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U HARY

1. A sensitive radiochemical assay procedure for the
determination ofd —aminolaevulinic acid (AlA) synthetase
activity is described. The method depends on the weasure-
ment of the amount of l'}ic-succinate incorporated into ALAj
with crude enzyme preparations it is necessayry to restrict

the metabolism of succinate to ALA synthesls by means of

krebs cycle inhibi tors.

2, The wetliod was applied to a variety of blological
systems but, with the exception of photosynthetic bacteria
and reticulocytes, AlA synthetase activity could mot be

detected in any of the nomal tissues studiod.

3. A factor present in the insoluble fractiomn of ultrae
sonicated witochomdria imhibits ALA synthetase activity.

The nature of the inhibitor could not bo deterwined.

I, ALA symthetase in crude extracts of }Jiodopseudowonas
aphercidos and in mitochondria isolated frou the livers of

guinea pigs treated with 3, 5=dicarbethoxy-l, 4=dihydrocollidine

{(DDC) is stabllised by pyridoxal 5~phosphate.

5, AlA synthetase from the livers of DUC treated guinea

pilge was solubilised and partially purified., The onzyme



xvii.

in purified preperations is very umstable, even in the

presence of pyridoxal S=phosphate.

6., Preliminary studies of tho properties of the purified
iiver enzywe were carried out amd the requirement for

substrates and cofactors examined,

7. AlA synthesis by both crude and purified preparations
of the liver enzyme is hibited by haomp the possiblility
of feedback inmhibition of ALA symthetaso activity in

liver is discussed.

£, AlA synthesis ie inhibited by EIUTA, a couwpound used
in the treatment of hereditary hepatic porphyrias; this
effoct may be mediated through inhibition of succinyl Co#

synthetase activity.

9. Aminoacetone (AA) synthotaso was also partially
purified from the livers of normal and LUC treated guinca
pigs and sowe of its pruperties studied, Twe peaks of AdL
synthetase activity are eluted frow sSephadex G-100; the

first of these poaks is assoclated with the peak of AlA

synthetase activity.



. 1,
The rvle of the mazywe S waminolaevulinic actd (ALA)
synthetaso 1n the regulation of tetrapyrrole biosynthesis
has recentiy beem the sublect of three major reviews
(Lascelles, 1964; Gremick and Levere, 1564; de Hattels,
1967). bhile these roviews cover the whole field of tetre-
pyrrole biosynthesis, a differont aspect of the subject has
beoct emphasised in each. Thus, in her wonograph, lascelles
(1964 ) concentrated mainly on porphyrin aml bacteriechlorophyll
produotion by photosynthetic bacteria; whersas Graniek aeml
Levere (1964) discuased in cetail haem and haemoglobin
syuthesis in differeutiating omd waturing orythtoid cells
and de Mattedls (1967) paic particular attemtion to the dis-
turbonces of porphyrin metabolise in liver cells resulting
from genetic abmorwalitics or the aduinistration of drugs.
ALA synthetase is an enzywo of particular interest,
pot only because it is thoe first enmxywe specifie t¢o the hoom
biocsynthetic pathway, but aleo because the level of this
enzywe can be rapidly amd groatly altered under certain
couditions, It ie currently regarded as a repressidle enzyme,

sublect $o feod back imhibition of its activity (at loamst in

bacteria) amd to enmd product repressiom of its synthesis.

The fellowing sections describe published work leeding
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to cur present concepts of the wechanisus wheredy activity
and synthesis of this onzyme may be controlled iu a variety

of biological systows.

1, HECHANISM OF

I'row their studies of hsem bicsynthesis im avien eryth-
rocytes, sheain and his co~workers showed mot only that
CS ~euinolaevulinic acid (ala) wos derived from succimate and
glycine (Shewmin snd Russell, 19353; sheuin, Abreusky amd
Russell, 1954), but alse that of the 34 carbon satoms in haew,
8 were derived from glycine (Shemim and Wittenberg, 1951),
and 26 from succimate. (shemin exd Mumin, 1952). Further work
{shewin, Russell end .whresmsly, 1955) wvhich demonstrated that
two molecules of ALL comxlemsed to foru the basie momopyrrole
subunit, Cirmly established the ole of Ali in tetrupyrrole
bicayntheais.

At the same time lLascelles (1956) showed that a similar
seguence of events occurred in the synthesis of porphyrins by

the photosynthotic bacteriue, [

(R. aphexoides). By varying the constituents of the growth
mediun she found that either ALA itself, or glycine and
succinate had to be present in the medium for porphyrinm

syuthesis to occur; furtherwore, z-oxoglutarete could replace



succinate in the wmedium.

B. Enayais Synthesia of ALA

The onzymic synthesis of ALA was simultancously
reported by Shemin, Kikuchi and Bachmen (1958) who used
extracts prepared from R. gpheroides, end by Gibson, lLaver
and Neuberye: (1958a) who used particles, presumably mito-
chondria, isolated from irmature erythrocytes. In both the
bacterial system (Xikuchi gf gl. {(1958)) ami the reticulocyte
system (Laver, Neuberger and Udenfriend (1958)), the synthesis
of ALA from glycime and succinate was enhanced by pyridoxal
s-phosphate end CoAj ALA synthesls also occurred vwhem
g~=oxoglutarate replaced succinate in the reactiom.

On the basis of early studies, -hewmin and Kuwin {(1952)
had concluded that Ali was forusd from glycine and an
"activatod" succinate deriv#tive which, on avallable evidence,
was presumed to be a succinyl coenzyme conipound, formed either
from succinate or g-oxoglutarate. Ividence that this compound
was succinyl Cost was obteined by Kikuchi gt al. (1958) who
measured AlA synthesised frow succinyl Coiy glycine and pyridoxal
5-phosphate in extracts of R. gplgroidegs. Treahly isolated
reticulocyte particles (lLaver, Neuberger mml Udenfriend, 1958)

could not however, use synthetic succinyl CodA, but were able

to do so after the structural integrity of these particles



Dad been destroyed by frecuzee-drying {(Gibson, Laver and

s
;.

Heshorger, 195ib). It wvas consciuded thut : enRySic
gynthealas of A& Crow aeoxopglutarate in wvhole particies
depended on the osruvation of siecinyl Cod by the sction of
s=anogiviarate Jehydrugonase and that perveability barriers
wers responsible vy the iuebility of whele particies o Yers
Ah fyowm suecioyl Cod and giveine., it was Jurther comeluded
thet pyridoxal Sephosphote was on assentinl co«factor in the
reaation (Kikuehi gt al., 195}, |

The overail reaction catalyasd dy Al) grynthotese, shich
invsives spontongous decerboxyliation of an latersediate
product; ceamine- @ «ketoadipio seid (Shenin @od lwseell, 1553),
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Se
The pathway of biosynthesis of haem from muccinyl Coi
and glycine is shown in Fig. 1.1 (reproduced froum de Matteis
(1967))., The formation of haem from ALA will not be further
discussed here except to note that the first aml last

enzymes of the ontire sequence (ALA synthetase aml ferro-

chelatase) are located within the witochondria.

The regulation of haeu bicsynthesis is such that under
normal physiological conditions only traces of ALA, PBG and
non-functional porphyrins can be detected., In the group of

wetabolic disorders known as the porphyrias, this regulation
is disturbed am! the conditions are characterised by
excesaive production of non-functional porphyrins and

porphyrin precursors.

A, P b

The classification of porphyrias is based broadly on whether
the condition is of erythropoietic or hopatic origin. MNamy
roviows on the clinical symptows and classification of the
various forms of porphyria are available (Watson, 1960;

Goldberg ani Rimington, 1962; Tschudy, 1965; Schmid, 19665

Waldenstrém and Haeger-Aromsen, 1967; Roman, 1967) and
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no attempt will be wmade to roview thoese here.
The condition of most relevamce to the present work 1is

acute intermittent porphyria which is tramsuitted as an
autosomal dominant trait. This disease, vhich rarely
manifests itself before puberty amnd is more common in
femples than in wales, is characterised by acute attacks
followed by poriods of remission, The clinical symptoms
indude severe abdominal pain, neurological and peychotic
disturbsnces and are accompanied by excessive excretion of
ALA snd porphobilinogen (PBG) in the urine. Porphyrin
accutulation, as occurs with other forms of porphyria, 1s
not a feature of acute intermittent porxrphyria, and the
condition can be both precipitated and aggravated by
certain ¢ vge (seé EIOW )

It is worth noting however, that in addition to the
specific gemetically determined comlitions, porphyria
nay be acquired. Thus Schmid (1960) reperted the occurrence
of porphyria following accidental hexachlorbenzene poisoning

of populationsin Turkey.

A porphyria resembling the inherited hepatic condition
can be induced in experimsental animals by a wide variety of

chomicals. Thus the hypnotic drug Sedormid (allyl isopropyl
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acetyl carbamide) causes raised FBG and porphyrin levels
in the urine and liver of rabbits (Sclmid and Schwartsz,
1952). Allylisopropylacetamide (AIA), a drug structurally
related to Sedormid but with no hypnotic properties,

also produces symptous of porphyria (Goldberg md
Rimington, 1955). The porphyrinogenic effect of barbit-
urates was studied by Goldberg (1954) who foumd that

only the diallyl- and aellylisopropyl- barbituric acids
were effoctive in rabbite.

