microscope, with

an 80 kV and 50 pm objective aperture.

Membrane fractions \^rere layered on a carbon-

coated grid, and negatively stained with 2Z (w/v) uranyl

acetate.

Liver samples were pre-fíxed for 120 min in 2Z

(w/v) glutaraldehyde, washed, fixed with 1? (w/v) osmium

tetroxide, dehydrat,ed in acetone and embedded in araldite.

Sections were cut with glass kni-ves, and stained with

uranyl acetate and lead acetate. rsolated mitochondrial

pellets were treated similarly.

3.3. RESULTS

(a) Enzyme Distribut,ion Studies

(i) InÈramit.ochondrial Localisation

Techniques for the separation of inner and

outer mitochondrial membranes have been developed 1.224,2257,

and the method adopted was that of Parsons and Williarns

Í2?.41. This involves the swelling of mitochondria in

phosphate buffer to rupture outer membranes and release

them from the intact inner membrane containing the matrix.

Using 40 g wet rveight of porphyric auinea pig



1iver, crude inner membrane mat,ríx and outer membrane

fracti.ons were prepared by differential centrifugation

and these fractions purified on sucrose gradients. Electron

microscopy lvas used to examine purified fractíons for

cross-contamination. In Fig. 3-1 (a) , the characteristic

closed vesicle appearance of the ouÈer membrane can be

seen. No detectable amounts of inner membrane were found

ín this fraction. Frg. 3-I(b) shows a sample fro¡n the

ínner membrane-matrix preparation. Clearly seen are

mítochondrial' images, some in the stage of bursting with

protrusions of unfolding cristae. A few outer membranes

Ì^rere found in this preparation.

The crude and purifíed fractions rvere assa-yed

for ALA synthetase, AA synthetase and succinyl-CoA

synthetase after freezing and thawing. and. the results

are shown in Table 3-1. For all three enzymes r Iìo

significant activity was associated with the outer membrane

fraction, and the acLivity recovered was in the inner

membrane-matríx fraction.

Since this method does not separate the inner

membrane from the mitochondrial matrix, a portion of the

inner membrane-matrix fraction was sonicated for 15 sec,

using a Dav,'e Soniprobe (Type 11304; 20 Kc/sec) at maximum

setting with a current of approximately 4 mamp. This

treaÈment oisrupts the inner mitochondrial membrane and

releases matrix enzymes, but does not solubilise inner

membrane enzlzmes, such as succinate dehy':lrogenase or

cytochrome oxidase Í226,22.71 . The suspension was then
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El-ect.ron micrographs of isclated mitochoncìrial ncnbranes.

Outer membrane f raction; B. Inner rnern}rane-rnatrix
fraction.
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Table 3-1

The Intramitochondrial Distribution of ALA Synthetase, AA

Synthetase and Succinyl-CoA Synthetase in Porphyric Guinea

Píg Liver

Fractions were prepared using the methods of

Parsons and hlilliams [2241, as described in the text, and

were irozen-thawed once before assa,y. ALA s1'nthetase was

assayed using the radiochemical method of Irving and Elliott

[213], and AA synthetase as described in Section 2.3¡ one

unit of these enzymes is defined as the amount catalysing

the formation of one mpmole of aminoketone ín 30 min.

Succinyl-CoA synthetase was assayed by the method of

Kaufman t2111 ; one unit of this enzlzme is the amount

cat,alysing the formation of one ¡lmole of succinohydroxamic

acid in 30 min.

FRACTION TOTAL
PROTBIN
(*g )

ALA
SYNTHETASE
Total +
Act ivit y
(units )

AA
SYNTHETASE
Total Z

Activity
(units )

SUCCTNYL-CoA
SYNTHETASE
Total Z

Activity
(units )

Mitochondria 242 3350 100 40400 100 9600 100

Crud.e Inrrer
Membrane-Matrix
Crude Outer
Membrane

173 2416 68 2l-440 53 7200 75

15 2r0 12 2800 7 800 B

Purified fnner
Membrane-Matrix
Puriïied Outer
Membrane

160 1488 42 15360 38 4640 48

24 0050080 5



centrifuged at 1051000 x g for 60 min, and the supernaLant

and resuspended pellet. fract,ions assayed for ALA synthetase

activity. 752 of the act,ivity recovered was Ín the super-

natant.

This is a similar result to that obtained when

whole mitochondria are sonicated and centrifuged. In
this case, from 80-1003 of the activity measured in the

mitochondria may be recovered in tl^e supernatant (see

Chapter 4). AA synthetase is also found in the supernatant

after sonication.

It is therefore concluded that ALA synthetase

and AA synthetase are matrix enzymes or are loosely bound

to the inner mítochondrial membrane and released by

sonication.

(ii) Intracellu1ar Localisation
The fractionation scheme used to prepa.r:e the

liver fractions homogenate (H), mitochondría (M) and post-

mitochondrial supernatant (S) ís sh.own in Fig . 3-2. All
samples were frozen-thawed once and sonicated (as above)

for 2 x 15 sec before assay for the enzymes ALA synthetase

and A.A, synthetase, as well as glutamate dehydrogenase and

cj-trate s1'nthase. These latter two enz]¡mes are regarded

as exclusively mitochondrial in origin [227-230], and are

localised wíthin the matrix of the mitochondria 123I-2331.

They thus serve as convenient marker enzymes to test for
mitochcndrial breakage in celÌ fractionation experimenÈs.

The results of two separate experiments are shown



Fis. 3-2. Flow Sheet for Liver Ce11 Fractionation

(eased on the method of Schneider and Hogeboom, t2141 ) .

Washed, minced liver, homogenised in
9 vols of PEST buffer with 4 Passes
in a Potter-Elvehjem homogeniser at

4o

500 x g/LO min

Pellet resuspended
in 2 vols PEST buffer
and homogenisation
repeated

Supernatant

500 x g/10 min

Pe11et
(discarded)

Supernatant

Mitochondria
washed once in
PEST buffer

Mitochondria
(M)

Combined
Supernatants (H)
10,000 x g/20 min

Super-
natant
(s)

10,000 x g/20 mín



in Table 3-2. The product of the radiochemical assays

was verified as ALA by thin layer chromatography of the

pyrroler âs described by Irving and Elliott l2L3l. Whether

the enzyme appearing i¡r the supernatant fraction is

expressed as a å of the original activity (s/H) or as a

I of the activíty recovered (S/M+S), it can be seen from

the maÈrix marker enzymes that approximately 103 breakage

of mitochondría occurred during tho fractionation

procedure. However, the amount of ALA synthetase,

which has been shown also to be a matrix enzyme, appearing

in fractíon (S) was 35-403. Thus, after allowing for

mitochondrial breakage and assuming no preferential

leakage of ALA synthetase occurs from the mitochondria,

these studies reveal 25-30? of the total ALA synthetase

activity present in guinea pig liver 24 hr aft,er dosage

with DDC is tuly extramitochondrial or 'soIubler. A

small amount of AA synthetase was alsc found in the cytosol

fraction.

(b) Electron Microscopv Studies

Electron micrographs of liver sections from

porphyric guinea pigs, and control animals starved for an

equivalent period, are shown in Fig. 3-3. They show the

appearance of the liver cells ín each to be very similar,

with the only readily noticeable difference being a

proliferation of smooth endoplasmic reticulum in the

porpliyric liverr âs has already been described [103,219,220].

The size distribution of mitochondria itr. the



Table 3-2

The Intracellular Distribution of ALA Svnthetase and AA

Synthetase in Porphyric Guinea Pig Liver

Fractions were prepared and sonícated as described

in the text (H = 500 x g supernatant; S = 101000 x g super-

natanti lrf: m-''-tochondria) . ALA Synthetase $/as assayed

colorimetrically, or racliochemically as in lab1e 3-1, and

the total activity per fract,ion expressed as units of

enzyme (x 10-2). EDTA was added to a concentration of

10 ymole/ml for assays of fractions H and S. Control assays

allowed for PBG present in fractions H and S. AA synthetase

was assayed as in Table 3-1 and total activity per fraction

expressed as units of enzyme (x 1O-3). Glutamate dehyclrogenase

and citraÈe synthase were assayed as described in Section 3.2,

and total activity of these two enzymls per fraction expressed

as units (x 1O-1).

Enzlme Expt. Total Units of
Enzyme

Per Fraction

Activity in
Cytosol

z

Recovery
z

H M s s/H s/M + s

AIA
Synthetase

I*
2*
2+

36
39
43

23
20

L4
13
16

103
85

39
33
37

3B
39

.AA
Synthetase

507
380

BO

56
I
2

316
234

78
76

t6
15

20
19

Glutamate
Dehydrogenase

1
2

340
380

240
230

25
25

79
67

9
10

7
7

Citrate
Synthase

I
6

2.0
r.4

1
2

24
24

T7
16

77
73

11
I



Fj-q. 3-3.
Electron microcfranhs of liver sections from nornhvr-ic
and starved quinea Þiqs
A. Starved; B. Pornhyric.



sections hras examined by estimating the area of

indivíd.ual mitochondria, but while the porphyric tissue
apoeared to contain slightly larger mitochondria than the

control, the d.ifference was of doubtful significance.
Mitochondria were structurally intact ín situ or when

isolated, and. no differences between porphyric and control
samples were detected.

3.4. DISCUSSION

Soon after guinea pig mitochondrial ALA synthetase

s/as found to be a matrix enzyme or to be loosely associated

with the inner membrane in this laboratory, results were

published independently by two groups leading to the same

conclusion in rat liver.

Zuyderhoudt et aL. IS], by fractionating mito-
chondria after'sonication or digitonin treatment, found

that ALA synthetase activity was disLributed identically
to the matrj-x marker enzyme glutamate dehydrogenase.

A more detailed study, using two different
methods of d.isruption and known marker enzymes to labe1

all fractions, \^ras carried out by McKay et aL. te]. They

Iocalised. ALA synthetase in the mitochondrial matrix also,
and ferrochelatase, the final enzyme inthe herne b:i.osynthetic

pathway, to the inner membrane.

Since only the first, sixth and seventh enzymes

in the heme biosynthetic pathwav are mitochondrial, Sano

and Granick t¿] have postulated this intracellular cornpart-

mentalisation of heme synthesis may serve a regulatory
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function. As noted by McKay et aL. [6], the transport

of intermediates across mitochondrial membranes to and

from the matrix or inner membrane could be an important

factor in the c.ontrol of heme synthesis.

- AIso, since ferrochelatase, which catalyses the

formation of heme, is found inside the mitochondrion with

ALA synthetase, a convenient way of controlling the

pathway wc¡u1d be by end-product (heme) ínhibition of

the AT,A synthetase reaction, a mechanism known to occur

in .R. sphez,oides [15r37] . This possibility will be further

discussed in Chapter 6.

The work reported here also confirms the

existence of a cytoplasmic form of ALA synthetase in the

porphyric liver cell. Although enzyme activity had

previously been detected in the post"mitochondrial

supernatant of a liver homogenate 1.7 ,81, ho assays of

matrix marker enzymes were reported. The possibility

therefore, that mitochondrial breakage could lead to the

observed cytosol activity was not satisfactorily eliminated.

An actual case of mitochondrial fragility resulting in up

to 402 of the total hcpatic enzyme activity being detected

in the post-mitochondrial supernatant has been reported

for pyruvate carboxylase in diabetic sheep liver l22ll.
The experiments reported here negate this type of explanation

for ALA synthetase.

Thus, a possible interpretation for all these

findings is that ALA synthetase is synthesised on cytoplasmic

ribosomes and is subsequently transferred Èhrouqh the outer



membrane of the mitochondrion to the matrix. The high

turnover rate of ALA synthetase [35r95] would seem to

require that ALA synthetase can be inserted into, and

deleted from, the intact mitochondrion.

The electron microscopy studies showed no

specific structural alterat,ions in liver rnitochondria

that could be directly correlated with an increase in ALA

synthetase activity or porphyrin pl'cduction, 'Ihe prolifera-

tion of the endoplasmic reticulum is a common non--specific

effect which occurs -i-n liver after the administration

of a variety of drugs. It is probably related to the

increase in activity of the drug-metabolising enzymes of the

smooth endoplasmic reticulum 1234,2351 . This change

therefore only reflects cellular adaptation to metabolise

foreign compounds, such as DDC.

Since this electron microscopy work was carried

out, a detailed account of a more exteasive study in rats,
using light and electron microscopy, has been published,

with similar conclusions t1041.



CHAPTER 4

THE SOLUBILISATION OF ALA SYNTHETASE FROI'1 GUINEA

PIG LIVER MITOCHONDRIA



4.I. INTRODUCTION

In this laboratory, studies have been in

progress for some time with the aim of obtaj-ning pure

mitochondrial ALA synthetase. Preliminary work carried

out rvith guinea pig mitochondría by Irving t20Bl resulted

in only a 4-6 fotd purification of the enzyme. The method

-used involved. sonicating frozen-thawed mitochondria for

15 sec to extract the enzyme into a non-sedimentable form

when centrifuged at 105,000 x g for t hr, followed by

ammonium sulphate fractionation, and Sephadex G-I00

chromatography. Using thj.s procedure, AIA synthetase

act-i-vity was recovered from the Sephadex column in the

void volume, but was very unstable. Storage of the enzyme

solution resulted in the appearance of a precipitate and

a rapid loss of activity over a few days, thus making

any further attempts at purífication very d-ifficul-t.

With these findings in mind, initial experiments

f/Íere undertaken to investigate methods of extracting the

enzyme from mitochondria with attention to ways of

stabilising enzyme activity.

4.2. RESULTS

(a) Disruption of Mitochond.ria, and Extraction of

AL.ê Synthetase Activity

Three methods v¡ere compared for their abiiity

to solubilise ALA synthetase activity from mitochondria.

These were freeze-thawing, freeze-drying, and fteeze-fhawing

plus sonication. After treatment, disrupted mitochondria
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were centrifuged at 1051000 x g for I hr, and the super-

natants and. resuspended pellets assayed for ALA synthetase

activity and. protein. The range of results for the suPer-

natant fractions is shown in Tab1e 4-:.--

Although sonication of mitochondria resulted

in the best yield of ALA synthetase activity ín the super-

natant, much mitochondrial protein was also solubilised.

This hras rifficult tc separate from ALA synthetase activity

in subsequent purífication steps. Therefore, while freeze-

drying and resuspending the mitochondria did not give d3

high a yield of solubilised enzyme as sonication, the enzyme

recovered was of higher specific activity, and this method

of disrupting the mitochondria was eventually adopted for

all experiments. Also, ít had. the advantage of allowing

mítochondríal preparations to be convenierrtly stored as a

freeze-dried powder. The properties of the extracted

enzyme welre investigated by a number of methods, as

described below.