The concept that porphyria inducing drugs might possess
some structural feature in common was questioned however,
when a different type of compound, 3,5-dicarbethoxy=-l,l4-
dihydrocollidine (DDC), was found to raise hepatic and
urinary coproporphyrin levels {and protoporphyrin in liver)
in mice (Solomon and Figge, 1959, 1960; Onisawa and l.abbe,
1963) end other experimental animals (de latteis and
Prior, 1962, Granick and Urata, 1963).

Other classes of chemicals, including the antifungal
agent griseofulvin (de Matteis emd Rimingtom, 1963) and the
imsecticide hoxachlorbenzene {Cckmer and Sclmid, 1961; de
Matteis, Prior and Rimingtonm, 1961) are now known to be
capable of causing sywuptoms of porphyria in animals.
Porphyrinogenic agents are dealt with in detail by de Matteils

(1967) and ¥aldenstrtu and Haeger-Aronsen (1967).
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At the same time that the role of AlLA in haem
biosynthesis was esteblished (Shemin, Russell and
Abrausky, 1955), Granick and vandem .chriek (1955)
demonstrated the presence of excessive mmounts of the
aninoketone in the urine of patients suffering fram

acute intermittent porphyriaz., Following publication of
a method of assay for ALA which eliminated interference

from PBG (lauzerall and Granick, 1956), this finding
was confirmed both for acute intermittent porphyria

(Ackner gt gl.s 1961) and for experimental porphyria
(Abbott emd Rudolph, 1961). At the time it was thought
that some of the sywptowms of acute interalttent porphyria
might be due to ALA, but rats injected with ALA suffered
no distress (Granick and vandem Schriek, 1955); nor was
the amount of ALA exc¢reted in urine any indication of

" the severity of an attack of acute intermittemt porphyria
(Acimer gt al., 1961).

Many possibilities to account for the accumnulation
of ALA in the various types of porphyria have been
inveatigated, Those considered were based mainly on the
suppoal tion that AlA acoumulat ed due to & block in its

utilisation. These hypotheses could not however, be
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supported by experimental evidemce, In the first
place, Gibson (1955) found ALA dehydrase activity in
liver and kidney was increased following administration
of Sedormids secownddly, the rate of conversion of PBG

to porphyrins was the same in liver houogenntes of
nomal rats (Schwarts and Watson, 1957) and in liver
homogenates of rats treated with Sedormid (lerchante,

¥Wajchenberg emd Schwartz, 19%7).

Shemin, Russell and Abramsky (1935) proposed that
ALA is also metadolised in a glycine oxidation cyocle,
though there 1is little evidence that such a pathway
either exists oxr has physioclogical significance.
Tachudy gt gl. (1962) investigated the utilisation of
ALA through the postulated cycle in the livers of normal

rats and of rats treated with ATA. They found no

difference in the rate of oxidation of ' Coh-ALA to
“‘002 in liver slice preparations of norual and porphyric
rats. These authors also reported that mno difference

existod between the livers of control amxi AZA treated rats

in their capacity for glycolysis, or ahility to oxidimse the
alpha carbon atom of pyruvate or acetate.
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In addition to increased ALA levels, another consistent
feature of experimental porphyria is the lowered catalase
actitty in the livers of porphyric animls (Schmid, Figen
amd Schwarts, 1955; de latteis amd Prior, 1962; Tschuady
et al. 1952). mmd it has been suggested that a block in
the synthesis of this haau protein might be responsible
for the accuwmulation of porphyrins in the liver. However,
Schimid, Figen and Schwartz (1955) comsidered that under-
utilisation of ALA and other porphyrin precursors was not
sufficient to account for the mssive excretion of those
componxis,

In summary therefore, all attenpts to demonstrate a
'uetabolic block' which could account foxr the excessive
acouvnilation and excretion of porphyrins and their precursors
in the various forms of porphyria were unsuccessful.

Granick and Urata (1963) wade the key observation that
this excessive acounmilation and excrotion of porphyrins and
porphyrin precursors in experimental porphyria is due,
not to a wmetabolic block but to overproduction of ALA, These
vorkers fournx! that while the synthesis of AlA in noxmal liver
was barely detectable, in the livers of guinea pigs treated
with DDC the syuthesis of ALA was greatly elevatod. This
was followed by & report that AL.A syntheslis in nosmal humen

liver was omly 10% of that in the liver (obtained pogt mortem)
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of o patient who had dlod of acute interwittent porphyria
(Tochudy g gleo 1965). Since mormal liver is capable of
rapidly forwing porphyrins snd haes fyom AL, it ie
apparent thut the synthesis of AlA is the rate limiting
step in this bloeynthetic patimay.

The comtrol of i/ gynthetase levels will now be

considered im some detnil,

F g WV f A YV YA ny
3. CONTIY 4 4L gy YNIHRLTASE e

“The ew. AlA ayuthetase tust be prosuwed to be
present in all cells containing haeu proteoins ond chlorophyll”
(Gibson gt gles, 1961},  "All merobic colls, bacterial as
well as plant ond anioal, heve the ability to synthesise
haen” (Granick end levere, 1964). *"Bacteria wust bo able
to synthesise soue AlLA under all conditions of growth im
order to wake haomatin compoumis such as cytochrowes®
(Lascelles, 1960}, uttatements such as the ubove show the
conoral uncertainty which has beoen expressed regarding the
wechanisu vhereby AlL synthetase is so strictly controlled

that aithoush it must be presumed to be presont it is
barely Setectable in some cel! systews (Granich and Urata,

1963}, at least by existing wethods of assoy.

The total smount of ensyue activity in o cell can be
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controllied by a number of fforent nechunimas, including
feedbaci ivhibition of enzyve activity (loyed and Usbargor,
1962), emiproduct repressiou of synthesis of an cnzywe
{imec, Chengeux em: Jacob, 1963), d];" by induction of
synthosis of an emgyve (lalvorsem, 1960}, thich, if amy
of these wochanisms i§ oporative in the contml of AlA
synthetase hns been extonsively investigatod in both

bacterial and normalisn systens,

(‘5 lement forgpation Jn JNOUODRSCULORRRAL hopraddaes and

cvelg of Jo A gypthetage

L+ apheroides, a wma:ber of the group of dphotosynthetic
bucteria which cam grow either utkier anaercbic conditions in
the i1ight or under aercbic conditions in the dark, iu the
organisn most frequently used for studies of AlA synthotase
in boacterial systems. 44 synthetmse activity has been shown
to be presont in crude extracts of the organism adapted
either tc anmerobic growth in the light (¥ikuchi gf al:s 1958)
or to scrobic prowth in the darl: (Gibson, 1958). lin growing

cultures, the further uetabolisn of A A is directed, through

nrotoporphyrin, on the one hand towards the synthosis of
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heom ond haem proteins and on the other, towards bacterio-
chiorophyll synthesis (Lascelles, 1960).

Since growth under anaerobdc comiitions ocours only
in the light and is dependont om photosynthetic piguents,
adaptation of the organisu from non-photosyntie tic to
photosynthe tic growth results in increased demands and hence
production of bacteriochlorophyll (Cohen-Bazire, Sistrom and
Stenier, 1957)« Such cells are highly piguwented and the
bacteriochlorophyll content is approximately 40 to 100 times
that of non-pigmented cells. During adaptation of these
cells to photosynthetic growth, the concentration of haon-
proteins increases in parallel with that of bacteriochlorophyll
production, although the actual smount of haouproteins formed
is only ecpproximately 1% of the amount of bacteriochlorophyll
(Porra and lLascelles, 1965). The total awmount of hnemproteins
in cell free extracts of pigmented cells is approximately
twice that of nmon-pigmented cells (Porra and lLascelles, 1965).

lascelles (19%9) reported that bacteriochlorophyll
synthesls could alsc be induced in cultures adapted to grow
in the dark, provided the percemtage of oxygen in the gas
phase is extremely low. she aiso found that synthesis of
bacteriochlorophyll was preceded by a rise in AlA
synthotase activity, Both the synthesis of bact-

oriochlorophyll and the increase in
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ALA synthetase activity were prevented by chloramphemlcol,
although ensywes unrslatod to tetrapyrrole biosynthesis were
not affected. These findings were the first real indication
that bacteriochlorophyll synthosis might depemd on prior
production of AlA synthetase. At the sase tiue it wae
dencnstrated that induced bacteriochlorophyll synthesis
was prevented by p-fluvorophenylalanine and te-azaguasnine
(lLoscelles, 1959).

Subsequont stucdios with n variety of inhibitors of
protein synthesis (Gibson, Neuberger and Tait, 1962a,b;
Bull ond Lascelles, 1963; liguchi gt alse 1765) imdicatec
_thnt while the imviuced synthesis of photosyuthetic piguwents,
in particular bacteriochlorophyll, requires synthesis, not
only of PNA and protein, but also of DNA, synthesis of ONA

is mot nocessary for the increased formation of Ali symthetase.