(b) Sephadex Chromatography of the Extracted Enzyine

hrhen enzyme extracted from mitochondria by freeze-

<lry:lng, o.c sonication, \,vas loaded on a Sephadex G-I00 column

(2.5 x 60 cm) and eluted with TP buffer(0.02 M tris-HCI,

0.1 mM pyridoxal- 5-phosphate, pH 7.4\ almost all activity

was excl-uded from the coluir.n and was recovered in the

void volume. This experiment wasrepeated using Sephadex

G-200, with the same result. Fig. 4'1 shorvs the type of

profile obtained. The behaviour of the related enzyme,



Tabl-e 4-L

The Extraction of ALA Synthetase from D-isrupted Mitochondria

Mitochondria were isolated from porphyric guinea

pig.Iíver, as described in Section 2.5. Samples were

either fuozen-Lhawed once or twice, freeze-dried and

resuspended to the original volume with cold water, oE

sonícated for 2 x 15 sec wiÈh a 'Soniprober (Type 11304,

Dawe Instruments) at maximum setting with a current of

4 mamps. Treated suspensions were then centrifuged at

1051000 x g for t hr, and the supernatant assayed for ALA

synthetase activity and protein.

Method of Disruption of
Mitochondria

? Activitv
Recovered in
Supernatant

I Protein
Recovered in
Supernatant

I
2

3

Freeze-thawing

Freeze-drying and
Resuspending

Freeze-thawing and
Sonication

20-40

50-7 5

80-95

20-40

40-s0

70-8s
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Fis.4-1.
Chroma a Of ALA nthetase extracted from freeze-dried
mitochondria, oD Sephadex G-200.
The column was equilibrated in TP buffer. The po\^¡der from
freeze-dried mitóchondria was resuspended in the original
volume of cold water, centrifuged at 1051000 x I for I hr,
and the supernatant collected and freeze-dried. A solution
prepared ny aissolving 0.11 g of freeze-dried supernatant
ln 2 ml- of cold water was toáaed onto a column (2.5 x 30 cm)
of Sephadex G-200 and eluted at L6 ml/hr \^/ith TP buf f er.
The absorbance at 280 mp \,.Jas measured continousllz with a
LKB Uvicord II recording spectrophotometer, ; fractions
were assayed colorimetrically for ALA synthetaset
O-o; and l\A synthet¿rse, O-O .



AA synthetase, 1vì/as also examined under these conditions.

In contrast to ALA synthetase, AA synthetase was retarded

on the column, and behaved as a soluble enzyme of molecular

weight around 64 r 000 r âS determined by comparing the elution

volumes of the enzlzme and various proteins of known molecular

weight.

From this study the alternatives existed that

either ALA synthetase wa-s an enzYme of very high molecular

weight, exceeding 5001000, or it was contained in a large

aggregate.

(c) SeÌ¡harose 4B Chromatographv of the Extracted Enzyme

Since ALA synthetase activity was exeluded by

Sephadex G-200, a sample was chromatographed on Sepharose

48, which is reported to fractionate proteins in the higher

molecular weight rangle of 3.105 to 3.105. conditions were

identical to those used for G-200 chromatography, and the

elution profiles of ALA and AA synthetases activities are

shown in Fig. 4-2. ALA synthetase activity was observed

to elute over a wide range of molecular vre-ight, with a sma11

amount of activity being excluded from the column. AA

synthetase, however, eluted in a reasonably narrow,

symmetrical peak as previously observed on Sephadex G-200.

(d) Sedimentation of ALA Svnthetase Extract on

Sucrose Densitv Gradients

Mitocirondria \^/ere so.-ricated and centrifugeclr âs

described in Table 4-:... The supernatant extract was freeze-



=F
O
co
(\J

t--

UJ
(J
-¿.

co
d
O
an
co

>- c\l
l-r
HO
Þr
H
FX
C)<c

o
L¡l.r
(n +)<()
F- rú
lrJ t-
:Eq-
-\z, .A
>{J
u., ,r

c{=

25

20

0

F
:>^
HC
FO
(-)'r
<+)

C)
Ld rú
U) 

'<q-
l-- \-
l! v,
-+rF-'-z.ç>-=
atlv

J

I

2

t0 20

FRACTION NO.

30

Fiq. 4-2.
Chromatoqraphy of ALA synthetase, extracted from freeze-dried
mitochondria, oo Sepharose 48.
The column was equilibrated in TP buffer. The experiment
was carried out as in Fig. 4-1, except that 0.15 g of
freeze-dried supernatant \¡ras dissolved in 2 mI of water
and loaded on a col-umn (2.5 x 35 cm) of Sepharose 48. The
absorbance at 280 mp was measured as in Fig. 4-I,

; fractions were õLss¿ys¿ col-orimetrically for ALA
synthetase, o-o, and A-A Synthetasê¡ O-O .



dried, and 0.1 g of the powder plus 1-2 mg of hemoglobin,

was dissolved in 1.0 m1 of cold ruater. This solution rvas

loaded on a I5-30å l-inear sucrose gradient, containing

20 mM tris-HCl, 0.1 mM pyridoxal S-phosphate, pH 7.4, and

centrifuged at 381000 r.p.m. for 16 hr in a Beckman SI{41

rotor. Separate gradients were also loaded with a mixture

of the marker proteins, hemoglobin and catalase, f.or

comparisor^. The distribution of ALA synthetase through

the gradientr âs seen in Fig. 4-3, v¡as very broad, with

much activity of molecular weight greater than that of

catalase (MW 250r000). Identical results were obtained

with enz)rme extracted from freeze-dried mitochondria. The

majority of AÄ synthetase activity appeared to sediment

similarly to hemoglobin, although some activity trailed

into regions of higher molecular weignt.

In contrast, when the extracted enzlzme was

dil-uted with îP buffer to a protein concentration of

24 mg/mL and col1ected as a 33-50å ammonium sulphate

fraction ¿s described by Irving [208], a sedimentation

prof ile was obt.ained on sucrose gradíents as in Fig . 4-4.

ALA synthetase activit'y now sedimented as a defined peak

of mol-ecular weíght around 100r000. This form of the enzyme,

however, \^ras still not '::ompletely solubler âs showr. by later

studies. The sedimentation behaviour of AA synthetase was

unaffected by the above treatments.
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Fiq. 4-3.
Sucrose density gradient centrífugation of ALA synthetase
extracted from sonicatcd mitochondria.
Details are described in the text. After centrifugation,
tubes were pierced at the bottom and 0.7 mI fractions
col-rected. Each fraction was assayed colorimetrica'r-ly
for ALA synthetasê, c---¡ , and AA synthetase,
o o . Hemoglobin (H) lvas detected by its

absorbance at 4I3 ftU, and ca.talase (C) \^zas mèasured byfollowing hydrogen peroxide ìrydrolysis at 230 mU.
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Sucrose density gradient centrifugation of ALA synthetase,
extracted from sonicatecr mitochondria and fractionated
with ammonium sulphate.
Enzyme was extracted from mitochondria as for Fig. 4-3 and
precipiLated with ammonium sulphate as described in the text.
To the reciissolved precipitate was added I-2 mg of hemoglobin
and 0.5 ml of solution wa.s loaded and sedimented on a sucrose
gradient as desrcribed in Fig. 4-3. Fractions were assayed
radiochemically for ALA synthetasê¡ 'r-O, and color.imetrically
for AÄ, synthetas€¡ o-o. Protein was also determined,

A A.
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(e) Chromatoqraphy of the Extracted EnzYme on

DEAE-Cellulose at PH 7.2

Fractionation of the enzlzme extract was next

attempted using a DEAE-cellulose column (: x 20 cm) r

equilibrated in -lO ml'f tris-HCl, 0.1 mM pyrídoxal 5"

phosphate, pH 7.4. upon passing the crude extract through

the column, all ALA synthetase activity was l-'cund.

However, elution with a linear sodium chloride gradient

gave only a 2 Lo 3-fotd purj-fication of the enzl¡me, since

enzymic acti.vity was released from the column over a

wide range of salt concentration along with most of the

bound ¡rotein.

(f) Acetone Fractionation of the Extracted Enzyme

To the mitochondrial exl;ract, acetone cooled

to -50o \^/as added dropv;ise to a final concentration of

4OZ (v/v) and the solution then stirred slowly for 60 min

ín a -15o cold room. The precipitate was collected by

centrifugation at tQr000 x g for 15 min, and redissolved

in TP buffer. About 50å of the initial activity was

recovered by this procedure, and the solution chromato-

graphed on a Sephadex G-150 column (2.5 x 50 cm)

equilibrated in TP buffer. Most of the ALA syntheEase

activity was excluded from the column, and overall, the

profile was not significantly different from that

ol:tained by direct chromatography of the extract without

acetone treatment.

From the results of the experiments described



(J0 .

to thís point, it was concluded that ALA synthetase

extracted from mitochondria was contained in a large

aggregate. In support of this conclusion, electron

microscopic examínation of the fractions from Sephadex

G-200 containing A-LA synthetase activity showed large

aggregates were present in the solution along with some

fragmented membranous material.

(g) Apparent Solubilisation of 7\LA Svnthetase

from the Agq::eqate by Salt Treatment

Using the enzymically active fractions eluted

from a Sephadex G-200 column on which mitochondrial extract

had been chromatographed, \^/ays of disrupting the aggregate,

to release ALA synthetase activity, \^rere investigated.

Centrifugation of these fractions at 200,000 x g for I hr,

or 150,000 x g for 2 }:rr, sedimented up to 702 of the

activity as a smal1 brown pellet. The remainder of the

activity formed a gradie¡rt down the centrifuge tube,

suggesting there was a range in the aggregate size. À

means of testing various treatments for any effect in

solubilising ALA synthetase was now available. The active

petlet fraction was resuspended in the solution under test,

and the suspension recentrifuged. By assaying the super-

natant and pelIet fractions, any solubilising effect could

be observeC.

Table 4-2 shows that triton X-100 and

digit,onin, as well as lipase and snake venom' t'Iere

ineffective. However, when the pellet was resuspendecl in



Table 4-2

Solubilisation of Al,A Synthetase Actir¡j-ty from the Pelleted

Aggregate to a Non-sedimentable Form

The fractions corresponding to the void volume

from a Sephadex c-200 column (2.5 x 3ô cm) loaded wj.th

mitochondrial extract and eluted with TP buffer were pooled

(volume 20 mI). Equal volumes (2 mI) were then dispensed

into centrifuge tubes, r,vhích were centrifuged at 130r000 x

g for 90 min. The pellets were iesuspended in 2 mI of the

solution under test, allowed to stand at room temperature

for 30 min, and, recentrifuged at 105,000 x g for t hr.

Supernatants and pellets resuspended in 2 mL of TP buffer

were assayed for ALA synthetase activity colorimetrícaIly.

Resuspension Solution t Enzymic Activity Recovered
IN

Supernatant Pellet

1. TP buffer

2. TP, I mM dithíoerythritol

3. TP, 0.5 mM EDTA

4. TP, 0.5 M KCl

5. TP, Snake Venom, 0.1 mg/mI

6. TP, Lipase , 0.4 mg/mI

7 . TP, Triton X-100, 1? (v/v)

8. TP, Digitonin, I.?, mg/ml

9. TP, Dígitonin, 3.0 mg/mI

4

5

4

67

13

7

18

7

18

58

55

72

20

53

60

52

53

57



buffer containing 0.5 M KCI (or NaCl) , a major fraction

of the activity was now not sedimentecì by a t hr centri-

fugation at 1051000 x g. In fact' enzyme actj.vity was

linearly released from the pelleted agqregate by

increasing salt concentration up to 0.8 M, as shorvn

in Fig . 4-5. Electron microscopy on the resuspended

pe1let material confirmed that treatment with salt

dispersed much of the aggregated material present.

(h) Sephadex Chromatograr,hy of the Salt Extracted

Enzyme

To test if the enzyme obtained by treating

the aggregate with KCl or NaCl was truly soluble, the

following experiment was performed. Mitochondrj-al exi-ract,

obtained by sonicating mitochondria and removing debris

by centrifugatíon at 1051000 x g for t hr, was freeze-dried.

0.2 g of the powder \^las redissolved in 2 ml of TP buffer

containing 0.6 M NaCl, and chromatographed on a Sephadex

c-200 column (2.5 x 35 cm)r equilibrated in 0.Q5M tris-HCl'

0.1 mM pyridoxal S-phosphate, 0.2 M NaCl, PH 7.4. The

activity ¡rofile is seen in Fí9. 4-6. Evidently, salt

treatment had produced smaller aggregates v¡hich were still

excluded from Sephadex c-200, although now not pelleted

by ultracentrífugation .

A Method for the Complete Solubilisation of

ALA Syntheta.se from the Aggregate

(i)

The complete solubilisation of ALA svnthetase
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from the qgregate was finally accomplished by treating

the aggregate with NaCl (0.8 M) and dithíoervthritol

(I mM) together. Both high ionic strength and reducing

conditions were required; dithioerythritol alone had

no effect (see Table 4-2). The change in activity orofile

when the treated sctract was chromatographed on Sephade><

G-200 is seen in Fig. 4-7. The powder from the freeze-

dried supcrnatant extract (0 -2 g) from sonicated mitochondria

was resuspended in 2 ml of TP buffer containing 0.6 M NaCl

and 1 mM dithioerythritol, and chromatographed on a

Sephadex c-200 column (2.5 x 35 cm) equilibrated in 0.05 M

tris-FlCl, 0.1 mM pyridoxal S-phosphate, 0.2 M NaCl, 0.1 mM

dithioerythritol, pH 7.4. l[ost actívity was now retarcled

on the column and eluted as a symmetrical peak. Virtually

no actÍvity remained excluded from th: column when the salt

concentration of the suspending buffer \das raised to

0.8 M, and that of the elution buffer to 0.5 M.

The fact that the continued presence of high

ionic strength and reducing condiÈions are required to

maintain ALA synthetase activity in a soluble form is shown

in Table 4-3. Freeze-dried extracted enzyme was resuspended

in the buffers shown, and the size of the enzyme determined

by chromatography on a Sephadex G-200 column, not

necessarily equ-ì-librated in the same buffer. The on11r

combination to ¡roduce truly soluble enzyme r'^¡as that where

NaCl and dithioerythriol were present in both the suspending

and eluting buffers. I{hen enzyme was solubilised by

suspension in NaCI and dilhioerythritol, but chromatographed
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Chromatography of ALA synthetase extract' containing NaCl

( 0. 6 Iq) and dithioerlzthritol (f mM) , on Sephadex G-200.