(% ) Represaion of syvuthegls of A'. svnihetase
@)

Lascelles (1959 ) found no evidence of substratoe

imuction of symthesis of i 4 synthetmse and the alternate

“Lxperimental work dealing with the effects of haew (ferrcus
protoporphyyrin) on Al.A synthetase has beon wainly carried
out using haewin (ferric protoporphyrin). In this text,

no distinction has been made, and referonces to the use of
hoen include that of haowin.
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nechanism of endproduct repressiom of gynthesis was thore-
fore investiguted (Lascelles, 1960; Goto g% anlss 1967).

The finding that the additiom of haem te cultures of
R._anhapeidga actively synthesising AlA synthetase rosulted
in en imediate decrease in the rate of its production
indicated that synthesis of ALA symthetase was repressed

*
by the end product of the patiway (haew, The auratiom of
ths lowered rate of production depends om the amount of

haen added to the cultures (Goto gt al.» 1967)s At wery
low concentrations, the original rate of enmyue synthesis
was resmused as the sdded hsow was used up by growth of the
organisn (Lascelles, 1960),

Although ALA synthetsse production is inhibited by
ALA, it 18 mot certain whether AlLL itself is responsible
for the repression of enzyme synthesia or whether it serves
morely As a precursor for an active tetrapyrrole, presumably
hoen (lLascolles, 1960; Goto gk gl.» 1967) since protoporphyrim
and magnesium protoporphyrin do mot appear to affeot the

synthesis of the enzyme (lLascelles, 196%)1'E

The requirewment of [. aphercliss for photosynthetioc

pigments is dependent on its growvth conditions, ami in

'.
Spe Appendlx .
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particular on ths oxygeu tensiom ami the 1ight intensity
(Cohen-Bagzire, 5istrom and Stanier, 1957). As mlready
ventioned (p.!3 )} synthesis of bacteriochlorophyll is
accowpanied by increased formation of ALA symthetase. The
reverse situation has aleo been examined (i.e. the effect
of light and oxygen on the preoduction of ALA gynthetase by
orgamisss Which are actively synthesising both enzywe and
bacteriochloraphyll), It was demonstrated that imhibition
of piguent forwation im both amacroblc~light (lLascelles,
196¢) anc: semi-anaorobic-iark grown cultures (Cote gt gales
1598%y increased oxygen temsion produced by vigorous
acration ie in fact, accoupenied by inhibition of enszywe
synthesis. Um withdruwal of oxygen frow the gas phase,
syntheais of both enzyme anxi piguent 12 resumed at an even
faster rate (lLasceolles, 1960}, Both emzyse and piguont
synthesis are alsc affected by light intensity, the rate
being decreased by inecreassing the light intenmsity (Lascelles,
1960¢),

Marriott, Neuberger end Tait (1969} reported that during
ths first hour after disruption of cellas, il.. aymnthetase in
extracts of B. aphernidag in wvhich synthesis of the emgyme had
beots induced by lov aoration, was spontancously activated om

stonding at 1;°. No such activation of the enzyme ocourred
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in extracts of the orgmmisn harvested from cultures vhich
hed been vigorously aerated. Furtheruwore, & heat stablo,

low molecular weight factor, capable of activating AlA
synthetase, was isolated from extracts of the organism
grown umkler the foruesr conditions; wherces after vigorous
aeration of cultures, a factor capable of iphibiting the
activation process wae ilsclated frow cell free cxtracts of
the orgeanism. Ip yitrp, the effect of the imhibitor couid
be counteracted by the addition of the activator. Those
au:thores therefore consider thet the effect of oxygem on
bacteriochlorphyil synthesis uight be mediatod through
changes in the reistive comcentrations of an activator and
an inhibitor of ALA synthetase.

it has also been suggeestod that chunges in the oxido-
reductive state of omo or wore carriers in the electron
trsmaport chain way be ocomtrolled by light and oxygem in tho
ewiromment and that such changes are reflected by changes
in the rate of bacteriochlorphyll synthesis (Cohen<Buzire,
aistrom and Stanier, 1957). The observation that exposure
to light, as well as axym.' sesults in oxidation of reducsd
cytochroues amd other electruon transport carriew of photo-
synthetic bacteria supports this suggestion (Nishimurs and

Chemce, 1963),
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do Matteis (1967) pointed out that two different
mechanisms sppear to operste in the control of AlA syuthotase
levels in photosynthetic bacteria, one intrimsic to the haess
blosynthetic pathway (emd product repression of synthesis
by haen) end the other extrinsic, integrmting the whole
hoon biosynthetic pathway with the energy producing
soactions of the cell.

Un the other hand, Lascelles (1964, 1966) has postulated
that photosymthetic bacteris wight synthesise two distinct
AlLA synthetases, one for haemz biosynthesis subject to
ropression by haem, snd the other for bacteriochlorophyll
pynthesis, possibly comtrolled by oxygem. This suggestion
1s supported by the finding that the aynthesis of ALA
synthetase is definitely repressed by haewn while the
syntheeie of bacteriochlorphyll is barely affected (Goto gk Bl+e
1967). It has also beem supported by Higuchi gf al. (1968).
They found that AlLA synthetase in crude extracts of orsanisms,

grown aercbically im the absemnce of light, was wmore stable to

teuporature and storage than the ensywe extracted from
orgunisma in which the synthesis of the enzyme had been
induced either in the light by anserobiosiz or inm the dark
by low oxygen tension. !loreover, Al Xixg ievels of the

onzyue in serodbicedark grown cultures were barely affected

. . . pay
Tlerdn £ osvenmipne’ o [
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by chloramphenicol or increased aeration, both of which
caused a wmarked reduction in enaywe 1mi in cultures of
the organisw in which synthesis of the emeywo had already
been induced. (n the basis of their results, the authors
discussed the posaible existence of two AlA synthotases.

They concluded that jR Yiys the stability of the induced
onsyme is warkedly affected by & change in the intracellular
oxidation=reduction state but that the other is not.

The title of a wore recent publication by Kikuchi's
group of workers suggests however, that these latter results
way be sxplaimed on the basis of findings similar to those
of Marriott, Neuberger and Tait (1969). The work of
Narriott, Neuberger snd Tait {1969), has net only dome wmuch
to olucidate sowe of tho snowalies reported im studies of
B sphareides M., synthetase (o.5. the oarly discovery of
Kilozchd gt ak. (1958) that ALs synthetase activity in
anaerobicelight grown orgenisms ts inhibited by extracts
of serobic derk growva orgenises and the unsuocessful nttempls
by iescelles (1939) to reproduce this work) but it has alsoswwn
a means whoreby the synthesis of bacteriochlorophyll could be

efficiently controlled.

?see Appendix Iil.
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The originel observatiom of Cramich: enm Vratas (1263),
that A0 synthetase nctivity im the livers oi guinea pigs
dosed with DUC was greatly elevated, was followed by repatis
that sdeinistration of other drugs {(Aia {Tochudy g% ales
1964 larver at al., L706b) amd ethamol (bhamley, Zail and
Joubert, 196L)) had similar effects.

A8 i the cose of the roticulocyte enzyne {laver,
Neuberpor anc Udemfriond, 195 ), Oromicl: an Urote (1963)
established that hepntic A A oynthetise is localised in the
nitochonmiria, They sispo fomd that in intact llver altochon.
drin, in the precence of Dyridexal Sepheosphate, A4 in
generated from pdded glyeine and ceoxeglutarete {othur
interzediates 9f the tricRrboxylic acic ¢ycle cum roplace
a=oxoglutarate). Provided that th altochoniria wveyre first
romlored pertieable by Ireexing and thawing, 414 ¢ uld he
formmed froen added glycime snd synthetic succinmyl Cod,

Yhile tlw sctivity of A A synthetaze 1s beroely Jetectable

in norval liver mitochowiria, the activity of anino scetone

{(41) eymthetase ie readily dewomstrutes. The letter enzyme
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condenses glycinoe and scoetyl Coi to form the amino ketone,
anine acetome (AA) (Urata :md Gremielk, 12€3). Bocause of the
similarity of the reactions catalysed hy the two enzywes, the

posaibility was considered that the level of AA synthetaso

activity in liver wight also be affected; however, this wanas
vot so end 1t wos concluded that the action of porphyrinogenic
drucs 1s rather more spocific than thie (Granick, 1966).

e of the foatures of [N poisoning 1s the red fluores-
cent apnearmmee of the liver (-i%ol orton rnd Mege, 1759) due to
increased synthesis of nornhyrims. COrenick end Urata (1963)
noted that the red fluoresceat gramules vhich acciwmuleted in
parenchywsal liver ceolla contaimed mainly protoporphyrin. On
the basis of thisz observatiom Cromick (1963a,b) ovolved a
tocimique whereby tho eynthosis of porphyrins im cultured chick
erbryo liver cells could be satimated by fluorsscowe intonsity.
(anntitative ueasuretients of protoporphyrin indicated that the
fluorescenve intoenaity :is a reasonable puide to the amount of
porphyrins syntheosiszed by the cultured liver cells., Since 1t
was also showm that Al A supply limits porphyrin synthesis in
such cells (Gramick, 1966) the fluorescence 15 also an imiirect
weasure of the A A symthetase level. {Existing methods of
assay for .4 syathetase activity werce mot sufficiently scnusitive

for direct moapuremnent of enzywe lovels in such a systev.)
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The important observation that the drug

induced synthesis of porphyrins in cultured chick eabryo
liver cells could be prevented by inhibitors of RNA amd
protein synthesis (Granick, 1963b, 1964, 1965, 1966) led to

the conclusion that the increased hepatic AlA synthetase

activity found jp vive following administration of DDC

to guinea pigs (Granick amd Urata, 1963) could dbe
attributed to increased syntheais of the enzyme (Granick,
1966), Direct measurements of AlA synthetase levels in
liver confirwed that the jip yltro imhibition of _poxphyriu
production by inhibd tors of RNA and protein synthssis was
in fact paralleled Jp yiyo by thedr effect on the AlA
mediated increase of ALA synthetase levels. AIA imiuced
synthesis of the enzyve was inhibited by actinomycin D
or purowycin, or prevented al together when either of
these coupounds was sduninistered simultaneously with the
drug (Tschudy, larver and Collins, 1965; laxver gt al.s
1966c). Tho poseibility that continuous synthesis and
decay of AlA synthetase occurs amd that inducing drugs

prevent decay was ruled out by Granick (1966) since decay



of 'induced' enEywe occurred at the sawe rate whether
caused by reuntoval of drug or by addition of acetoxy-
cycloheximide in the presence of the drug.