The column \^Ias equilibrated in 0.05 M tris-HC1' 0.1 mM

pyridoxal S-phosphate, J.2 M NaCl, 0.1 mM dithioerythritol'
ÞH 7"4. other details are described. in the text. The
ãbsorl¡ance at 280 mu was meã.sured as in Fig. 4-L,

; fractions \^/erd assayed colorimetrically for
ALA synthetase, o-o, and AA synthetasê, O-O.



Table 4-3

The Solubilisation of Crude ALA Synthetase with NaCl and

Dithioerythr itol r âs Determj-ned by Sephadex G-200 Chromato-

graphy.

Mitochondria (proteín concentration 100 mg/ml)

in TP buffer u/ere freeze-driecl. and resuspended in cold

water to the original volume. The suspension \^¡as centrif uged

at 1051000 x g for t hr, and the supernatant, containing

80? of the total activity, was freeze-dried- An amount

of the freeze-dried powder equivalent to 1500 units of

enzyme was suspended in the buffers indicated, and loaded

on a Sephadex c-200 column (2.5 x 35 cm). Elution was

carried out with the buffers shown, and 0.7 ml of each

fraction assayed for ALA synthetase activ.ity to determine

whether the enzyme was aggregated or soluble.

Suspension Buffers
. pII 7.4

Elution Buffers
pH 7.4

State of
Enzyme

* Activity
Recovered

TP

TP,

TPt

TP,

0.6 M NaCl

0.6 M NaCl

0.6 M NaCI,
I mM DTE*

TP

TP

TP, 0.6 M NaCl

TP, 1 mM DTE

Aggregate

Aggregate

Aggregate

Aggregate

IL4

63

L44

90

TP, 0
1

.6 M NaC1,
mM DTE

.2 M NaC1,
MM DTE

jeo Soluble
0? AggregaÈe

I
2

0
1

*Dithioerythritol .

TP, r67



-i-n the absence of NaCI, re-aggregation occurred.

The tot.al- ALA synthetase activity recovered

frorn columns was always greater than 100å when sodium

chloride was present in the elution buffer. Sodium

chloride may therefore be stimulating ALA synthetase

activityr âs has been reported for the purified cytosol

enzyme t451.

( j ) The Molecular Weiqh ts of AA and Solubilised ALA

Synthetas es from Guinea Piq Liver Mitochondria

A Sephadex G-150 cofumn (1.3 cm x 120) was

equilibrated in 0.05 M tris-HCl, 0.1 mM pyridoxal S-phosphate,

0.3 M KCl, 0.1 mM dithioerythri.tol, pH 7.4, and the elution

volumes of ¡roteins of known molecular weight determined

(r'ig. 4-8). Proteins used and theír molecular weight

values were chymotrypsinogen A (uw 25r000), ovalbumín

(MW 45,000) , bovíne serum albumin (MVü 6'7 ,000) , lactate

dehydrogenase (¡lw 140 ,0oo ) and y-globulin (¡¿w t00 , 000 ) .

The molecular weights of AA synthetase and ALA synthetase

were d.etermined on this column by a comparison of their

elution volumes with those of the marker proteins,

according to Andrews [236]. Values obtained were 64'000

for AA synthetase, and 78,000 for ALA syntheÈase.
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4.3. DISCUSSION

The findings reported here indicate that ALA

synthetase extracted from guinea pig liver mitochondria

by freeze-drying or freeze-thawing plus sonication is

associated with a large aggregate. This accounts for the

diffícu1ty encountered in purifying the enzyme in

preliminary attempts which included Sephadex ancl Sepharose

ge1 chromatography, cellulose ion-exchange chromatography'

sucrose d.errsity gradient centrifugation and acetone

precipitatíon.

using a particulate fraction from livers of AIA-

treated rats, Kaplan t38l has reported similar ùesults in

attempts at purifying AIA synthetase. By extracting

mitochondria rvith deoxycholate, he obtained an enzyme

preparation, in which most of the enzymic activity remained

in the supernatant after centrifugation at 140,000 x I for

2 hr, but eff orts to fur{-.her purify the enzyme \4lere

frustrated by 1ow yields and inconsistent results.

It is apparent from the results presented in

thís chapter that different size aggregates containing

enzyme activity can be isolated from mitochondria by

different techniques. Most of the aggregate extracted by

freeze-drying or sonication' ãfter having been chromatographed

on a Sephalex G-200 column ín TP buffer' v/as sedimentable

when centrifuged at 2o0r00o x g f.or t hr or 1501000 x g

for 2 |¡r. This contrasts wj th the results of Kaplan [38] ,

but can be explained on the basis that his purification



sequence included an ammonium sulphate fractionation.

The trresent work shows that treatment of the aggregate

with a high salt concentration disperses the aggregate

so that activity, although sti1l excluded when chromatographed

on a sephacex G-2oo column, is now no longer pelleted by

ultracentrifugation .

The physical nature of the aggregate is not

known. It may consist entirely of protein or be part of

a mitochondriai membrane. Electron microscopic st'udies of

enzymically active fractions eluted from Sephadex G-200,

showed the presence of both protein aggregates and membrane

píeces and vesícIes. Kaplan could not detect any lipid,

or activity of the inner mitochondrial membrane enzlzmes'

succinic dehydrogenase and cytochrome oxidase, in his

preparation [38], and he favoured the idea of hydrophobic

interactions between a group of proteins released from the

mitochondria as accounting for the complex.

Whether the aggregation phenomenon has

physiological significance with respect to the localisation

of the enzyme within the mitochondrion, is difficult to

assess. It could be an artefact produced upon disruption

of the mitochondria. On the other hand, since it is

thought that ALA synthetase is synthesised extra-mitochondríalIy

on cytoplasmic, ribosomes and subsequently transferred into the

miÈochondrion [7,8] it is feasible that a specific site exisÈs

inside the mitochondrion for localising this enzyme. As

desc.ribed in Chapter 3 , ALA synthetase is a matrix enzyme '
or may be loosely bound to the inner mitochondrial membrane.



The aggregate could then, represent protein from the inner

membrane or cristae to which the enzyme beccmes attached

once inside the mitochondrion.

In support of this idea, the solubility of a

mitochondrial enzyme may be taken broadly as an index

of its intramitcchondrial localisation. Thus, matrix

enzymes can be isolated as \^7ater-so1ub1e lipid-free

proteins, merely by disrupting the :nitochondrial

membranes, and allowing their release. Other proteins

and enzymes which are intrinsic components of membranes

acquire the characteristics of water-soluble proteins only

when treated by physical, chemical or enzymíc methods.

These include homogenisation or sonication; extraction wíth

low ionic sLrength solutions, concentrated salt solutions,

urea, aIkali, metal chelators or organic solvents; or

Iipase, phospholipase ¡ ot proteolytic enzyme dígestion.

Examples of the solubilisation of mitochondrial enzymes

using one, or a combination, of these methods are known and are

summarised by Penefsky and Tzagoloff 12371. Finally' some

macromolecular enz)¡me complexes are known, lvhich are

composed of ¡roteins and associated phospholípids, with the

latter frequently being necessary for enzlzme activity. To

extract and purify these complexes from membranes requires

dispersing agents such as bile salts (.".g., deoxycholate),

organic solvents (e.g., n-butyl alcohol) or synthetic

detergents (e.g., triton X-l00, sodium dodecyl sulphate) .

The find.ing that ALA synthetase became a truly

soluble enzyme ruiÈh a molecular weight of 78 r 000 only



af i:er the combined treatment with 0 .8 M NaCl and 1 mM

dithj-oerythritol is somewhat unusual, but indicates the

enzyme may be specifíca1ly bound by disulphide linkage

and electrostatic interactions to membrane protein inside

the mitochondrion. It appears that since dithioerythritol

alone had no effect in solubilising enzyme activity' a

high salt concentrat,ion is necessary to disperse the

aggregate and expose 'Jisulphide bonds which link ALA

synthetase to other protein.

l4ethods whích have been used successfully in

solubilising membrane-associated enzymes had no effect

in solubilising ALA synthetase activity, although the

optimum conditions for each treatment may not have been

used. These \^rere enzymic digestion wíth lipase and snake

venom, suspension in the deterqents t.riton X-100 and

digitonin, treatment with the chelating agent EDTA, and

acetone precipitation.

Hígh sa1t, concentrations have been used, hov/ever,

for extraeting other enzymes and proteíns from mitochondria

or mitochondrial fragments. l4ost noteworthy is the

observation that phosphorylatíng submitochondrial electron

transport particles, prepared by sonicating bovine heart

mítochonCria, extracted with 2 M NaCl or 0.5 M NaBr in the

presence of 1 mM dithiothrei'1,ol lose ATPase activity Í23g) .

Restoration of activity was achieved by adding back salt-

free ex'i-ract, which was shown to contain the subunits

of mitochondrial ATPase. Also, cytochrome c has been

extracted f r:om mitochonclr ta by treatment f irstl.y with
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0.01-5 M KCI to modify mitochondrial structure, and then

by 0.15 M KCI to release the protein 12391 .



CHAPTER 5

PURIFICATION OF SOLUBILISED MITOCHONDRIAL

ALA SYNTHETASE



5.]. INTRODUCTION

For the purificatíon of solubilisetl liver

mitochondrial AIA synthetase, a good source of enzyme

was required. Unfortunately, normal experimental animals

such as rats and guinea pigs, and also calves, have very

Iow leve1s of ALA synthetase in the liver. Erren using a

sensitj.ve ::adiochemical assay, signj-ficant enzyme

activity is not detectable in normal guinea pig liver

Í208,2131 . Thís meant that the isolation of the enzvme

from normal liver was not feasible r so that to obtaín

sufficient quantities of ALA synthetase to permit

preparative scale purì fication, it was necessary to treat

animals with drugs to increase hepatíc levels of enzyme

activiLy.

Since a method for dosing guinea pigs r,vith the

ALA synthetasc.-inducing drug, DDc, was already available

1271 t initial studies were carried out using guinea pig

Iíver. In later work, a ¡urification methocl was developed

for AIA synthetase f rom rat f -i-ver mitcchondria, using the

findings established for çinea pig liver. Rat liver

unexpectedly proved to be a better source of enzyme than

guinea pig liver, becau';e although the average liver size

per animal wa.s much smal]er, rats were dosed wíth DDC by a

more efficient methocl using a stomach tube, and much

greater levels of enzyme per gram of liver were obtained.



5,2. METHODS

(a) Acry lamide GeI Electrophoresís

Analytical disc 9eI electrophores-is in 7.52

polyacrylamide gels was carried out at pH 9.5 by the

procedure of ornstein and Davis [240]. Staining was

carried out with I% amido black ín 7Z acetic acid, and

gels were destained in 7z acetic acid over several days.

Before running on polvacrylamide geJ-s in

sodium dodecylsulphate (SDS), purified ALA synthetase \,üas

reduced and S-carboxymethylated by the method of Kemp

Í24L). 10 mg of protein was dialysed against distilled

water, freeze-dried, and taken up in 5 ml of a solution

containing 0.1 M $-mercaptoethanol, I M urea and 0.5 M

ethylamine, pH 10.5. After 3 hr at 37"C, 3 mI of 3 M

tris-HCl, pH 8.0, \^7ere mixed with the solution to give a

final pH of 8.7. 1 ml of I.6 M iodoacetate, pH 8-2, \'vas

then added and the solution allowed tc stand for: 2tJ min

at room temperature' before the removal of excess

iodoacetate by 0.15 ml of S-mercaptoethanol. After

further incubation at 37oC for 30 min, another 1 mI of

iodoacetate v¡as added, the solution incubated as before,

and treated with 0.2 mI of B-mercaptoethanol. The solution

\fas finaily dialysed against distiiled water anc'- freeze-

drÍed.

Polyacrylamide ge1 electrophoresis in SDS

was carried out by the method of Shapiro, Vinuela and

Maiz:.I 12421, âS modified. by lrleber and osborn 12431 .

The S-carboxymeLhylated protein was dissolved in /' M urea'



1? 9DS, 0.005% bromophenol blue, loaded on a 5å polyacr',,"1-

amide geI, and run for 4 hr with a current of 7 mamps per

tube. GeIs \^/ere stained with coomassie blue by the method

of Fairbanks et aL, 12441 .

(b) Preparation of Affinity Chrc¡natographlr Substrate

Aminoethyl-cellulose was first washed and

succinylated in aqueous solution at pH 6.0 with succinic

anhydride, by the method of Cuatrecasas [245). 2 g of amino-

ethyl-cellulose was suspended in 150 mI of colcl water and

15 g of succinic anhydrj-de added in an equal volume of

water at OoC. The ËI was raised to 6.0, and maintained

at this value with 202 NaOH over a period of approx.

3 hr. The suspension \^ras then allowed to stand overni-ght

at 4"C.

The succinyl-aminoethyl-cellulose was washed

with 0.05 N NaOH, and to ensure all ami'ro groups were

bJ-ocked, acetylation with I m1 of acetic anhydride in

200 ml 50? ethanol was carried out ¡t room temperature f.or

30 min. The cellulose derivative was then rewashed with

0.05 N HCI and a portion títrated with 0.01 N KCH. From

the shape of the titration curve, all amino groups on the

cellu1ose appeared to be blocked.

Pyridlxamine S-phosphate was coupled to the

succinyl-aminoethyl-celIulose at pH 4.7, using a water-

soluble carbodiimide 12461. The washed succinyl-

aminoeihyl-cellulose was suspended in 180 mI of water

and 500 nrg of pyridoxamíne S-phosphate added. The pH of



c¡t,,.

the suspension $/as adjusted to 4.7. 5.0 g of

1-ethyl-3 ( 3-dimethyl-aminopropyl) carbodiimide \'rere

dissolved in 15 mI of water and added to the stirred

suspension. The pH rvas maíntained at 4.7 over 2 hr

I N KOH, and stirred for a further 4 }lrr. The final

celluIose adsorbent was lvashed with 6 litres of 0.1

and equilibrated in a column (1.3 x 13 cm) with 0.05

HCI, pH 7.6, containing 1 mlq dithitrerythritol.

with

M I.IaC1,

M tris-

(c) Preparation of Crude Cvtosol ALA Synthetase

The method used was essentially that of Scholnick

et aL. t$l. Livers from rats dosed with DDC were washed

v¡ith cold buffer, weighed and homogenised in an equal

volume of 0.25 M sucrose, 0.01 M potassium phosphate'

1 mM EDTA, 0.894 NaCl, PH 7.0. The homogenate was

centrifuged aÈ 51000 x g for 15 min, 401000 x g for 15 min,

and 1051000 x g for 60 min. The final supernatant was

termed crude cytosol enzyme.