Narisawa and Kilachi (1966) found that when AIA was
administered to rats at 12 hourly intervals over a perioed
of three days, the imduced synthesis of AlA synthetase
ocourred in two etages; en lnitial small increase in the
level of the enzyme was followed by a second phase in
which the rete osf synthesis was groatly increased.

These vorkers also denonstrated that omly during the
second phase was oenzywe synthesis preventod by witowmycin
Cy an inhibitor of LN.i syntheais; the AiA induced synthesis

of enzywes unrelated to haem biosynthesis was not affected
by mitomycin €, Narisawa emd Kikuchi (1966) suggested
that the enzywo forwed during the second stage of the
induction process might represent mitochonirial synthesis
of the engyme ard furthezrwore that it night be an is0-
onzyme of the enzyme forwed during the first stage.

lore recently however, Hayashi, Yoda and Kikuchi (1969)
have found that AlA synmthetase also accum:lates in the

cytoplasm fellowing drug adninistration and that the



properties of this enzymo differ in certain respects
frou those of the imtreuitochondrial enzyme .

The half lives of ALA synthetase and of the wRNA
involved in its synthesis have been calculated from
the rate of decay of emsyme activity following admini-
stration of actinomycin D or purowmycin to porphyric
rats. It was found to be approximately 70 minutea for
both the onzyme and the wRNA (Tschudy, larver amd
Collins, 1965). bSince the wmajor portiom of rat liver

mRNA is thought to bo stable for at least 40 hours,
tlw so workers considered that the unusually short half

iife of this particular wRN\A allowed for rapid changes

in the level of ALA synthetase in response to a require-

ment for hasm synthesis. A similar investigation in
cultured chick embryo liver cells indicated a longer
half life for ALA synthetase of betweon 4 amd 6 hours

(Granick, 1966).

*5ee Appendix IV



The possibdlity that haom itselfl wuay be invoived
in the repression mechanisn is supportoed by experimental
evidence. Granick (1966) reported that siimilation of
in ¥iire porphyrin synthwsis in cultured chick liver cells
is decreased when haon is nddoed to the culture medium at the
saue time as the inducing chemical. layashi gf al. (1968)
foum! that hepatic AlA synthetase levels vere lower in rats
trented with both heen and AIA than in rats treated with
AlA alone. In a similar series of experimentes (Yaxuan
&% Ble 1968) it waz ehown that over a pariod of time, the
lovel of AlLA gynthetaso oscillated following the injection
of hoes to morwal or AJA treated rats, The authors comsidered
that the fluctuating levels of ALA synthetase were dus to
variations in the intrecellular level of free haowm and that
as the free haos was wetaboligsed to bilimbin or was coubined
with hees sapoproteins, sc the symthesis of AlA synthetaso

was dereprossed.
As sn example of such a situation, studies of the hasm

engywo tryptophem pyrrolase (Carver gt al.. 1965, 19664)
indicated that the increased bhinding of haen te the apoonzyme,

auch as occurs following the edministration of tryptophan
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(Feigelson mmd Greengord, 1962) results in docreased
availability of haem for the repression of ALLA synthetase
and as a consequence, induced synthesis of the latter
enzyme.

There is no evidence that drugs such as AIA and DDC
cause elevation of ALA synthetase in erythroid cells.
Levere and Grenick (1965, 1967) have proposed that the
prbduction of AlLA is an important regulatory factor in
haemoglobin production by chick embryo blood island cells.
A good deal of work has been carried out which indicates
that haew may control the rate of haemoglobin synthesis
(Zucker and Schulman, 1968; Adamson, lierbert and Godchaux,
19683 Ademson, erbort and Memp, 1969)., lowever, the role
of haem in this process is the subject of intensive interest
at the present time and is regarded as being outside the

scope of this thesis.

Hydrocortisone (!Morver, Collins and Tschudy, 1966;
Matsuoka, Yoda amd Kikuchi, 1968) and triiodothyronine
(Matsuoka, Yodin and Kikuchi, 1968) have both been found to
stirmilate the AL: induced synthnéis of ALA synthctase in the

livers of noruwal and adrenalectomised rats; no increase in
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Al A synthetase levels cccurred however, vhon oithexr of these
coupounis was adainistorced in the absence of AlA.

tm the other hand, sex steroidsa wore found to stimuiate
porphyrin syntlwais in cultured chick eubryv liver celils in
the absomce of an induecing drug (Cranick, 1966)., Im
ovariectounised raets, a single doee of the moturally secreted
ocatrogen, oestradiol, gives rise to @ serios of oscillations
in the level of A4 synthotase in the livers of both normal
and AlA treated rets {Techivdy, ¥axmon and Collins, 1967),
the amplitude of the uacillations being ¢reater in the llvers
of the lattor. The osciliatloms can countimue for as long
as 5C hours after adiinigstration of tho cestrogen amli the
authors consider that thoey way reflect the infiuvonce ol
horuones at soue stage of the clreuit controlling the
synthoesis of AlA symihetase. {(This is furtlwr dscussced on
pe 33,

C. AA .ynthetasg ! ovels in lereditoxy Henatle

Pornhyvrdag
A2 already wmentiomed {(p. 11 }, the synthesis of AlA im
mutopay liver obtained from patiente who had died in an attack
of acute intermittont porphyria was found to be increased

approximately tenfold nbove mormal (Tachudy gt fler 1965;
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Keleo gk gl.s 1966). ¥hile these findings indicate that the
basal levelifhepatic Al. synthetase is highey than norwal in
acute :mtmutmt’ porphyriaand, as has boen recently
reported (Dowdle gt gl.» 1967), alac in porphyria variegata
and syuptomatic porphyria, there ls, as yet, no real evi.lemco
ta inddcate that there is a causal relationship between high
levols of the enzywe in liver smd manifestation of the
digoase. Novertholess, the similarity of tho disturdances

of porphyrin wetabolism which cecur both in hereditary awd
experimental porphyria, coupled with the fact that hepatic
Al.A synthetaso lovels are slso raised in the latter comditiom,
has constituted circumstantial evidence for the proposal

that in inherited forums of the disesse a gonetic lesion leads

te overproduction of ALA synthetase (Perloth gt al., 1966).

De

(s lgen reprossion hwpothosis
Gremick and hie co-workers hove postulated a
wochanism vhidh could acoount for the increased synthosis
of AlA pynthetase which ocours under the influstce of a munber

of dyuge, sex steroids and miscellancous compounds (Gramick,



19663 Granieck and Xappas, 1967a,b; Happas and Gromick,
1968; YXappas g Aler 1968). This 1is shown in Fig. 1l.2.

A pepressor-operator comtrel of the structursl gene
for ALA synthetase is proposed (Gremick, 1966) in wvhich the
1nacti:w aporepressor motein is activated by conbination with
haons. Thus the 1ntﬁeellular émceutmtiou of free haowm
(Vaxmen g% gl.» 1966), or of hmem loosely bound to protein
(Durnhes ond ' ascelles, 1963) is the factor which deterwines
whother or not production of AlA synthetase occurs. It is
poestulatod that the vperator gene for the 4! 4 synthetase
gone 1is norwally blocked by the repressor an that porphyrino.
gonic drugs, by dispiacing haew from its binding site on the
aporepressor, deorepress the synthesis oi' AlA synthetase.

Although no evidence that the activity of Al A synthetase
in liver is controllec by feedback inhibition by haen has
been obtained (seo p.40), this possibility is shown in
Gronick's scheme.

A soconlary consideration was the possibility that the
intracellular comcentration of free hos might be lowered
due to0 the haenw requireuwsnt of liver enzyues (e.g. cytochrome
P=4i5C) involved im the detoxification of foreign chemicals.
Flg. 1.2 nlso shows the relatiomship of uicrosomal cytochrotw

synthesis to the reuainder of the schemg. In a conprehensive
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study of a series of porphyrinogenic drugs and various
derivatives thereof, isctmeck gt al. (1968) foumd that porphyria
inducing ability was depencont on a sterically hindered ester
or amide group. These suthors suggested that drugs which
cennot be wetabolised by a hydrolytic mechanism because of
such steric facters are oxidatively metubolised and, as
already indicated by Craniek (1966), increased haew
formation is required for this process. It has recently
been dswonstrated that in general porphyrinogenic drugs induce
the synthwesis of cytoohromes 1'«i50 and bs {(Vale gk gles» 1968)
vhereas hoow represses this symthesis (larver, Hchmid
and schfitsel, 1966),

Gae of the seoning drawbacks to Granick's hypothosis
was the widely varying, and apparontly wunrelated, chemical
structures of the imducing cowpounds. YNowever, Gramick
(1966) pointed ocut that, in faet, & large mndher of thesec
could be shown to contain ome of five basic chemical groupas,
each of which had beon found individually to Yo capable
of inducing exporimontal porphyria, and certain of these nay
be regarded as structural snalogues of haom., The justificetion
for the prep&sal of @ single corepreasor site is based on the
obsorvation that the aimultaneous addition of ATA and DDC in

amounts which vhen given zions preoduced maximm fluorescence,
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did not increase the rate of porphyrin synthesis. That
the inducing drug am! haem compete for tho same binding
site was sugroateod by the decreased Tluorescence observed
whenn both haen and ATA wore added to the culture wedive.
The decreased synthesis of AlA synthotase ig Yivg in the
rosonce of added haeu has been demonastrated by direct
measurenents of the activity of this onvywe (Waxmen gt al.,
19663 Hayashi g pl., 1965 ).

W¥ith the stipulation that the controlling wechanism is
assogiated with muclear IMA, Gramick (1966) coes mot exclude
the possibility that the structural gene foxr ALA synthataso
ie associated with mitochondrial DNA and that synthesis of
the omwxywe could occur withim the mitochondrion, As already
wentioned (p.23 ) this possibility was discussed by Narisawa
and Xilwehi (1966). It is iaown that all the DNA (Borst,
1966) smd RNA (Winterberger, 1966) species necessary for
twotein synthesis are presont within wesmalian wmitochondria.
¥hile the mitochomdrial synthesis of sowe wormmaliasn onAYCes
iz inhihited by chlorsmphenicol (Firkin smd lLimneme, 196G),
Grondok (1966) found this cowpound imcreased porphyrin synthesis
in the cultured chick embryo liver vails, pessibly due to the

fact that its chenical structure includes iwo of tho essential



induecing groups.

The inheritance of the porphyriss and the type of
gonutic lesions vhich eould Heo responsible have been
oxtensively reviewed by Watson gf ak. (19G4). It was
eonsidered that a defect in the cperator controlling a
structural geme could be roapmmsible for the dominmms
character of the hereditary hepatic porphyries. Thias

assunption is compatidle with Granick's (1966) theory wihich
poatulates that the rosulting limited efficioncy of the

renrosscr wechanlsw could be responeible for the munifestation
of latemt pOIPhyTin coused by very small dosos of inducing
drugs.

Alternatively, as Terloth gf al. (1966) poinmted out,
induced synthesis of AlA synthetase could also ocour 4f a
genetic defect lod to deoereased levels of “repreaser” haow
within the liver cell. For exmuple, Recheigl eni Heston
(1967) reported that im mice there are geuetic differemnces
in the rategof degradation of haem cnzywea.

The process of imduction of perphyrin synthesis in
cultured liver cells by stercids (Ormmick end Kappes, 1967b)
80 closely resembled that of the synthesis induced by drugs

that the original hypotheeis (Gramick, 1966) was extemded to
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includo & wmechonisw whereby haem biceynthesis uight be
controlled wiier normal physiological comlitions (Rappas
and Granick, 1966), ¢f the many steroid coopounds exemined
for their sffect om porplyrin synthosis (Gramick amd Lappas,
19678,0), the uwost potent inducers were normal wetabolitos
of horwvones such as progesterone end testosterome. loxreover,
the induction of porphyrin synthosis by these sterolds was
preventud by inhibitors of protein synthesis end by haow
(xappas snd Granick, 1965)., The characteristica of
porphyrin induction by steroids fulfilled the requircments
necessary for considering thwe effects to be physiologically
weaningful., FRirstly, the chemical structure was shaxply
apecifio; it was found that omly a limited nuwber of steroids
with 5i-H configuration were potent inducers. Seocomlly,
very suall amounts of those coumpounsds were required; porphyrin
aynthosie was inducoed by concentrations as low as 10'82-i.
Thirdly, the inducing coupowrxis were plhiyslclogicml products
wnd were alao capable of atirmlating hace: biosynthesis in
srythsoid tissue (Granick snd Kappes, 1967a)s Rurtherwore,
natural hormonss aro lmown to aggravate symptoms of acute
interwittent porphyria (Goldberg snd Rimington, 1962
Yelland gf al.» 1964).

Kappas and Granick (196&) proposed o acheus whoreby
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such aterold coupoumias night operate to induce the syntbocsis
of ALA gymthetase. This is shown in Fig. 1. and 1is basc:d om
a musber of experiwental observations. (The role of haen in

thse rapression mechanisy has elready been discussed on o &9 )
Piretly, it was found thint the glucyronides of even the wost
potent of the steraeld inducers were couparatively inactive
inducers of perphyrin synthesis. ccondly, addition of
uridine diphosphate glucuromic acid {(ULPegiucuronic aedd; to
the cultured colls inhdbilted steroid induced porphytin
synthesis. Fappas and Granmick (1468) commidered this
intiibition to bhe a reflection of the conversion of fres
steroid inducer to imactive glicuronide and morcvover, that
the induction of porphyrin synthesis is depemuient on the
agount of wneonjugpted storoid presont im the cell at any
particular tive. The activity of UlPeglucuronyltransfersse,
the enzyme respomsible for the transfer of glucuronte acid

to sterovids, is emhsnced by UVlPeglucuronic acid and inhibited

by 53~ steroids. Altcrmatively, active stcerolds could
accueulate in a situntion such as starvetiom or iack of
glucose when the hydrelysia of glucuronidea is onhanced.
Thus although a wechanisw for waintaining e balsnce betwern
the amount of active and inactive steroid exists within tle

cell, this wechanisw com be disturbed relatively easily.
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fechanism for steroid control of porphyrin and

haewm biosynthesis.
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Koppas and Granick (1968) daiscussed the repression of ALA
synthetase production by glucose (Tschudy g% al.» 1964
Narver @i ales 1966c) as the possible result of such a
disturbance. In the schome proposed by Kappas and Granick
(Fig. 1.3), the relative rates of glucuronidatilon and
glucuronide hydrolysis determine the intracellular concen-
tration of free motive steroid which in turn competos with
baem for the corepressor eite on the aporepressor protein.
Thus the relative comcentration of each can control the

rate of haem biosymthesis in a normally functioning cell.

Alternative hypotheses for control of ALA syne-

the taso have been proposed. The evidence for these will

be summarised briefly. Labbe (1967 ) bas postulated that
drug induced porphyrin synthesis cam be explainod by

iphibd tion of terminal axidation by drugs which results

in accurmiation of NAM. This in tuwrn results in

reduction of fumerate to succinate and increcase of succinyl-
CoA., The latter coupound is postulated to act as a
substrate-inducer of ALA synthetase formation. The

evidence that succinyl CoA does accumulate i1s indirect;




36.

tho claim (Labbe, Kurumnda and Onisawa, 1963) that the
rise in ALA synthetase i1s preceded by the appearance of
a now succinyl CoA synthotase has not been reproducible
either in this laboratory (R.L. Walah and W.H. Elliott,
personal communication) or by latsuoka, Yoda and Kikuchi

(1965), However, thie does not affect the wain argument
presented by iabbe (1967) that porphyrin synthesia is

secondary to inhibition of temminal oxidation. Labbe's
hypotheais alsopostulates that natural porphyrias are
due to a genwtic defoct in the terwinal oxidase systen,
an! the wechanism of the postulated systewm is described
fully by Labbe (1967).

If terminal oxidation is defective in the presemce
of porphyrinogemic drugs, then defective ATP synthesis

might be expected. The school of thought led by Gajdos
postulates that it is the ATP level which controls

porphyrin biosynthesis. Support for this idea was tiat
nalonate reduced the ATP level in liver of rats amd
stimulated porphyrin production (Gajdos, 1966), Admin-
istration of inosine (to raise the ATP level of liver) was
said to reduce the liver porphyrin content by 80%

(Lottsfeldt, Labbe emd Aldrich, 1961)., Sedormid intoxi-
cation lowers the ATP level and recent ovidence that

porphyrin production cmused by drugs is associated
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primarily with lowered ATP rather than with increased NADH

level was presented by Cajdos amd Gajdos-T8r8k (1968).

it is clear that the wechamism of comtrol of haem
synthesis and its derangewent, either nmaturally or by drugsy
is not fully understood. It is perhaps worth noting that

any postulated explanztion of acute internittent porphyria
needs to cover the neurological symptous as well ns the

raising of ALA synthetuse levels.