5.3. RESULTS

A. Purification of Solubilised ALA Synthetase from Guinea

Piq Liver Mitochondria

(a) Purification Method

From the result's in Chapter 4, the following

method was developed to purify guinea pig liver mitocirondrial

ALA synthetase in a soluble form.



Step l. Isolation and Extraction of Liver ltîitochoncìria

Guinea pigs were dosed orally with DDC; liver

mitochondria \^/ere subsequentllz isolated as described in

Section 2.5. These were suspended in TP buffer, freeze-dried,

resuspended in cold water to the original volume, and

centrifuged at I05r000 x g fo:: I hr. The supernatant rvas

collected and assayed for ALA synthetase acti.zity and

protein

Step 2. Sephadex G-200 Chromatoqraphy ancL fsolation of

the Enzymically Active Agqregate

Mitochondrial extracÈ (6-10 ml) was loaded crnto

a Sephadex c-200 column (4 x 30 cm) equJ-librated in L'P

buffer, and eluted overnight at a flow rate of 20 nL/h.r.

Fractions of approximately I ml were collected. Most

enzymic activity was exctuded from Èhe column, as already

described in Chapter 4. The fractíons corresponding to the

void volume were pooled and centrifuged at I.501000 x I
for 2 hr at 4"C. The supernatant usually contained only

about 2Oe. of the original activity after this treatment,

the remainder being isolated in a sma1l brown pe1let.

Step 3. Treatment of the Aqqresate with NaCl and Dithioerythritol

The pellet fraction was resuspellded in 15-20 ml of

0.05 M tris-HC1, 0.1 mM pyridoxal S-phosphate, 0.8 M NaCl,

1 mM dithioerythritol buffer, pH 7 .6, and recentrifuged at

I50r000 x g for t hr. Assay of the supernatanÈ revea.led

that 50-603 of the eigintrl activity was now recovered in



this fraction, although

reproducíbIe, and. lower

observed.

82.

the method was not entirely

recoveries were sometimes

The solution was freeze-dried, and redissolved

in water to one-fifth of the original volume.

Step 4. Sephadex c-150 Chromatograohy

The concentrated, solubilised enzyme (3-6 m1)

$/as loaded onto a Sepha<lex G-150 column (2.5 x 35 cm) r

equili.brated in 0.05 M tris-HCl, 0.1 mM pyridoxal

S-phosnhaÈe, 0.25 M NaCl, 0.1 mM dithioerythritol,

pH 7.4, and etuted overnight with th-i-s buffer at a flow

rate of 25 ml-/hr. When fractions were assayed for enzymic

activity, the profile seen Ín Fig. 5-1 was obtained. Not

all of the ALA synthetase activity w.rs solubilised, but

much of the lrotein was still excluded from the Sephadex

and rvas separ:rted from the main peak of ALA synthetase

activity. The most active fractions were pooled.

A summary of the whole procedure is shown in

Table 5-1. The method would be exrrected to be reasonably

selective for ALA syni.hetase since the aggregate was

separated from soluble mitochondrial proteins and directly

treated with NaCl and Cithioerythritol. Only proteins

which are solubilised by this treatment should then be

retarded W Sephadex G-150 and collected in the pooled

fractions from Step 4. Unfortunately, a wide variation was

seen in the specific activity of the enzyme obtained f-rom

the final steps. Also, the overall yield of purified enzyme
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r'ig. 5-I.
Chroma-toqraphy of ALA synthetase, solubilised from the
isolated agg.::egate, on Sephadex G-150.
Details are described in the text; the elution buffer
was 0.05 M tris-HCl, 0.1 mM pyridoxal S-phosphate,
0.25 M NaC1, 0"1 mM dithíoerythritol, PH 7.4. The
absorbance of the eluate at 280 m¡.r was determined
continuously using a LKB Uvicord II reco::ding spectro-
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Table 5-t

The Purification of Guinea Pig Liver l4itochondrial ALA

Synthetase

Details of the methods used are described in
the text

Fraction Volume

(mr)

Total
Actívity
(units )

Total
Protein

(*s )

Specific
Activíty
(unrts,/mg)

Yield
(%)

Mitochondria
(from 509 liver)

Extract from
Freeze-drying

Sephadex G'200
Fractions

Treatment of
Aggregate with
NaCl-DTE

Sephadex G-150
Fractions

10 15,300

6 11 ,250

60 7 ,2Oo

15 4,000

35 1,700

r27 0

360

L02

33

10

I2

31

7t

]-20

170

100

73

4

26

11
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was low (around 10e.) .

(b) Some Properties of the Purified Guinea Piq

Liver Mitochondrial Enzvme

For subsequent studies of the purified guinea pig

enzlzme, it was pref erabl-e to use a concentrated enzyme

solution. Freeze-drying the enzvme fractions from Step 4

above, and redissolving the porvder vras partially successful,

but limited by the amount of NaCl present. (This could not

be removed by dialysis, because of the instabilitv of the

enzyme during this procedure.) Pervaporationr vacuum

filtration through a collodíon membrane at 4"C for several

hours t oT ultrafiltration of the solution using an Amicon

UI\'l-208 membrane under a nitrogen pressure of 50 lb/sq.in.

for t hr were also unsatisfactory, and resulted in 508 or

less recovery of activity.

The concentrated enzyme that ',iüas obtained using

these methods lost most of its activity over a period of

a few days at 4"C. Of the compounds added in an effort

to stabilise the enzyme, the substrate glycine had no

effect, while sucrose did slightly preserve act-ì.vity.

Dithioerythritot at a concentration of I mlÍ or greater

hc¡wever, was nost effective, and resulted in 60-80? recovery

of ALA syntheti'se activity after several days storage at

4" c.

concentrating the

853 recovery of ALA

steps were carried out,

. Eventually,

€llZflllc: rrr/â.S foUnd whiCh

synthetase act.ivity.

a method

gave up

of

to

ofA series
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in which dry sephadex G-25 with a water rega-in of 2.5 rtL/g ,

was added to the enzyme solutj.on containing 1 mM dithio-

erythritol. Anough sephadex was added to take up half

the volume of solution, and after standing for 10 min at

Aoc, the suspension vras centrifuged at Ir000 x g for 10 min

in a filter constructed to retain the Sephadex beads above:

the filtrate. fn th-is waY¡ 30 ml of enzyme solution was

concentrated to 3-4 ml in three steps wi-th no change in the

salt concentration of the enzyme buffer.

Electrophoresis of samples of this solution on

acrylamide gels showed the presence of seve::al protein

bands with rrruch protein remaining at the top of the 9e1

(presumably an aggregate) . As it seemecl unlikely that

the enzyme was homogeneous at this stage, various rnethods

were investigated for possible further purification.

(c) Attempts at Further Purifj-cation of Guinea

Piq Li ver Mitochondrj-al ALA Svnthetase

(i) Cellulose Ion-Exchange Chromatography

This technique \^/as tried since methods used in

the purification procedure to this stage had not fraction-

ated proteins on the basis of their electrical charge.

The stability of the enzyme in different buffe::s over a

range of pH values was first determíned. Samples of

purified enzlzme were incubated at 4oC for 22 hr at the test

pH, and then assayed for remaining enzym.e activity at pH

7.4. As seen in Fig. 5-2, thc enzyme is stable unCer

t.hese conditions from pH 7 Lo 9.
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Batch experiments showed that the enzyme would

bind to DEAE-cellulose at pH 8.9, but only when Lhe

ioníc strength of the enzyme solution was less than 0.1.

It did not bind to CM-cellulose aÈ pH 7.4. For chromato-

graphy on DEAE:ce11u1ose, it was therefore necessa-ry to

dilute the concentrated enzyme with 0.01 14 tris-HCl, 0.1- mI4

pyridoxal S-phosphate, 0.2 mM dithioerythritol, pH 8.9,

to reduce lhe NaCI concentration in the enzyme solutíon.

Experiments witir a smal1 DEAE-cellulose column

(1.3 x 3 cm) equilibrated at pH 8.9 in this buffer gave a

2-fo1d purification of enzyme with B0å recovery when the

enzyme was eluted from the column witir a NaCl gradient.

(ii) Hydroxyl-Apatite Chromatography

A smal1 column (1.S x 3 cm) .rf hydroxylapatite

hras equilibrated in 0.05 M sodium phosphate, 0.1 mM

pyridoxal S-phosphate, 0.2 mM dithioerythritol, pH 8.0.

Concentrated enzyme from Step 4 of the purífication procedure

was díIuted 3-fold with this t¡uffer to reduce the NaCl concen-

tration so that ALA synthetase would be adsorbed to the

hydroxylapatite. After washing unadsorbed protein througl:

the column, ALA synthetase activity was released with buffer

containing C.2 M sodium ohosphate, 0.1 mM pyridoxal

S-phosphate, 0.2 mM diÈhioeryLhritol, pH 8.0. Approximately

80? of the enzyme activity was recovered in this step, with

a 4-fold purification.



(iii) Chromatograr:hv on a Sepharose-AntibooY

Column

The concentrated enzyme frorn Step 4 was inject'ed

into a rabbit as follorvs. About 5 mg of protein (specifíc

activity 240 units/mg protein) was emulsified in Freu.d_'s

adjuvant and injected subcutaneously at several periscapular

sites. Then L4 days later, a second series of injectíons

with 4 mg of protein (specific activitv 100 units/mg

protein) rvas given without adjurrant. When blood was

collected one week later from an ear vein, the serum was

found to contain several cross-reacting species r âs

detected by the ouchterlony double diffusion test (see

Section 7.21 , but did not precipitate ALA sr/nthetase

activity in immunological titrations.

An attempt rvas made to utilise this finding

in an additional purification step. The y-gIobulin

fraction was isolated from the serum as described i-n

Section 7 .2, and reacted with cyanogen brornide-activated

Sepharose 4g to covalently link antibodies to the agarose

matrix Í2471. The Sepharose derivative was then

extensively washed, packed into a column (1 x ? cm), and

equilibrated with 0.05 M tris-HC1, 0. I mÌ4 pyridoxal

S-phosphate, 0.3 M NaCI , 0.2 mM dithioerythritol , pH 7 -4.

Con<:entrated enz]¡me solution was slowly passed

through this column. It was hoped that some contaminating

antigenic proteins would be immobilised on the matrix in

the ":o1umn and that ALA synthetase would pass through

unretarded. Hor,vever, ho activity was detected in the



eluate.

or was

unknown

I{hether

denatured

the enzyme

on passing

r,.ras bound to

through the

the matr:ix,

matrix, is

B. Purification of Solubilised ALA Synthetase from Rat

Liver Mitochondria

(a) Purifica{:icn Method

Since attempts at purifying mitochondrial ALA

synthetase from guinea pig liver met only with li.mit-ed

Success, the purifícati.on of the enzyme from rat liver was

undertaken tc allow a comparison with the quiirea pig enzyme.

The ¡ropertíes of the rat enzyme were thought to be

similar, since Kaplan t3Bl had reported it r,vas extracted

fron liver mitochondria as an aggregate, which he was

unabler to disrupt by a number of methods. Other findings

were also reported whích agreed with those established in

this J-aborato;y for the guinea pig enzyme.

The ¡urif ication method r,r'as based on studi es

with the guinea pig enzyme, but contained Some modifications.

ALA synthetase \¡¡as solubilised in the mitochondrial extract,

and then fractionated from other soluble proteins in three

sLeps, including a new step involving affinity chromatography.

Step 1. Isolation and Extl-action of Liver Mitochondria

MÍtochondria \^/ere isolated f rom rat liver , freeze-

dried and extracted as alreedy described for guinea pig

liver. The enzyme in the extract was then solubilised by



the addition of solid NaCl and dithioerythritol to concen-

trations of 0.8 M and 1 mM respectively.

Step 2. Sephadex c-150 Chroma toqraphv of the Mitochondrial

Extract

A Sephadex column (4 x 30 cm) r equilibrated in

0.05 M tris-HC1, 0.1 nM pyrídoxa1 S-phosphate, 0.5 M NaCl'

0.1 mM diLhioerythritol, 0.1 mM EDTA, PH 8.0, was loaded

with 6-10 mI of mitochonclrial extract and eluted. overnight

at a flow rate of 20 ml/hr. The resulting ALA syrtthetase

profile is seen in Fig. 5-3. As predicted from stuclies

with the guinea pi-g enzyme, virtually all activity was

solubilised and retarded on the column. The most active

fractions were pooled, and EDTA added from a 0.1 M stock

solution, pH 8.0, to gíve a final con.-:entration of 1mM.

Step 3. Ammoniurn Sulphate Fractionation

Solid ammonium sulphate was sl.owly added to the

gently stj.rred solution to a final concentration of 50%.

Stirring was continued for an additional 30 min, and the

precipitate collected by centrifugation at 10,000 x g for

20 min. After being drained, the precipitate v¡as redissolved

in the mj.¡rimum volume of 0.05 M tris-HCl, I mM dithioeryth:itol,

pH 7 .6.

Step 4. Affinity ChromatograPhY

The redissolved enzyme was desalted on a sephadex

G-25 column, equilibrated ín 0.05 M tris-HCl, 1 mM dithio-
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erythritol, pH 7.6, to remove last traces of pyridoxal

S-phosphate and ammonium sulphate. The protein was then

passed through a column (1.3 x 13 cm) packed with the

affínity chromatographV substrate, prePared as described

in section 5.2. About 70å of ALA synthetase activity

was bound to the column, which was washed with 0.05 M

tris-HCI, I mM dithioerythritol, PH 7.6- ALA synthetase

was then t.luted w-i-th 20 mI of 0.05 M tris-HC1, 1 mM

dithioerythri-tol, 0.01 M pyridoxal S-phosphate, pH 7.6.

The protein so oh:tained was termed purified enzyme.

Before next use, the column was washed with the elutíng

buffer containing 0.5 M NaCI, and re-equilibrated in 0.05 M

tris-HCl, I mM dithioerythritol, PH 7-6.

A typical fractionation is shown in Tab1e 5-2.

The overall yield for the method is approximately 20?o

wíth the affinity chromatographv step giving a 10 to

12-fold purifi cation.

(b) Some Properties of the Pr-r.rified Rat Liver

Mitochondrial Enzvme

The purifiecl enzyme was reasonably stable when

stored in O.05 M tris-HCl, I mM dithioerythritol, 0.01 M

pyridoxal S-phosphate, nH 7.6. After 10 days at --]-SoCr

758 of the activity was preserved, while storage at 4"c

for the same time resulLed in 60% recovery of activity.

The purity of the enzyme was investigated using

53 polyacrylamide gel eLectrophoresis of the S-carboxYm.ethyl-

ated protein in sodium dodecylsulphater âs described in



Table 5-2

The Purifi-cation of Rat Liver Mitochondrial ALA Synthetase

DetaíIs of the methods used are described
in the text.

Fraction Vo1ume

(m1)

TotaI
Activity
(units )

Total
Protein

(*g )

Specific
AcLivity
(u;rits/mg)

Yield
(%)

Mitochondria
(from 209 liver)

Extract from
Freeze-drying

Sephadex c-150
Fractions

Ammonium Sulphate
Fractionation
(0-s0a)

Affinity Chroma-
tography

14 L2,900 990

10 9 ,2O0 460

r05 9,050 2L0

4.4 5, 500 119

35 2,980

13 100

20 7L

43 70

46 43

6.2 530 23



section 5.2. As seen in Fig. 5-4, one major band, whiCh

contained 'Ì}so of the total protein as determined by

quantitative densitometry, along with some minor bands

and aggregated material- at the origin, rvvas obtained.

However, it ís not known which band corresponds to ALA

synthetase.

Previous studies with crude guinea pig liver

enzlrme índicated that in the absenc e of. NaCl , reaggregation

of the enzyme occurred. A sample of purified rat liver

enzyme, stored in 0.05 M tris-HC], 1 mM dithioerythritol,

0.01 lvl pyridoxal S-phosphate, pH 7.6, and freeze-dried,

was chromatographed on a Sephadex G-I50 column with this

buffer to check for reaggregation of enzymic activity.

All activity was found to stíll elute as expected for

the solubilised enzyme, indicating the material with which

the enzyme was aggregating had evidently been removed

during the purification procedure.

(c) The l4olecular We ht of Sotubilised Mitochondria'l

Rat Liver ALA SYn thetase, and a Comr:arison with

the Cytosol EnzYme

The molecular sízes of both mitochondrial and.

clrtosol forms of ALA synthetase were determined a-fter

chromatography on a Sephadex G-150 column by comparing their

elution volumes with those of proteins of known molecular

weight, according to the method of Andrews t2361. Proteins

used e-s markers were ot-ch]'motrypsinogen (¡{W 25r000) ,

ovalbumin (MW 45,OOO) , bovine serum albumin (¡¿lv 67 ,000) ,
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and lactate dehydrogenase (MI^l L40,000) . Samples of

cnide solubilised mitochondrial enzymen and crude cytosol

enzynìe prepared as in Section 5.2, were eluted separately

through the column with buffer, containing 0.05 M sucrose'

0.01 M sodium phosphate, 0.3 M NaCI, 0.1 mM EDTA, 0-01 M

pyridoxal S-phosphate, 0.1 mM dithioerythrítol, pH 7.2,

and the elution volumes of ALA synthetase noted (see

Fig. 5-5), Values obbained for the molecular weights

by this method lvere 77 ,000 for the mitochondrial enzyme,

and I7Br000 for the cytosol enzyme.

To establish the tv¡o enzymes as distinct species,

a mixture cf mitochondrial and cytosol enzvmes, 'containing

added NaCl (0.8 14) and dithioerythritol (1 mM) , h/as

chromatographed on the same column. As shown in Fig . 5-6 '
two peaks of ALA synthetase activity -,;ere obtained, one

corresponding to mitochondrial enzlzme, and the other t-.o

cytosol enzymê. The activities eluted exactly as expected

from chromatography of individual enzyme samples.

5.4. DTSCUSSION

The experiments described in this chapter have

Ied to the development of a procedure reliably giving up

to a 40-fol-d purificaticn of mitochondrial ALA synthetase

from rat liver, based on the increase in specific activity

of the enzyme. The final purity of the enzyme is uncertaín

because the inability to ident,ify ALA syntheLase on a

polyacrylamide ge1 makes experíments using this techniryue

difficr:rlt to interpret. Tlorvever, it should be possible
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give final concentrations of 0.8 It[ and 1 m.¡4 respectively.
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The absorbance at 280 mu \¡/as nìeasured as in Fig. 5-1,

; ALA synthetase activity was determined colorj--
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to include another purification step, perhaps iso-electric

focussing or hydroxyl-apatite chromatography' ín the overall

method, and work is continuing in this laboratory on this

aspect.

The finding that the purified rat enzyme does

not reaggregate in the absence of NaCl is of consíderable

interest, and implies that there may be a specific protein

fraction, which is refrìoved during the purification, capable

of binding to ALA synLhetase. such protein(s) may have

physiological significance with regard to any postulateo

mechani sns of transport of ALA synthetase from the cytosol

into the mitochondrion, and. localisation of ALA synthetase

with-i-n the mitochondrion 17 ,2481 .

The mitochondrial form of ALA synthetase has

not been previously purified from liv:r in a soluble form.

As discussed in Chapt.er 4, Kaplan t38l was unabl-e to

solubilise ALA synthetase from rat liver mitochondria

and succeeded only in a partial purificat-ion of an enzymically-

active agqregate. The cytosol form of the enzyme, hov/ever,

has been purified 200-fo1d from rat liver 1,451, although

onry the details of ¡:reliminary studlz reporting a 2o-ford

purification have been published t8l. Its molecular weight

as deterrnined by sedinentation on a sucrose gradient was

I5O,OO0 in the presence of Nacl, and this value compares

reasonably well with J-78,OOu, determined in this laboratory

by gel filtration.

The onty other daÈa concerning the moiecular

sizes of the two forms of ALA synthetase from rat liver
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has been published by Hayashi et aL. 12491. A value of

I15rOO0 was reported for the mol-ecular weight of the

mitochondrial enzyme, solubilised by sonj.cation treatment

and f ractionated by amnionium sulphate. Horvever ' this

enzyme preparation was not well characterised and is

almost certainly an aggregate, part11' dissociated b1z the

high salt concentrat.ion encountered in the ammonium

sulphate fractionation. Studies al-readv reported

(see Section 4.2(d) ) have shown tha-t the sedimentation

behaviour of ALA synthetase extracted from sonicated

mitochondria is changed from a broad disperse profile

to a defined peak of activity of molecular weight around

100r000 by ammonium sulphate treatment.

Other studies on the molecular weíght of the

cytosol enzyme gave values of around 600r000, as determined

by Sepharose 4B chromatography, but 178r000 from sedimentatj-on

behaviour on a sucrose gradient 12491. The reason for the

difference between these values is unexplained, but

aggregation of the cytosol enzyme has been reported t45l

and may be causing these apparent discrepancies.

The studies reported in this chapter show a

definíte d.ifference in molecular size between mitochondrial

and cytosol ALA synthetases. The rnolecular wei-ght val-ue

of 77,OOO determined for sol-ubilised rat Iíver mitochondrial

AIA synthetase was in agreement with the value prevì.ously

determined. for the guinea pig enzyme. Mixing experim'ents

indi':ated that the cytosot enzyme (MW 178,000) was not

dissociated bv )traCl and dithioerythritol, and that the two
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enzymes were therefore distinct forms.

Reports of the purífication of ALA synthetase

isolated from other sources, including rabbit reticulocytes

and .R. spheroides have recently appeared, and are discussed

in Section 1.2. Thus. although ALA synthetase from many

sources has long been regarded as an unstable enzyme'

and has been difficult to purify (e.g., ref.13), methods

are now being derzeloped which overcome these problems.

Some kínetic properties of the purified rat

Iiver rnitochondrial enzyme are d.escribed in Chapter 6,

and some immunological properties in Chapter 7 -



CHAPTER 6

PRELIMINARY KINETIC STUDTES OF PURIFIED

RAT LIVER ALA SYNTHETASE



6. I . INTRODUCTION

Since the comr¡lete solubilisation of mitochondrial

ALA synthr:tase has noÈ been previously reported, no kinetic

properties of this form of the enzyrne are known. However'

the :,1C.:egated form of the enzyme has been studied, ancl some

kinetic p.:operties reported for the guinea pig enzyme by

Irving t2081 , and. for therat enz]¡m(t by Kaplan t38l '

On the other hand ' ALA svnthetase f rom t'he

cytosoi of rat liver has been purífied, and studied

kS,netically [8,45], but this enzyme has a different

molecular weight from the mitochondrial enzyme (see Chapter

5), and might, therefore, have dífferent properties" In

an effort to obtain information on the relationship between

the cytosol and mitochondrial enzymes, some properties of

purified, solubilised mitochondrial ALA synthetase were

determined for comparison with those of the cytosol and

aggregated mitochondrial forms of the enzyme.

In addition, Scholnick et aL. [8,45] have

shown that hemin inhibits purified cytosol ALA synthetase.

If heme inhibition of ALA synthetase is an import,ant

control mechanism used by the celI to regulate the heme

biosynthetic pathway, it would seen essential for Ehe

mítochcrndrial cnzyne to be involved, rather thau the

cytosol enzyme. This is because AL;ì. synthetase is p:..obab1y

only functional inside the mitochondrion, where succinyl-CoA

is generated, and could conveniently be controlled by

heme synthesised inside the mitochondrion by ferrochelatase,



an ínner membrane enzyme t6l. Since aggregated preparations

of mitochondrial ALA synthetase have been shown to be.

inhibited by high concentrations of hemin 138,2081 ,

experiments were carried out to determine whether hemin

inhibited the purified solubilised enzyme.

6.2. METHODS

(a) Syrrthesis of Succinvl-CoA

Succinyl-CoA \^Ias prepared by a method based on

that oÍ Símon and Shemin 12501. Firstly, CoA was reduced

with sodium borohydride as foLlows. 12 mg of CoA were

dissolved in 0.5 mI of cold water and a drop of bromothymol

blue added; 1 M tris was added dropwise until the indicator

turned b1ue. Then I-2 mg of sodium borohydride \^lere added

and the solution allowed to stand in ice for 5 min witÏr

occasional shaking. The reaction r,r¡as terminated with a

drop of 6 N HCI, the frothing allowed to subside, and the

total volume made up to 5 mI with cold water.

The reduced CoA was then converted to succinyl-

coA as follows' succinic anhydride (2 mg) was added to the

solution and 1 M tris added to give a pH between 7.0 and

7.5. The solution was maintained in this pH range while

standing in ice for 30 min, and shaken frequently. Two

drops of 6 N HCL were the¡ added, and the mixture extracted

3 tÍmes with an equal vol-ume of cold ether. Residuai

eLher: was removed by evaporation i,n uacuo and the succinyl-

CoA f:'rmed estimated by reaction with hy<lroxylamine [251].

Spectr..,photometric determinations, titrai ion of



sulfhydryl groups with 5, 5' -dit.hiobis-2 (2-nitrobenzoate)

[ZS] and assalzs by the hydroxamic acid method [ZSf]

indicated grreater than 9O? conversion of CoA to succi-nyl-

CoA by this method.

(b) P::enaration of Hem.in Solutions

Hemin was prepared as a 1 mM stock solution by

the method of Burnham ar-rd Lascelles [15].

6.3. RESULTS

A. Development of a New Assay System Usinq Chernically

Synthesised Succinyl-CoA

Before the kinetic properties of the purified

mitochondrial enzyme could be studied, ít was necessary

to develop a new assay system which utj.lised added

succinyl-CoA. Any obse::vations could then be cli::ectly

attributable to an effecl on ALA synthetase, and not on

a succinyl-CoA generating system" The properties of such a

sysLem v;ele examined to provide the basis of a reliable

assay method.

(a) Determination of the pH or;timum of the

Purified Enz

The pH optímum of the enzyme vras established by

determinating ah" u*r* of the enzyme at pH values of 7 .2,

'l .6,8.0 and 8.4 at 37o. For each pH va1ue, a plot of

reacticn velocity against gJ-ycine concentration was draw:.,



and the V-^-- at that particular pH value was determined
max

from a double reciprocaÌ plot.

The assay system used contained in a total

volume of 1. 0 ml: glyci-ne in amounts varying f rom 0 -

100 ymole; succinyl-CoA, 500 mpmole; pyridoxal 5-phosphate,

0 . 4 pnole; enzyme in 0 . 05 M tris-HC1, 1 mM dit'hioerythritol,

0.01 M pyridoxal 5-phosphate, pH 7.6 (rop ¡utfer), 0.3 mI

(40 units, specific activity 580 units/mg protein) ; and

200 pmole of t.ris buffer at 'Lhe pH under test. Assays

were preincubated aÈ 37o for 3 min and reaction started

by the ad<lition of succinyt-CoA. Incubation was carried

out for 20 min at 37".

After the addition of 0.2 mI of cold 15?

tríchloroacetic acid solutions were allowed to stand for

I0 min and centrifuged in a bench centrifuge. 1.0 mI

of supernatant was mixed with 0.3 ml of I M sod-i-um acetate

to give pH 4.6, and 0.05 ml of acetylacetone and. the mixture

heated in a boiling waterbath for 1.5 min. After cooling;

1.3 ml of Ehrlich reagent was added to each assay and the

optical density of the solution read at 552 mp exactly

I0 min after rnixing.

Results obtained showed th" U*u.* at pH 7.6 to be

stightly greater than aL '7.2, which in turn was greater

than pH 8.0 and 8.4.

ÃII subsequent assays were therefore carried

out at ¡.rH 7.6 at 37oC.



(b) Effect of Enzyme Concentration on Observed

ALA SyntheÈase Activity

varying amounts of enzyme in TDP buffer were

added to an assay mj-xture containing in a final volume

of 1.0 mI: 50 ymole glycine, 100 mpmole succínyl-CoA,

50 pmole tris-HC1, pH 7.6 at 3'7", and 0.4 pmole pyridoxal

S-phosphate. The mixture \4ras incubated for 20 min at 3'7o,

and ALA debermined as described above.

As is seen in Frig. 6-1, the assay is linear up

to an enzyme concentration of 40 units per assay.

(c) Determination of the Time Course of ALA Synthe-'ris

at 37oC

0.3 mI of enzyme (40 units) in TDP buffer was

incubated for various times in an assay system of 1.0 mI

containing 50 pmole glycine, 100 mpmole succíncyl-CoA

and 50 Umol-e 'l-ris-HCl, pH 7.6.

Fig. 6-2 shows ALA synthesis proceeds linearly

for 15 mirr. Aft.er this time, the reaction stops very

rapi.dly. This is probably due to hydrolysis of succinyl-

CoA, whi-ch has a half - lif e of only 20 min under these

conditions.