Lo CONTROL OF ALA SYNTHETASE ACTIVITY

A, Control of D 1e Activity in W

In addition to repression of the synthesis of ALA syn-

the tase by haem, it has been shown that the activity of ALA
synthetase can also be comtrolled by haew (Gibson gt al-e
1961; Durnhom and lascelles, 1963; Harriott, Neuberger and
Tait, 1969), In partially purified enzymo preparations
obtained from crude extracts of R. gohgroides (Burnham and
Lascelles, 1963), the addition of haem results in inhibition

of ALA synthetase activity. The enzyms was found to be
extraiely sensitive to this compound, 405 inhikd tion being

obtained withaomcentration of haem at C.1 jil. However,
Marriott, Neuberger an! Tait (1969) found that while the
activity of the activated form of the emzyue was narkedly

inhild ted by haem, the non-activated form was barely af fected.
In a study of the kinetics of haom iphibition of ALA

synthetase activity, Bumham and Lascelles (1963) found the
inhiibd tion to be non~competitive with respect to glycine and
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dilution experiments established that the inhibtd tion is

reversible, Although a ! inewavereBurk plot of the kimetic
data indicates pure nom-coupetitive inhibitiom, Durnham and
iascolles (1963) draw attention to tho non-linsar relationship
betwoen the amcunt of addod haewm and the degres of inhibition
of A A syntheotass an! thoy suggest that the inhibition 1s
not tho result of a siwuple etoichiometric reasction dbetween
haem and & catalytic site on the enxymo. /?-.;n discussing
the nmature of the inhibitiom, Granick (1966) ami de Hatteis
(1967) suggest siucoe the iuhibitor besrs uo steric
resesblance to the substrate, that it ie an exauple of
vallceteric” iphibition im which it is thought that the
tghiditor nlters the conformation of the enxyue so that
1ts effinity for the svhatrate is reduced (lonod, Changeux
end Jaceb, 1963; Stadtwman, 1965},

A mmber of iren tetrapysroles and metal porphyrine
also inhibit ALA symthetase, but are not mearly as effective
ne haoen iteelf., Of hsew proteims tosted, ouly hseumoglobin and
wyoglobia were founc $o be imhibitory amul ouch higher concon-
trations were required than of free hasu {Durnhum and
Lascelles, 1963).

The only situation in vhich non-functionsal porphyrine

accusnilate during growsh of H. gphereddez occurs when the
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growth medium is deficient in irom (Lascelles, 1955): at
the samo tiws the synthesis of haons is reduced (Lascelles,
1956}, Vhile mo evidence has been obtained which indicates
thot the overproduction of porphyrins by such cells ias due
to increased levels of AlA synthetase ‘lLascolles, 1960,
Goto gk 8les 1967) 1t was foumd, im intact cella, that
exogenous haen imhibited the aymthesis of porphiyrims frow
glycine snd geoxeglutarate, but not frow ALA (Burmhees and
Loscelles, 1963). These findings indicate that ALA
synthetase is the site for negative feedback control of
porphyrin biceyntheslis by haowm.

in intact cells porphyrim synthesis frow glyecine amd
s=oxoglutarate, bBut not from ALA was found to be inhibited
by purine mucleotides (Cajdos amd Gajdos-T8r8k, 1963).
¥hile it is not comsidered that the action of these canpoumis
is directly on ALA synthstase, it is euggested that the
reduced synthesis of ALA is due to the formation of am
"upknown” iphibitor which favours the use of succimate for
petabolic pathways other than ALA synthesis, and thus
liniting the supply of adequate amounts of subestrete
{CGaijdos exxi Gajdos-T8r8k, 1965)., The penetration of

intact cells by nucleotides would not be expected to occur
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readily awl this considoeruntion makes interpretation of this

work sore difficult.

B,

That a similar contreulling wechaniss to that im
2. apharoldss exists in rabbit reticulocytes is indicnted,
al though indirectly omly, by the work of London, Druma and
Hariban (1964 ) end ¥ariben and Loudom (1565). Theose workers
found that the incorporation of labelled glycine imto haew
wvas uhirkedly reduced by exogemous haewm, whereas the imncorpore=
tion of labelled AlA into haow was barely affected.

There is mo ovidence that the activity of hepatic AlA
synthatase can be controlled by feedback ivhibitiom, Graonich
(1966) found that haen and a mumber of other metal porphyrins

had no offect on the synthesis of AlA from citreate and giycime
in mitochomiria isolated from livers of guinea pigs treated

with LOC, and Marver gk al. (1966d) were unable to dowonstrate
inhibition of ALA synthetase activity in homogenates of liver

frou ALA troamted »rats using physiological conpcentrations of

haeow (C,085 mM),



To nlleviate the symptoms of acute intermittent

porphyria avoidance of porphyrinogenic compounds such as
barbiturates is obviously importsant (Goldberg, 1959).

Diet is al so important since a high carbohydrate content
alleviates the clinical cmdition (Welland gf al.s 1964a).
Yoreover, glucose "represses" AlA synthotase foruation
in experimemtal porphyria (Tschudy gf al.» 19643 MNarver
et ales 1966c)e In the case of the horeditary conditionm,
it has boen suggested (Granick and kappas, 1967a; Kappas
and Graniclk, 1965) that this is due to high glucose
cauaing efficient removal of inducing steroids by
glucuronidation.

Massive dosming of patients with CalDTA is clinically
effoctive in therapy of acute intermittont and other
porphyrians (Peters gf pl., 1956; Woods gf pl., 19613
Peters gt gl.s 1966; Domald gk al.» 196%9). COriginally
based on the concept that heavy wetal accumulation may
be responsible for the discase, the treatwent now has
no obvious retional basis. Clailws that intravenous

injection of cytochrome C (L.ang gt @l., 1968), A
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(cejdos, Plainfosse end Scringes 1967 ) or pyridoxal

s-phosphate (Petres gf ales 1968 ) alleviates porphyrias
are difficult to interpret in view of the wncertainty
about the effectiveness of cellular penetration by
these compoumnia,.

The difficulty in nssessing the clinical offect=
iveness of treatments for a disease which may undergo
spontanecus reuission im obvious. Goldberg (1968 )
suumarised the present position by aaying that
nghore is still no ratiomal method for a fundamental
approach to the treatment of porphyrias, but a great
deal has been done already in lowvering the wortality

rate®.
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6. AN OF THE WORE

Despite tiu very great progress which has been wade
towards understanding both genetically deterwmined and drug
induced porphyria, the proceodiug account makes it clear
that the final answers are mot unequivocably established
arml that wuch work rec:aing to be dome on Ali-synthstase
control .

There appeared to bo at least two arems of work which
wight contribute ultimately to the uncderstanding of Alde
synthetase control. The first of thwse was ths developaent
of & method of assay, ©oro semaitive than existing ones,

wvhich might peswit direct quantitative uessurements of
AlA synthotase in nermal tissues in those experimental
systems such as cultured chick ewmbryo cells vhich the
Hockefeller group hane ugsed so successiully. The direct
quantitative weasurcnent of activity in such asystems umight
be expected to enable finer deteils of the induction to de
studled. It wight alsc lwlp with problema such ce where
Ald synthetase is actually w de, inside or outeide the
witechondria,

The sccond area of work that seewed desirebie was the

study of the smimal AlZ ynthetase itself, 4 Imowledge of
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the molecular mature of ALA synthetase, itz propertios, its
control characteristics asxd whother oniy o single enxywne
exliste seems a useful basis for considering comtrol of ite
synthesis. A lnowledge of 1its active site could also well
facilitato developument of specific inhibitors ap therapeutic

agents.
It perhaps should be noted that initially at loast,

the sbove two aime seemed to be inter-related. It had been
intended that with en accurate ueasurenent of A2 synthetase
of normal liver, possible isolation of the enzyne from a
source such as ox liver, available in nluoat umlirmited
quantitics, night be contomuplated. The uvnexpectedly low
levels found in norwal livers frustrated this idea.

Thias theesis reports the developwoent of a semsitive
radio~chemical assay for A2 symthetase {(Irving and ﬁ"lx.ioet.
1969) and its applicetion t¢ micro-organisms smd plant and
enival tissues. In adiition, the emsywe hos beemn partially
purified frorw the livers of guinea pigs made porphyric with
UDC anx! proliminary studies of the emzywe in pertially purified
preparations oade.

Decause of the sxtrewe instability of AlA-pynthotase in
ultochonirial preparations eobtained frow the livers of porphyric

guinsa pigs, imitial studiey relating to the rediochomical
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sssay, to stability amd purification procedures, were carried

out on soluble preparations of the enzywme obtained fyow

&« maharoldes .
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AT?Y (d4sodium salt, 99 pure), Coa ((5. pure), Gull,
ané pyridoxal S-phosphate wore igma products. Jolutions
of these compounds were adjusted to pll 7., with tris base

] ¥
1"’0-1,55-3“:;01!110 acid and 1‘*0-2-

md were stored at -15°.
flycine were obtained frow the lliadiochemical Centre,

szershan,. A A=l wvas obhtained from Calbiochem and AA

was propared as the p-toluene sulphonic salt as described

by Llliott (1960&). A & and AA pyrroles wore twepared fron

Al L=lC]l and the p-toluene sulphonic acid salt of AA
reapectively, by condensation with acetyl acetome (Urata and
Gromick, 1963). icetyl phosplwite was propared fros acetic
anhydride, K:.’Hme;. and lithivm hydroxide and twlce recrystallisod
(Avison, 1955). solutions of scetyl phosphate were stored
frozem at -13°, Haoc (ferric protopervhyrin) end haem proteins
were oigmfs products. olutioms of haow were freshly prepared
when required as described by Burnhuus and | ascellss (1963).