B. Some Kinetic Properties of Purified Rat Liver ALi\

Synthetase

Fôr the

chosen included 32

time of 15 min at

determination of K* valuesr the conditions

uniÈs of enzyme per assay and an inç'ubation

37"C.
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(a) Determination of K- Values for Glycine and

Succinyl-CoA

In the following experiments, pyridoxal S-phosphate

was contained in the enzyme buffer and was therefore added

with the enzyme at a saturating.Ieve1 of 2.5 pmole per assay.

(í) 5* for Glycine

The assays performed contained in 1.0 ml, the

following: tris-HC1 buffer, pH 7.6 at 37o, 50 Umole;

enzyme in TDP buffer, 32 units; glycine in amounts varyíng

from 0 to 100 pmole, ãL fixed amounts of succinyl-CoA

of 20, 30, 50 or 100 mpmoles.

After incubation, the reaction was stopped and

ALA determined as described in Section 6.3.A' (a) . Correction

was made for background colour produc-d by the react-.ion

of glycine and Ehrlich reagent.

The results are shown in Fig. 6-3 in the form

of a double reciprocal pIot.

(ii) for Succin 1-CoA

Assays were carried out as above with varying

amounts of succinyl-CoA from 0 to 100 mpmole at fixed

glycine anounts of 4, 10, 20 and 30 pmole.

The results are shovrn in Fig. 6-4 in the form

of a doubl.e reciprocal pIot,.

(íii) Secondary Plot,s

The series of parailel straight lines in

Figs. 6-3 and 6-4 indicater a non-sequential reaction
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KaB + KbA +AB

r,trhere K and K. are the Michaelis constants for substrates-aþ
A and B.

Rearranging this equation to the form of a

straíght line gives:

mechanism for the addition of glycine and succinyl

the enzyme surface.

For the generalised two substrate reaction

A + B I p + e, the rate equation for the non-sequential

reaction mechanism is:

VAB
v=

K I 1K.
( -9 + 1 ).

VB
a

+VA

The intercept on the ordinate for a dolbte reciprocal plot

is the::efore

intercept =
I
v

K.þ

( +1)

1
v

K.l)
B

I I
+

VB V

A secondary plot of intercept against 1/B allows K¡ t'o be

calculated.



Figs. 6-5 and 6-6 show secondary plots using

the data from Figs " 6-3 and 6-4 respectively. From these

pIots, the K- for succinyl-CoA was calculated to be 2.0
m

-¿,x 1O-+ M, and the K^ for glycine 1.9 ï tO-2 tul.

(b) Determination of the for P idoxal 5-Ph

In an attempt to obtain enzyme free from pyridoxal

5-phosphate for this determinati-on, ALA synthetase h'as

eluted from an affinity chromatography column with 0.2 M

NaCI instead of 0.01 M pyridoxal S-phosphate. However,

when this enzyme was assayed in the absence of pyridoxal

S-phosphate, activity was still detectable at a level of

2OZ that observed in the presence of IO-4 M pyridoxal

S-phosphate. Overnight dialysis of the enzyme to remove

Iast amounts, of pyridoxal S-phosphate was not perfcrmetl,

due to the ínstability of the enzyme in its absence.

Thus, while an accurate value of the K* for

pyridoxal 5-phosphate could not be obtained, it was

estimated to be in the range of 1o-5 to to-6 ¡¿.

(c) Effect of Hemin and Other Compounds on ALA

Synthetase Activity

Using data from the previous experiments, the

standard assay system used in this worl: u¡as as fol-Iows;

tris-HCI buffer, pH 7.6, 50 pmole; succinyl-CoA, 100 mumole;

gl1zcine, pH 7.6, 100 ymole; enzyme in TDP buffer, 0.25 mI

(20-30 urrits), and the compou:,d under test, in a final

uolume of 1.0 m1.
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Assays u/ere pre-incubated for 2 min at 3'7"C

and reactions startecl by the addition of succinyl-CoA.

After incubation for 15 min, 0.2 m1 of ice-cold 15%

trichloroacetic acid was added to each assay, and the

mixtures allowed to stand for 10 min.

The assay tubes were then centrifuged for

I0 min, 1.0 ml of the supernatant was added to 0.3 mI

of 1.0 ¡4 sodium acetate and 0.05 mi- of acetylacetone to

give a pH of 4.6, and the mixture heated in a boiiing

water-bath for 15 min.

After cooling in water, the assays were mixed

with 1.3 mI of Ehrlich reagent, and the optical density

read at 552 mp exactly 10 min after mixing. Controls were

carried out for each assay in which the trichloroacetic

acid was added prior to the succinyl-CoA.

(i) Hemin

The effect of hemin on ALA synthetase activity

is shown in Fig. 6-7. With enzyme of highest specific

activity, 50U inhibition of activity was obtained at

10 pM hemin, while 958 inhibition occurred at a concentration

of 40 UM.

However , f or preparations of lorn¡er pur-i-ty 
'

inhibition was less and the kinetics of inhibit.ion were

different. Using t,he data in Fig. 6-7, the number of

molecules of hemin involved in the inhibitiorl was

calcuL.ated by a Hil-I plot¡ âs shown in Fig. 6-8. The

slopes of the lj¡-Ies are 0.5 for enzyme of specific acÈivity
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530 units/mg protein and L.4 for enzyme of specifie activity

2OO units/mg protein. The interpretation of this apparent

discrepancy is discussed in Section 6.4.

A double reciprocal plot of velocity versus

glycine concentration at different fixed levels of hemin,

as seen in Fig. 6-9, shows that hemin is a mixed inhibitor

with respect to glycine. Similar kinetic studies v¡ith

succinyl-CoA cou]cl not dj-sti-ngui_sh between competitive,

non-competítive or mixed inhibition, because the douÏ¡Ie

reciprocal plot showed conve::ging línes which intersected

at a point very close to the point of intersection of the

ordinate and the abscissa. The data were not sufficiently

accurate to exactly place the intersection point.

(ii ) Glycine and ALA Analoques

Tl:e effects of some analogues of glycine and

ALA on ALA synthetase acLivitv are shown in Table 6-1.

serine and methylamine were completely ineffective

in competing for the glycine binding síte on the enzyme. Of

the ALA analogues tested, ot-aminoadipate, y-aminobutyrate,

and e-aminocaproate were all ineffective at coneentrations
-)upto10oM.

iii) Miscellaneous(

Tab1e 6-2 shows the effect of a variety of

compounds on ALA synthetase activity. The enzyme is

sensitive to the sulfhydryl reagents p-hydroxymercuribenzoate,

N-ethylnialeimide and lead acetate, and is stimulated by

monovalent and divalent catio::s, as well as by ATP' AMP

and CoÀ. Avidin' c-AMP, reducinq agents and fe::ric



l.
25

t5

^

 

HEMTN
(uM)

^

20

5

0

0.1

l/Glycine (mN-t 1

o,2 0.3

Fig. 6-9.
Double reciprocal plot cf velocity versus glycine concentration,
at fixed hemin concentrations
of 0, 5t 15 and 25 pM. Assay conditions \^Iere as described
in Fí9. 6-7.



Table 6-I

The Effect of Some Analogu es of Glvcine and ALA on ALA

Synthetase Activity

AII solutions of analogues were adjusted to pH 7.6

before addition to üre assay mixture ciescribed in the text

(Section 6.38 (c)).

Compound Concentration
(M)

Activity as
Z of Control

No addition

Glycine Analogues

Serine

Methylamine
(hydrochloride)

ALA Analogues

s-aminoadipate

ô-aminovalerate

y-aminobutyrate

-lro -, 10

-)10
t0-3

l-0

10
10

-2
-3

-2

-4

100

92

r00
98

97
103
107

7l
90

97
100

100
98

-)10:
10_;
t0

-)10:
r0 u,

-tL0 -;10

-410

e-aminocaproate



Table 6"2

The Effect of Various Compou nds and Inhibitors on ALA

Synthetase Activity

InhibÍtors were added to the assay system

described in the text (Section 6.38(c) ) .

Compound Concentration
(M)

Activity as
Z of Control

No addition

p-hydroxymercur ib en zoa te

N-ethylmaleimide

Lead acetate

Ferric citrate

Magnesium chloride

NaCl-

EDTA

Glutathíone

DitJ.ioerythritol

c.AMP

ATP

10
10

t0
IO

10
IO
10

10
10

IO
t0

10
-3
_5t

-4
r00

0
28

35
94

6
2L
95

-3
-4

-3
-4
-5

-3
-4

-2
-3

B9
9I

IO
2

10

4.10
4. 10

-210r

-Á.IO:
r0-b

-)10:

-1
-tl0¿

-2
t

-3

-3

116
r00

119
135

107

88
96

92

LTJT

100

236
163
I13

L64
1t)

10

-4

-)10:
10_;
10

A[,TP



Table 6-2 (Continued)

Compound Concentration Activity as
I of Control

Coenzyme.A

Avidin

-?10_;
10i
lCr

]-54
I29

98

99
105

60 Vg/rîL
600p9/m1



citrate had no effect at the concentrations used.

6.4. DTSCUSSION

(a) Values for Gl cine and Succin l-CoA

The true K* values reported here of 19 mM for

gJ-ycine and 2OO ¡rM for succinyl-CoA are of the same order

aS those obtained for ALA synthetase from other sources

(see Tabl<r 6-3). The rliscrepancy between values cbtained

for the same enzyme by different workers may be related

to the instability of succinyl-coA. As the K* values

obtained for aggregated and solubilised mitochondrial

ALA synthe.tase are of the same order t aggregation of Lhe

mitochondrial enzyme with other protein does not seem to

greatly affect its kinetic properties. The cytosol enzyme

also has K* values of the same order aS the mitochondrial

enzyme, but no definite conclusion regarding the identiLy

of these enzymes can be made, since enzlzmes from mitochondrial

and cytosol fractions that are very similar kinetically may

still be d.ifferent immunochemically (e.g., ref . 253; also

see Chapter 7).

(b) Hemin Inhibition Studies

The inhibition i:y hemin of the enzyme is the

highest yet reported for the mammalian enzlzme and is only

slightly less than that reported for R - sphev'oídes

(see Table 6-4) . As d.iscussed by Scholnick et aL. t8l

for cytosol ALA synthetase, crud.e prepal'ations cf enzlzme

do not show maximum hemin inhibition. This is probably



Table 6-3

Va1ues for Gl ine and Succi l-CoA for ALA S nthetase

from Various Sources

Source of Enzyme K* Glycine ** 
!åi"tnyl-

(mM)

Reference

pM

Rat liver mitochondria
(Solub-ilised )

Rat liver mitochondria
(aggregated)

Rat liver mítochondria

Guinea pig liver mito.
(Aggregated)

Rat liver cytosol

Rat liver cytosol

Rabbit reticulocytes

R, spheroides

Ã. sphenoides

2.5

4

19

33

10

4

10

10

5

200

70

60

25

5

200

Thís thesís

38

7

208

45

7

39

37

40



Tab1e 6-4

Hemin Inhibition of ALA Synthetase' Purified from Various Sources

Source of Enzyme

Guinea pig míto.
(Aggregated)
Rat liver mito.
(aggregated)

Guinea pig mito.
(Solubilised)
Rat Iir¡er mito.
I solubi lised)

Rat liver cytosol

Rabbit retictr.locytes
R. spheroides

Purification
(fold from
mitochondria
or cytosol)

5-6

IO

40

20

4400

13 00

Hemin Conc.
(uM)

Inhibition Reference
(3)

6

100
200

10
50

100

100
200

1
5

10
40

10
50

100

10

0

22
53

254

208

38

This thesis

8

39

37

15
50

3
48
81

15
34
50
96

0
31
77

40

13
33
57

I
1
5



due to other proteins in the preparation binding the

inhibitor. The kinetics of inhibition seen in Fig. 6-7

can be explained on this basis. Less pure preparations

of ALA synthetase (e.g., specific activity 200 units/mg

proteinr or less) show a sigmoid type of hemin inhibition

w-hich may be interpreted as allosteric. Indeed, a Hill

plot of the data indicated trvo molecules of hemin per

molecule of enzyme wcre involved in the i¡rhibition.

However, this effect was not seen with the purest

samples, and a Hill plot showed only one molecule of

hemin to be involved. The sigmoid-shaped curve could

be produced by low amounts of hemin being bound by

other proteins, decreasíng ALA synthetase inhíbition at

Iow hemin concentrations.

Other data showed the inhi¡'ition was mixed

with respect to glycine and either competitive, non-

competitive, or mixed with respect to succinyl-CoA.

Although heme repression of ALA synthetase is generally

thought to be the mode of control of the heme bioslznthel:j.c

pathway l,2B) , end product inhibition may now al-so be

a sÍgnificanL control mechanism. ALA synthetase and

felr<>chelatase, Èhe first and last enzymes of the pathwaY,

are located together inside the mitochondrion, while

the second to fifth enzymes are cytoplasmic. Heme is

therefore produced in the same cellu1ar compartment as

ALA synthetase, and could be readily available to regulate

its activity.



(c) Other Propert,ies of the Purified Enzyme

Some other properties of the enzyme \^/ere revealed

by these studies. The enzyme is sensitive to sulfhydryl

reagents, but is avidin insensítive and is therefore not a

biotin enzyme. It was stimulated by NaCl or KCl, as vras

the cytosol enzlzme [45], and also surprisingly by high

concentratíons of CoA, ATP, and less effectively AMP.

The enzyme did not appear to require magnesium ions.

EDTA, ferric citrate, glutathione and dithioerythritol

had no significant effect on the enzyme.

The reported therapeuti-c effect of calcium EDTA

administered to patients suffering from various forms of

hepatic porphyria 1255, 2561 thus appears unconnected

directly to ALA synthetase.

(d) The Mechanism of the ALA Synthetase Reaction

The cverall mechanism for the ALA synthetase-

catalysed reaction is generally accepted to be as shown

in Fj.g. 6-10. Gl.ycine and enzl'me-bound pyridoxal 5-phosphate

condense together in a Schiff's base with the formation of

a stable carbanion. The electrophilic carboxyl carbon atom

of succinyl-CoA then reacts with the carbanion to form

q,-amino-ß-ketoadipic aciC or ALA and carbon dioxide.

The results presented in Figs. 6-3 and 6-4 indicate

the addition of glycine and succinyl-CoA to the enzyme-

pyridoxal S-phosphate complex is non-seguential. This

suggests three possíbIe reaction sequences, which are

represented diagrammatically below.
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Fiq. 6-10.
Proposed mechanism of formation of ALA bv ALA svnthetase.
(See text; also see Fig. 1-2.)



Glycine
+

108 -

Succinyl-CoA
+

CO CoA

+

ALA

+
2

I
(1) ìî

Succinyl-CoA
+

Glycine CO

+f

Glycine
+

CoA

f
2

ALA

+
(2)

Succinyl-CoA
+

CoA
f

o-amino- ß -ketoadiPate+ ALA+CO2

^(3)

The o-amino-ß-ketoadipate formed may decarboxylate on the

enzyme surface as in (2) , or spontaneously decarboxylate

when released from the enzymer âs in (3).

It should be possible to distinguish between these

alternatives by product inhibition stucl-iesn using o-amino-

ß-ketoadipate or ALA, and by isotope exchange studies

between succinyl-CoA and CoA and glycine and carbon

díoxide. Some product inhibition studies were performed,

using o-arninoadipate as an o-amino-ß-ketoadipate analogue,

and ô-aminovalerate, y-aminobutyrate and e-aminocaproate

as ALA analogues. No inhibition \^Ias seen with o,-amino-

adípate at levels up to to-2 ¡¿ (rable 6-1). This finding

favours mechanisms (I) or (2) as the 1ike1y reaction

sequence. Of the three ALA analogues tested,

ô-aminovaleratc did show 30Íà inhibition at t0-2ltl. Thís

analogue has the same carbon chain length as ALA, and this

result also supports mechanism (1) or (2). Further
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CHAPTER 7

IMMUNOLOGICAL STUDIES OF RAT LIVER ALA

SYNTHETASE



7.1. INTRODUCTION

The finding of a large dífference in molecuÌar

weight between mitochondrial and cytosol for¡ns of aLA

synthetase from rat liver was described in Chapter 5.

The relationship between the two forms of ALA synthetase

is unknown, but it has been proposed on the basis of the

kinetics of appearance of the two enzyme activities in

rat liver following induction, that the cytosol enzyme

is a precursor of the mitochondrial form and is transported

j-nto the mitochondrion Í,7 ,8,248) .

The availability of a purified preparation of

m.itochondríat ALA synthetase permitted investigation into

the relationship between the two enzymes by immunological

technigues. Antibodies were prepared in rabbits againsL

the mitochondrial enzyme and tested for cross-reaction

with the cytosol enzyme. Experiments v¡ere also carried

out with antil¡ody to test for the presence of a precursor

of ALA synthetase in cytosol and mj-tochondrial fractions

of normal rat liver.

Finally, the specif icity of the antibod'y

preparation was invesr:igated. A specifíc ALA synthetase

antibod.y would allow quantitative measurements of ALA synthetase

synthesis and degradaticn in labellíng experiments after

induction. Immunochemical techníques with l-a]:eIled enzymes

have been used successfully to measure rates of enzyme

synthesis and degradation of other inducible enz]¡mes such

as tyrosine aminotransferase 1257,2581 and serine dehyiratase

f2591, and serve as a valuable aid in the study of control



of enzyme production in animal ceIIs.

7.2. METH(]DS

(a) Preparation of Antiserum to Rat Liver Mitochondrial

ALA Synthetase

Rabbit antiserum was prepared by injection of

the purified enzyme from rat 1iver, according to the

following schedule.

Initially, 5 mg of purifíed enzyme (specific

activity 450 units/mg protein) in 3 m1 of buffer were

emulsified in 1 mt of Freud's complete adjuvant by

forcibty ejecting the mixture severai times from a glass

syringe. The solution was then injected into a rabbit

subcutaneously at several periscapula.r sites. Two weeks

Iater, B mg of purified enzyme (specjric activity 600 units/

mg protein) were injected without adjuvant in a similar

fashion. Aftcr these injections approximately 50 mI of

bl-ocd \^/as removed on alternate days from the lateral ear

vein of t\e rabbit, and the serum collected and stored

at -l5oC" Serum from control rabbits not injected with

the enzlzme was al-so cc',llected.

Serum samples vlere tesÈed for cross-reacting

materíal by the Ouchteriony double diffusion testr âs

described below, and for ALA synthetase antibodies by

títration against crude mitochondrial enzyme. Antibodies

which inactivat.ed ALA synÈhetase were detected 4 days

after the second injections, and the maximum titre was

obtained around 8-10 days -



Sera from both immtrnised and non-immunised

rabbits were treated as described below to prepare the

y-gIobu1in fractions. These fractions, at a concentration of

15 mg/m1 in 0.02 M sodium phosphate, 0.15 M NaCl, PH 7.2, were

used in all the immunological experiments described in this

chapter, unless otherwise indicated.

(b) Ouchterlony Double Diffusion Analysis in Agar

Thin layer Ouchterlony double diffusion precipíta-

tion analysis of ALA synthetase antibody was carried out on

microscope slides. Approximately 4 mI of a solution containing

18 agar in 0.01 M sodium phosphate, 0.89î3 NaCI, pH 7.4 were

layered onto a standard microscope slide. Centre and

surrounding weI1s 4 mm in diameter were f-illed with 0.02 m1

of either antibody to ALA synthetase or the mitochondrial or

cytosol fraction under test. The slj-des were incubated for

24 hr at room temperature in a humidified chamber before

beíng ;:lrotographed.

(c) rsolation of the y-Globu1in Fraction from Serum

Both immune and non-immune sera lvere treated by a

modification of the method of Goldstein et aL. I2601 to

isolate and purify the y-globuIin fraction.

CoId saturated ammonium sulphate, pH 7.2, was

added to 40 ml of serum. Lhe solution was stirred for I

hr at 4o and then centrifuged at 351000 x g for 20 min.

The precipitate was dissolved in glass distilleC water

to give a volume of 35 ml. The solutíon was then
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dialysed against 0.0175 M potassium. phosphate' PH

7 .2, and applied to a column containíng 100 mI of

packed DEAE-cellulose equilibrated with the same

buffer. The protein was eluted with the equilibrating

buffer, fracli-ons of 10 mI \^tere collected, and those

containíng protein were pooled. The purified

1-globulin was concentrated by freeze-drying, and

the protein redissolved j-n 0.15 M NaCl, 0.02 M sodium

phosphate, pH 7.2, and dialysed against this same

buffer. The final protein concentration of the

solubion was adjusted to 15 mg/ml



7.3. RESULTS

(a) Immunotitration of Solub i1i sed and Aqgregated

Mitochondr ial ALA Synthetases

This experiment was carried out to determine

wheil¡er the physical state of ALA synthetase (i.e.,

aggregated or solubitised) markedl]' affects its immuno-

logical properties. Enzyme was extracted from freeze-dried

mitochondria by suspending the powrler in cold water and

centrifuging the suspensíon at 105,000 x g for 60 min.

The supernatant, containíng ALA synthetase in an aggregated

form, \^/as divided into two samples, A and B' and 0.8 M NaCl

and 1 mM dithioerythritol added to sample A to solubilise

all enzymic activity. A fixed amount of enzyme (0.05 mI)

was then titrated with increasing amounts of antibody

(to 0.3 m]). The final volume of the solution was kept

constant at 0.7 ml with buffer containing 0.05 M tris-HCI,

0.1 mM pyridoxal S-phosphate, 0.5 M NaCl, 0.1 mM dithio-

erythritol, 0.1 mM EDTA, pH 8.0, for titrations of sample

A and with TP buffer for titratior:s of sample B'

The results in Fig. 7-I show the aggregated

form of the enzyme d.oes not requíre any more antibody thart

the solubilised form for complete inactivationr- assuming

;he different salt concentrations in the incubation

mixtures do not atter antigen-antibody interactious.

Although the amount of enzyme in each titration was the

same (0.05 ml) the activity measured in the presence of

NaCl and dithioerythritol was much higher. This stimulation

of enzyme activity by NacI has previously been noi:ed
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colorimetrically for ALA synthetase activity.



(see Sections 4.2 (i) and 6.3B (c) ) .

(b) Immunoti.tration of Solubilísed Mitochondrial

and Cy tosol ALA Synthetases.

Antibody to mitochondríaI ALA synthetase

completely lnactivated crude cytosol ALA synthetase (see

¡'ig. 7-2). The êDZ!ìuê samples used "in the titrations v\¡ere

purif ied mitochonclrial enzlzme (0.3 ml) from an af finity

chromatography column, and crude cytosol enzyme (0.5 mI)

prepared as in section 5.2 and desalted on a sephadex

G-25 column to remove contaminating porphobilinogen. The

final volumes of the titrations were maintained at 0.60 ml

and 0.75 ml respectively with the corresponding enzvme

buffers.
Ti+rations using the y-globulin fraction from

non-inmunised rabbits are also shown in Fig. 7-2- The

mitochondrial enzyme vüas inhibited to some extent, but no

protein was precipitated and the inhibition was therefore

regarded as non-specific.

Although the cytosol enzyme was totally inactivaLed

by antibody t-o the mitochondrial enzyme' one unit of cytosol

enzyme required 4-5 times more antibody to be completely

precjpitated. To ensure that this was due to an intrinsic

difference in the enzymes, and not Lo the incubation

conditions for immunotitrations, the following control

experiments were carried out.
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(í) Immunotitration of lîitochondrial anC C.¡toso1

ALA Synthetases in the Same Buffer Using

the Same Incubation Volume

By passing samples through a sephad.ex G-25 column,

crude solubilised mitochondrial enz)rme and crude cvtosol

enzyme were isolated in buffer containing 0.05 M sucrose,

0.01 M sodium phosphate, 0.3 M NaCl, 0.1 mM EDTA, 0.01 mM

pyridoxal 5-phosphate, 0.1 ml4 dithioerythritol-, PH 7.2'

Immunotitrations using the same incubation volume

of 0.8 mI, still showed a marked difference in the amount

of antj-body needed to completely inactivate the same number

of units of mitochondrial and cytosol enzymes.

(ii) Immunoti trat-ion of a Fixed Amount of Antibod-y

w ith Increasins Amounts cf Mitochondrial

and Cytosol Enzymes

Titrations were carried out using a fixed amount

of y-globu]in (0.1 mI) , and adding increasj-ng amounts of

miÈochondrial or cytosol enzymes, in the Same buf f er (¡:repeired

as in (i) above). fncubation volumes were kept constant at

0.8 m1 with buffer. Fig. 7-3 shows the antíbody precipitateo

aporoximately 5 units of cytosol enzyme, but 30 un-i-ts of

mitochonckial enzyme.

( al-l- ) Immunotitratic¡n o f Partiallv Purified CYtosoI

Enzyme

ALA synthetase from porphyric rat l-iver cytosrl

was partially purified to'åe calcium phosphate gel step of
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Scholnick et aL. t8l. Fixed amounts of this enzyme were

then titrated with increasing amounts of antibody j.n a

total volume of 0.8 mI. The amount of antibody reguired

to inactivate a unit of partially purif.ied cytosol enzyme

remained much greater than that needed for a unit of

mitoehondrial enzyme.

One additional experiment eliminated the

possibility that other proteins present in the cytosol

fraction were inhíbiting antibody-antigen interactions.

samples of solubilised mitochondrial enzyme (0.5 ml, 2 mg

protein) \^rere titrated with and without the addition of normal

cytosol protein (0.3 frl, 13 mg protein) which was prepared

exactly as for porphyric cytosol protein (see Fig - 7-4) .

The final volume of the titrations was 0.6 mI. The amount

of antibody '-hat completely precipitated enzyme activity,

as estímated by extrapolation of the linear portions of

the curves, \^Ias proportional to the amount of enzyme activity

present in the absence of antibody. Cytosol protein did not

affect the inactivation of mitochondríal ALA synthetase by

antibocly.

Mi'bochondrial and cytosol forms of ALA synthetase

are therefore immunologically different, although some

antigenic sítes are apparently comlnon to both enzymes.

(c) Test for an Inactive Precursor of ALA Synthetase

in Normal Rat Liver

Experiments were des i.gned to test f or the presence

c¡f an enzymically inactive, but immunoloçically reactive
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precursor of ALA synthetase j-n liver fractions from rats

tha.t lrad not. been treated with the drug, DDC. If such a

precursor existecl in normal liver, mixíng an excess amount

of normal liver protein rvith the identical fraction from

porphyric liver should result ín competítion for any added

antibody and extend. markedly the amount of antibody required

in immunotitrations to precipitate aII enzymie activíty
from the ¡rorphyric fraction.

Fig. 7-5 shows such mixi-ng experiments for
mitochondrial and cytosol liver fract,ions. Mitochondria

isol-ated from 8 g of porphyric rat liver were freeze-dried

and resuspended in 5 mI of col-d water. Afte:: centrifugation
at 1051000 x g for t hr, fíxed amounts of supernatant
(0.04 m]) were mixed with increasing amounts of antibody

and the volume made up to 1.0 ml rvíth 0.02 M sodium

phosphate, 0.15 14 NaCl, pH 7.6. Identical t-itrations
were al-so set up containing 0.04 mI of porphyric mitochondrial

protein plus 0.2 ml of normal mitochondrial protej-n which

was prepared in an identical manner and contained a low

level of ALA synthetase activity.

Porphyric cytosol was prepared and ALA synthetase

partially purified, as described in (b) (iii) above. porphyric

cytosol prctein (0.0S m-t.¡ was mixed with increasíng amounts

of antibody, in a final volume of 0.'B ml. Other titrations
contained a mixture of 0.05 mI porphyric cytosol protein
plus 0.1 mI of normal cytosol proÈein prepared in an

identical manner, and were carried out as for porphyric

cytosol alone.



5

ó0

>^
¡- v,
HP
>.F
l-c
F=
c)v

Ftnz,
aJ', <.
<F
F-<t! z.
-. É.
Fr]J
z. o->=
.ñ aJ)

J

o.2

ANTIBODY A.DDED

0.2

fractions as corn.pared

0l
(ml )

Fig. 7-5.
frnmunotitration of ALA synthetas
with porphyr l_e

Details are described in the
described in Fig. 7-I.
A. Mitochondrial fractions:

B. Cytosol fractions: (r)'

s normal liver fractions.
text; incubation and assay conditions are

( r ), porphyric; ( o ), porphlzric plus
normal.
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The titrations sholv that for both crude mito-
chondrial and partially purified cytosol fractions, no

inactive precursor of ALA synthetase was present in normal

liver, since the encl points of all Èitrations were

proportional t.o the enzyme activity present before addition
of a-ntibody. 4 símilar result was obtaíned usíng crude

cytosol fractions.

(d) Specificitv of the Antiserum

Although the y-globulin fraction from the serum

of a rabbit injected with a purified preparation of ALA

synthetase contained antibodies which inactivated ALA

synthetase, other antibodíes were also present. These h/ere

detected by the ouchterlony double diffusion test, set up

as described in Section 7.2, using puri-fied y-globulin
and prol-ein extracted from porphyric mitochondria. Two

major precipitin lines t¡ere seen.