AiA wns dommted by Noche Products, Basle, witzerland, and DDC
was obtained frowm Aldrich or Eastman. The (I was twice ro-

crystallised fyrow: ethamol. Tris base {(instmem) wos twice re-

crystallised frowm ethuncl {(:utherlond amd Wasilait, 1956). Cther



chowzicals were, vherover evailable, of Analytical Reagent
gradeo.

Phosphate buflfers were prepared fron 3‘22121’{3‘,% and !‘;axmﬂa M
and acetate buffers frow acotic acid am! sodlux acetate.
Pyridine-acetate buffor was prepared by adjusting the pH
of zolutiones of pyridine with glecial soetic acdd. AlL

other buffers were prupared by adiuating the pl of solutions

with HCl1 or KOMH.

(8) For colorimeiric assays of AA ami A A, the reagent
was freshly preparsd wvhen requived ae a 2% (w/v) solution of
p-dimethylemino=bensaldehyde in glacial acetic acid comtaining
165 (v/v) of 70. perchlorie acid and ©.35 (w/v) of HeCl,
(Urata and Granick, 1963).

(b) For detection of AA amd Al A pyrrolce on chrowatogrees,
the reagont was prepared as a 1% (w/v) solution of pedimethyl-
onino=bonmaldehyde in 1 IX1 which wvas diluted with an equal

volue of acetone {(Domt, 10LE).

<ol | : .
This was a solutios of G.35% {w/v) 2,5 diphemyloxazole

(Pr0) and C.03% (w/v) 1,iebis | 2«(/enothyleS-phenyloxasolyl )]
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bonzene (dimethyl POFOP) im tolueme. Both RO and PCPOP

wore obtnined frow lackard Imstrument Co.

Dlzatreois g8l .
2.55 (w/v) Cabo=U=sil (Packard Instrment Co.) was
suspended im acimtillatiom fluid and the mixture homogenised

in a blendor for i mimuites.

s (Vhatuan) was weshed with IN NaCll until the
woshinge were colouricas, then with water followsd by 1IN HCL
ond water a@ﬁm. It wes then washed with C.IN NaCH,
followed by water until tho washings were neutyal. It woe

1 O

stored at 4= as s suspemsion im water. Defore uae, it was

equilidbrated in the coluem with the roquired burfoer.

AT sox (Pharmacia, Uppsals, Swedeon) was aquilibrated

in the required buffer for at least 25 hours before use.

pewex 50 (7] (A0=50 x &) Diorad, California) was prepered
for use by washing with 5N HCi, followed by water until tho

washings were noutrel.

Niamelsnl G 271 (Merck) was proepared as a slurry with twice
its weight of water end shakem for 90 secomlis before spreading

on zlass plates. The thin layer chromatography plates were
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dried at 1€.>5° and etored at roow temperature.

) (Pharvmoia,

Uppeale, Swedem) were allowed to stend in water for at
leant 3 days before use. The gels were oquilibruted in

colusns with required bhuffers.

3. sndnalas
411 amimeles were chiesined frow the institute of
Medien! and Veterimary -ciemce, Adelaide, South Australia.
Cuinea pign, unless otherwise stated, were uales (5«6 monthe
0ld) weighing 450 - 500 g.
Rata were albino males, weighing between 150 « 200 g.

slsyation of A4 synthetagse AN BRSRlILn JAVOX.

The anivals were fasted

for 4% hours prior to treatmemt. 2 g of DI wore suspended
in water anxl aduinistered orslly. After 24 hours the

animals wvores kXilled by & b!w on the head,

LK Sxeatpent of rats. The saaiumals were fasted for
%€ hours before a solution of AlA (30 wg/ml) was injected
subcutanecusly. AIA waa adainisterod at the rato of 400 ung/

kilo body weight, After 24 hours the snilmels were killed

by a blow on the head.
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Norvual controls, eithoxr rate or guines pigs, were

starved for 45 hours before killing.

After killing the animals, the livers wore renoved
s imsediately cooled on ice. litochowirin wore isolated
by differemntial centrifugation (Schmeider end Logoboos,
19590) and after washing in 0,235 sucroso were fimally
rosuspended im 0,25 wucrose comtaining 10771 grie~Il am
L 10"“‘ EDTA (pH, 7.4) using a Potter-Llvejhow hmansmiacf.
Proteln concontrations of uwitochondrial preparsticne ranged
beotweets 2¢ and B0 mg/wl, although final voluumes of the
suspensions wore adjusted to comtain nitochondria from a
copatant weight o(i' 1iver {8 g wet weight of liver/uwl of
suspenaion). Tho witochondrial suspemsions were dispensed

in saall vials, rapidly frozen am! stored at -15". Unlesas

otherwvige stated, all preparations used wore once frozen

and thawved,

were neepared as desoribed by Techudy
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4o AYABR KRSACHASGYSAM:

Adult chilckens were smade amaemic by continued injection
of phenylhydrasine (Derties smd Beck, 1962). Packed cells,
obtainod from the bleod of these birds were frozen to
disrupt cell wsesbrames. Cells, fractionated by equilibriunm
centrifugzation on a bovine serun albuwin density gradient
(Kubat ant Attardd, 1067), were provided by lir, AJF.
¥illiams of the lepartuent of Diocheuiotyry, Univorsity of
idolntde. Fractions frow the pgradient, ddiuted to comtain
the some mumber of cells (2 x 1(?9) per wul wore frozen to

diarupt cell weombrancs.

5. Zlamt patexipl.

- aninash (Sninasia SleXmeen) pilents were growm im liquid
culture as desoribed By Spencer end Possingham (21960} for
torato seedlings except that the spinach seeds were germinnted
am! grown in vermiculite for 11 days before tramafer inte the
nutrient nélution of Twui (1548). teuves (1~2 inches long)
vere harvestod when the secdlings were J-f woeks old.

DBoan (Phaseolus yulcaris var Drown Besuty) plants were grown
in verwiculite at 25° for 11 days either in the iight as

described by Doarduen smx! Andersom (1964) or in carkness.
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e A cell fyee houogonate

of spimach leaves {20 g) was preparsd by the hand chopping
wethod of Spencer and ¥ildman (1964) im & buffer (5¢ wl)
containing G.4 sucrese, U.01M HCi, O.01M HgCl,, 4 «b
2e-morcaptoethancl and & ,C5! txrie-liCl buffer, pil 7.6; the
crude houwogenate was filtered through tihxree layers of
Ydracloth (Chicopee !iills Imc., New York, N.Y., L.i.4.).
subsequent fractions were prepared at 4% in the saue bu!‘fer; '
The filtered homogenate was centrifuged at 1,000 x g for

10 mimutes amd the pellet rosuspended in the same bulfer
{finsl volume 30 wl) with gentle shaking and stirring.

Much of the mitochoudrial comtaination was removed from

this suspension by centrifuging agaist as above. The pellet
wor resuspendsd in the same buffer from which ths Zemarcapto-
othanol was onitted {rimal voluwe 3 wl) in a Potter=Elvelhem

hoewgmia er.

dtockonddiel irsction. The two supernatents fyouthe

ashove centrifugations were coubined and centrifuged at

5,000 x g for 10 mnimutes to rewove wany of the chloroplast
fragunents, and the pellet wae discarded. The supernatant

was contrifuged at 15,000 x g for 20 wmivutos and the pellet



resusponded in buffer (finel volume 3 wi) in a Pottere

Elve jhen homogeniser,

irastion were prepared frow the primary leaves of light
grown and dark grown (oticlated) seedlings reepoctively by
the procedure used to propars the washed chloroplast

fraction fioxm apimtch leaves.

6.

eauleasis ukildg wes supplied by .. Fronk loss, Depmrtuent

of Biochenistry, University of New South Waleas,.

{(>train M) was suppiied by Irofessor

AW, lLirmane, Uepartuent of Uiochemistry, 'onash University,

Clayton, Victoria.

laph aGilAg (Strain ) was supplied by Or. R.i. swillie,

PFlant ‘Jyeiology Unit, C.5.1.R.0., University of ydmey.