For comparison, the crude cytosol fraction from

polphlzric liver and crude mj-tochondrial and cytosol fractions
from rrorrnê.1- liver were diffused against the y-globuIin
fraction. One major p::ecipitìn line was surprisingly observecl

in all fractions, and was identical to one of the precipitin
lines detected in porphyric mitochondrial extract (see

Fig. 7-6).

Trìê implication fr,.rm these fíndings is that ALA

synthetase, purified as described in chapÈer 5, contains

at least two antigens, one of which is distributed in beth

mitochondrial and cytosol fractions prepared from rat river
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(component 2). The other major cross-reacting component

which was observed only in extracts from porphyric

mitochondria (component I) may be ALA synthetase. Although

component 1 was not detected in porphyríc cvtosol extracts,

the amount of ALA synthetase present would be extremely

smaI1.

In an attempt to increase its specificity, the

ant-iserum was mixed with protein extracted from freeze-

dried mitochondria, isolated from normal, fed rat-s.

This preparation had a very low ALA synthetase activity.

;\fter standing overnight at 4oC, a precipitate was obtained

and removed by centrifugation. More normal mitochondrial

proteÍn was added and the step repeated. The y-gIobulin

fraction was then isolated from the mixture of serum and

soluble mj-tochondrial protein, by the method described in

Section 7.2, and tested for rem.oval of antibodies to

component 2, by the Ouchterlony test. However, no change

was seen in dif fusion patterns.

Another approach was useí ín an effort to remove

antibodies to component 2. Protein extracted from normal

mitochondria was converted into an insoluble ge'l derivative

by polymeríi;ation with glutaraldehyde, and used as an

immunoadsorbent by mixing antiserum with the wasired resuspended

ge1 126ll. Af Ler stírring gently for 60 min at room tern'perature

and removing the ge1 by centrifugation, the serum was again

tested for antibodies to component 2 by the Ouchterlony test.

Two I,:ajor precipitin lines vfere still detected in extracts

from porphyric ¡,ritochondria.



7.4 DISCUSSION

Experiments presented in this chapter have shown

that mitochondrial and cytosol- ALA synthetase are not

identical immunologically, ancl differ in the extent to

which they cross-react with antibodies prepared in rabbits

against the purified mitochondrial enzyme. This is ín

keeping with the difference ín the molecular sizes of the

two enzymesr âs reported in chapter 5. However, since the

tr¿o enzymes do have Some antigenic sites in common, the

results are still consistent with the suggestion that

cytosol ALA synthetase is a precursor of mitochondrial

ALA synthetase and is in t,ransit to the mitochondrion

1.7 ,8,2481 . 'If no cross-reaction at all was observed

between the two forms ofenzyme, a separate function for

each in its respective ceIIu1ar compartment might have been

proposed. fn fact other enzymes that are found in both

intra- and ext-.ra-mitochondrial fractions in liver and oiher

tissues, such as phosphoenolpyruvate carboxykinase 12531 ,

i.s;or:itrate, dehydrogenase 12621, malate d'ehydrogenase t263i

and aspartate aminotransferase 12641 have been reported

to l¡e immunologically distinct proteins, probably serving

!ÃeparaLe metabolic f unctions. Nevertheless, the results

of the ímmunological strrdies do not prou¿ that a relatir:n-

ship exists between the two enzymes, since even unreiated

enzymes could cross react because of an active site structure

oblígatory to both enzymes.

Overall, the followingsridence favours a

precursor-product relati.or:ship between cytosol and mito-



chondrial ALA sYnthetases.

(a) The kinetics of the increase in ALA synthetase

actívity in cytosol and mitochondrial fractions from rat

líver after inductíon by drugs are consistent with a

transfer of enzyme from cytoscl to mitochondria Í7,2481.

(b) A cytoplasmic form of ALA synthetase would

probably not be functional, since the substrate succinyl-

CoA has not been shown to occur extramitochondrially tBl '

(c) The induction of.ALA synthe'tase is blocked by cyclo-

heximide l2BJ, which inhibits protein synthesis on cytoplasmic

ribosomes in mammalian ce1ls. In contrast, chloramphenicol

at levels which selectively inhibit :nitochondrial protein

synthesis, does not prevent induction of ALA synthetase

in the cytoscll fraction, although the increase in actir"ity

in the mitochondrial fraction is inhibited l21BJ.

(d) The purified enzymes have similar kinetic

properties. Michaelis constants determined for glycine

and succínyl-CoA were of the Same order, and both enz]'mes

were inhibited 50B by hemin at concentrations of around 10-5M

(e) Both enzymes are completely inactivated by antiboclies

to the purifíed mitochondrj-al enzyme, âs díscussed above'

(f ) ALA synthetase in aerobically gro\^/n yeast cells



is found principal-ly in the mitochondria, but when grovùn

under oxygen-free nitrogen, yeast cells contain only promito-

chondria, and approximatel.y 903 of the ALA synthetase is in

the cytosol 1265J.

The findings from prevíous chapters are summarisecl

diagrammatically in Fig. 7-7. If cytosol ALA synthetase is

a precursor of the mitochondrial enzyme some structural

modifications of the enzyme must bccur during transfer into

the mitochondrion, since the mol ecular weight of the cytosol

enzyme is 178r000 as compared with 77,000 for solubilised

mítochondrial enzyme. The function of the additional material,

presumably protein, making up the 100r000 in molecular weigh't

of the cytosol enzyme is unknown. It could be synthesised

on cytoplasmic ribosomes with the enzyme itself, and act as

a "transport" protein, responsible for the penetration of

enzlzme through the mitochondrial membranes and its subsequent

localisation wíthin the mitochondrion.

Al.ternativel.y, the "transpor:t" protein, may be

synthesi.sed on mitochondrial ribosomes and emerge into the

cyto¡rlastLr, as studies by Beattie and Stuchell 12481 with

chloramphenicol suggest the entry of ALA synthetase into

mitochondria requires mitochondríal protein syn':hesis. In

yeast, the enzymes cytochrome oxidase and ATPase, whích are

synt.hesised on cytoplasmic ribosomes, are known to require

both mitochondrial and cytoplasmic protein synthesis for

localisation on the inner mitochondrial membrane as enzlzme

complexes 1266,267) .
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Tf the ALA synthetase-containing aggregate

extracted from disrupted mitochondria is a physiological-

entity and plays a role in the localisation of ALA

synthetase within the mítochondrion as dj-scussed in Section

4.3, part of the complex may be synthesised by the mito-

chondrion. The finding that cytosol ALA synthetase cannot

be dissociated by treatment with NaCl and dithioerythritol

as for thc mitochondrial enzlrme aggregate, however, indicates

that if the addÍtional 100 r 000 molecular weight protein of

the cytosol enzyme ís involved in ALA synthetase transport,

i'L does not appear to become part of the mitochondrial

enz)tme aggregate.

Some more support for the enzyme aggregate

extracted from mitochondria as having physiological

signif icance was provided by these ir,rnunological studies.

Since aggregated enzyme cross reacted with antibodies to

the same exte;it as solubilised enzl¡me, all antigenic sites

present on the soluble enzyme must still be exposed when the

enzyme is aggregated with other contponents. This indicaLes

a specific aggregation of molecular weight 77,000 enzyme

with other material tcr form the aggregate complex, rather

than a random association of proteins.

In this work it was not possible to detect an

immunologícalIy reactive precursor of ALA synthetase in

normal rat liver. This implies the enzyme is synthesised

de noÐo upon drug inductíon, and is consistent with the

finding that increases in ALA synthetase activity are r.rêvêrited

by inhibiÈors of cytoplas.nic protein synthesis 128,351. An
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activation process requirillg protein synthesis as accounting

for the increase in enzyme activity during induction is

therefore ruled out.

The direeú dentonstration of ne$/ enzyme synl:hesis

awaits the preparation of a specific ALA synthetase antibody

to isolate the enzyme and show it can be labeIled with

radioactive amino acids after drug induction. Attempts

at obtaining an antibody preparatic:l which specifically

precipitated ALA synthetase were unsuccessful. Al+-hough

the antiserum contained antibodíes to a protein present

in normal liver mitochondria, mixing protein from normal

mitochond.ria with antiserum did not totally remove the

non-specific antibodies as an antigen-antibody precipitate.

Unfortunately, time did not permit further attempts at

removal of the non-specific antibodies.
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GTNËRAL DISCUSSIt)N AND FURTHER RESEARCH

The topic of con'brol of enzyme 1eve1s in animal

tissues has been discussed in an excellent review by

Sch|mke and Doyle 12071. Criteria proposed by these authors

as necessary in a system for the study sf enzyme regulation

are:

(a)

(b)

(c)

(d)

(e)

(f)

(g)

uniformity of ceIl population;

a sufficient quanLity of specific protein to allow
' purificat,ion and characterisation;

wide fluctuations of enzyme content as affected by

experímental r¡ariables ;

availabí1ity of mutations affecting both structure and

content of an enzymei

well-defined agents or simple procedures for pefturbing

enzyme content;

easy manipulation of isotopic tracers;

demonstrable relationship between observatiorrs in the

rsystemr and events in the intact organism 12071.

As discussed previously in thís thes-i-s, dramatic

increases of hepatic AL.A, synthetase are produced by drugs

and steroids in intacì: animalsr buf- as yet, no suitable

in pitro manmalian system which has many of the above

properties has been developed for sludy. ft is the aim of

work in tiris laboratory to define such a system, and

prelimina:cy studj.es I92,931 have shown the isolated perfused

rat livt:r m.ry have potentíaI in this respect. one other



report. has recently appeared on the regulation of ALA

synthetase ín perfused rat liver 1268).

The work described in this thesi s has made

considerabl.e progress in fulfilling criterion (b) above.

Liver mitochondrial ALA synthetase was not obtained in

totally pure form, but major steps forlard have been rnade

in overcoming problems of enzyme aggregation and instability,

and in purifying the enzyme, by the use of affinity chromato-

3raphy. The way is now open to empÌoy further techniques

of protein fractionation and to isolate enzyme in an

homogeneotr.s form. As mentioned in Chapter 7, this will-

enable a speeific antibody against mitochondrj-a1 ALA synthet-

ase to be obtained, and. thus should allow the measurement of

rates of synthesis and degradation of ALA synthetase, using

direct immuno:hemical methods for the first time.

A study of the Índuction of ALA slznthetase in

Iiver is now complicated by the occurrence of the enzyme in

both mitochondrial and cytoplasmic cell comparünents, since

increases in activity occur in both enz)¡mes after drug or

steroid treatment. A possible precursor-product relationship

between the two enz]¡mes has been discussed at length in
prevíous sections, the evidence being consistent, with this

hypothesis without conclusively proving i.t.

Experiments can be devised as c=xtensions of rvork

presented in this thesis to examine this hypothesis more

directly. In theory, it should be possible to carry out a

pulse-chase type of experiment ¿o see if enzvme, labelled

with a radioactive amino acid and isolateo immunclocricallv,



can be followed from the cytoplasm of the liver cell into

the mitochondrion. However, some technical difficu.lties

might be expected in such an experiment. For example,

insufficient isotopic Iabelling of the enzyme, the

different immunological reactivities of the two forms of

enzyme ernd the many controls necessary to eliminate non-

specific protein precipitation by antibod-y could all

complicate any results obtained.

Another approach would be to try and obtain an

in oitro system for the transport of cytosol ALA synthetase

into mitochondria. Any requirements, such as mitochondrial

protein synthesis, for this process could then be investigated

with specific inhibitors such as chloramphenicol or erythro-

mycin. The question of whether mitochondria from normal

rats behave identically to mitochondria from porphyric rats

could also be answered. A system such as this would be

invaluable fol- studies of mitochondrial biogenesis in animal

ceIIs.

Lastly, the physical properties of purified

cytosol ALA synthetase should be investigated more closely

to examine íts possible subunit structure for a protein of

MW 77,000.

F'urther work .-ls being carried out in this

laboraLory with an .aim !o ans\^Ier some of these questions.

Another possibility for further research concerns

the design and synthesis of an inhibitor of ALA synthetase

for trial as a therapeuÈic agent for the hepatic porphyrias,

especially acute intermit:ent porphyria. As described in
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Section L.4, acute intermitt,ent porphyria is a genetica.lty-

inherited disease characterised biochemically by the

production and excretiol'r of excessi-ve amounts of ALA and

porphobilinogen, andcliilically by severe neurological

d.isturbances. Patients rvith the disease have been shown

to have an elevated Ìeve1 of hepatíc ALA synthetase [187,

1881.

The relatj-onship of an elevated level of ALA

synthetase to the neurologic manifestations of the

disease is not known. One suggestion is that high levels

of ALA produced in the liver could result in the formation

of ALA imines, which interfere with the metabolism in the

brain of y-aminobutyríc acidr dD inhibitory neurotransmitter

12691. Al-so, ALA and porphobilinogen have been shown to

inhibit neuromuscular transmission in the rat hemidiaphragm

t199:l , and the cerebrospinal fluid of an acute internrittent

porphyria patient in relapse was shown to contain a

considerable amount of porphobilínogen 12701. Although the

si-gnificance of these observations is unknown, ALA and

porphobilinogen are implicated as causative agents of the

neurological symptoms by the general findíng that excessive

amounts of ALA and porphobilinogen are not produced in

cutaneous porphyrias, where no neurological sympt-oms are

observed, although excessive amounts of porphyrins are

produced.

Theoreticatly then, inhibition of hepatic AIA

synthetase activity should lower the production of ALA and

porphobilinogen, and mj qht eliminate any neurological



dysfunction. fndeed, Bonkowsky et aL. 12701 administered

hemin irrtravenously to a patient suffering from an attack of

acute intermittent porphyria in an effort to repress the

level of hepatic ALA synthetase. The levels of ALA and

porphobilinogen in serun and urine were decreased after

this treatment, but unfortunately ther patient had other

serious complications, and died before any beneficial

effects could be noted.

A rational approach to a possible ther.lpy for

the disease \^iould be to design and synthesise a specífic,

irreversible enzyme inhibitor of ALA synthetase, for use

as a chemotherapeutic agent, perhaps adopting the type

of approach outlined by Baker Í2711. An inhibitor woul-d

not only need to be effective in inhibiting the enzyme'

but must also be transported into the liver cell and not

be metabolised before reaching the required site of action.

For any continued administration it would need to

preferentiatly act on liver and not on immature red blood

çeIls. A suitable analogue of ALÀ may provide the

specificity required for such an inhibitor, and studies

with the purified enzyme will aid greatly the -rearch for

an effectíve compound.
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