UBAUAEARGS I %ilAs ¢ Lo SIENXARAR vere ueintained on
slopes of walt yeast-uger. . gracilip vas waintained in sloppy
agor siopos of the following composition: C,.2%% (w/v) agar,
U2y (w/v) yonst extract, U,05% (w/v) Bacto broth emd

vitemin 0,0045% (w/v),
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I. utilig wes grown suacrobically

for 15 hours at 30° under N, in a wediun eimilar to that
doscribed by LpluMesi and slovdmeki (1950); the concentration
of Difeo yeast extract was lowered from 15 to 0.5% amd
ergosterol 0,002% (w/v) am Tweem 50 0,5 (w/v) were added.
& SAXeYigiap was grown in the same wedium for 1L bours at
30° Both under N, and in vigorousiy shakenésrodic cultures.
:actate grown ceolls of .. gergyislas vore gzowve in vigorously
shakem aerobic comiitions for 1E houra at 30° in the modium
of Lpluvuassl and Slomiweki (19%C) in which the glucose was
replaced by J~ sodium lactate; again, the Jifco yeast

sxtract was lowered from 1 - to O.%%. . gracilis was grown
hoterotrophically in the light {700 ft. candles) at 25° for

L daye im the wediuve of Mitnor gt al. (1956); or at 25° inm
the dark for ! days, followed by ! hours illumination at

i2% f¢. candles,

Somle axtracks. ATter being harvested and wakhed in
Col2M grig=liCl BDulfer {(pH 7.4) tho orgunlsme wers suspenied

in freash buffer to give o final concentration approxloately
130 mg dry weight/ul aml them disrupted in the following
nammer: L. pbilim snd . corevialpe colls were brokem by

passing the cell suspension three times through the pressure
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cell described by Milmer gt ak. (19%C) at 15,000 1b/in”.
Whele organiscs am! Cebris wers removed I'vou brokem cell
suspensions by centrifigation at 6,000 x g for 15 wimitea st
5%, These extrmota contained 20 « 3C wg ::réte;in/nl.

Le gXpsilia colls were harveated and washed in C,02M gris- -
HC1 buffer (pMl 7.4). 4 cell suspenaion in the seme buffer
wes passed once through the high pressure cell at 1,125

lh/in?‘. Cell debris and paranylut granuies were reooved

b caﬁkrmsging at 200 x g for 5 winutes.

(R.C.1.B. £2%3) was uaintained

as otab cultures {lLascelles, 195%8). Inoculur cultures (30 wml)
wvore grown in derk semi-ammerodbic conditions in ledium &
containing 0.2% yeast oextract {iascelles, 1956). 10 ul of
this wore ineculated into 'l batches of !lediuwm 5 and grown

in dark semi-gnaerochic conditions according to Higuchi gf al.
{1965) for 36 hours. Colls wore harvested and washed as
deseribed by Lascelles {1956), Crude enzyme extracts were

propared {roa fressoe-dried organismss by the wethod of Fikuchi

sk al- (1988), using U.00%M phosphate buffer, pH 6.9. The



100,000 x g supermatant was dialysed ag#:hmt the sawme
buffer, changed twice, for three to four hours. The
enzyme was stored frozen in swmall viais at -150.
Soctexdial succinyl Coh synthetase

Purified proparations of the enzywne were obtained from
Eschexrichia goli (Crookes strein) as described by Remaley

et al. (1967). The enzyme was purified to the stage of first

elution from DEAE-iephadex; ¢olumm fractions were pooled and
the enzyme precipitated by ammonium sulphate. Fhosphate

was removed from the redissolved protein precipitate

by dialysis against C.C5" tris-HC1 (pH 7.2) containing C.OlM
HCl:. The enzyme was stored frosen in small vials at -15°,

and diluted with 0.1 tris-HC1 (pH 7.2) as required.

Dilution was mich that tho activity was approximately 10 jmoles

of succinhydroxamic acid produced/30 mimites/ml of enzymo

solution, as deterwined by the method of Kaufwan (1955).

Crude extracts of the enzyme were prepared from
Eacherichig coli (strain B), grown overnight in nutrient
broth. The harvested and washed orgemisms, resuspended in
1.5 to 2 volumes of 0,1} tris-HC1 (pH 7.8) containing C,14H
magnesium acetate and ¢,06M lCl, were disrupted by ultra~

sonication. The resulting suspemsion was comtrifuged for
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30 uinmutes at 100,000 x g and the precipitate discarded.
The supernatint, dialysed overnight agninst the sawve buffer,
was stored frozon in small vials at -15°. The average
m;otoin content of these oxtracts was L ,U ng/ul and the
activity (measured by the uethod of utadtman, 1953) im

G.,05 ml was 5 umoles of acetyl phosphnite degraded/15 minutes.

ALA in trichlorescotic acid supernatants «f imcubations
or in solutions of symthotic AlLA-HCl was comverted to AL:
pyrrole by the procedure described in this chapter (p. ;6 ).
Aftor cooling, colour was developed by the addition of an
equal wvoluuwe of Ihrlich roagent, . The amount of AiA

originally present was calculated from the unlar absorbancy

of this solution at 3552 wy as deacribed by Urate and
4A-in trichloracetic acic supermatamts of incubations

or in solutions of the p-toluomne sulphonic acid salt of AA

waa coaverted to A\ pyrrele as described in this chapter

(pl6 )« The same procedure described above for the
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estimation of ALA was then applied amd the emount of AA
originally present was calculated from the molar abaorbancy

at 552 wmu as described by Urata and Granick (1963).

> AlLA o] b

Y¥hen ALA snd AA were to be determined separately in
mixtures of both, the ether extraction procedure of Gramick
(1966) was used (modifications are described in the
relevant sectioms ).
Egtiuati ¢ to

The concentratiom of protein was determined by the
method of Lowry et al., (1951) using crystalline bovine
plasma albumin (Amour iaboratories) as the standard.
Eatinnt

Total hoem conutent of crxle extracts was determined
fron the difference spectra of reduced and oxddised
pyridine haewochromangen as described by lorra and Jones
(1963).
) lo o

Total chlorophyll content of plamt cell fractions was

determined by the metho! of Armnom (1949),
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PRELIMINARY STUDIES ON ALA SYFLDIETASE FROI
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As alvready described (p. 43 ) the overalil aiwm of the
roseurch project, cof which the work im this thesis is the
first part, was to further study ALA aynthetase of iiver
witochoudria end its control, ami also to investigate
possible tharapeutic wmeasures for treatuent of mcute interw
pittont porphyria. 4As a first approach to thie it was

decided that a wore sensitive assay method for ALA

synthotase wvas needed so that morsal tissuea and saall
anounts of tilissue could be quantitatively investigated.

Secondly, it was decided that a study of the liver Al A
synthetase was necegsayy since very little is known about
it as on enryme.

In view of these aims, initisl work on a bacterial
ensyne may seem parudoxicel. However, first attewpts to
dovelop @ new assay meothod for the liver engywe ran inte
the perious difficulty of enzywe imstability. The fact that
even storage at -15° guve large aml whpredictable loseses,
coupled with the mecessity to obtain the smzywe from drug

treated puinea pigs, uade ilnitial work on the anizal enzyne
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very difTicult. 4Ae a result of this, and Qespite the risk
that the aniual and bacterial emgywes could prove to be
quite different, 1t was Jdecided to carry ocut iniltial
prelininery studies om [i. guhwroldesg extracts in the hope
that information amn: ex;erience gainoed would be useful as
a guide to the study of the andmal cnzyme, To a roeasmmable
extent thia proved to be the case.

The work in this chapter describes (a) the colorimetric

aseay of R. gohereldes A A synthetase basod on existing
procethiros, (b) & study of the stability of the onsywe aml

{c) a partial purification of the enzyue. .t perhaps
chould be omphasised that the word was atrictly of o

el iminary mature amnd ne attempt was uade to inmvestigate
the enzywe in any detall. The work is dosoribed however,
despite this since it is rolevant to later ports of the

thesis.

Ao xiathetase of Crude

Ixtracts

B. gpherolias cells were growm sotii-annercbically in
the dark amd extracts Dprepared as deacribed Iim lMaterials omxd

Mo thoads {p. 55). These soluble, dlalysed extracts were uscd
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in all subsoguent work described im this chapter,

The incubation systeom for assay of onsywe activity
{cescribed im full in Fig. 3.1) contained, in addition to
other couwponents, purified L. goll succinyi CoA synthetase
to gonerate suecinyl CoA. Although lascelles (19%59) has
reportesd the presenco of this engywe in crude extracte of
B. spherpidesr the L. colli enmymume was founk! to be essemtialjg
very little ALA synthetame activity could be detected inm its
ghasence., it was alao detoruined that optimal activity was
obtained in this aystem at pli 7.4 in tris-HCl buffer.

Separate controls showed that the L. goll preparation contained
ne ALA (or AA)} symthetase activitics.

The crude extracts of K. apherpides produced Ai; this
was shown by conversion of the aminckstones to pyrroles and
extraction of the aoiutioﬁ atl pH 7.0 with ether (Granicik,
1966). The ether extract waes foumd by thin layer chrouasto-
graphy to contain AA pyrrole. For this reason the ethor
extraction procedure of Ormnick (1966), slightly wodified as
described im Fig. 3.1, vas used for all assays. The results
in Fig. 3.14 show that the wethod gives reasomable proportions
0lity botween the snount of AM.A formed and enzywe comcentration.

The tims course of the reaction Fig. 3.1B) which 1s linear

for approzinately 20U uinutee. is also shown. Additional



M. Colorinotric assay of MA synt

activity in cxude extracts of

Ao LUffect of onzyrw comcentration,

B, Time coursce of omzywic reactiom.

incubation wixtures contained in Juolies (xm}.aas
otherwise statod)) tris-diCl, pl 7.4, 100; glycine,
1G0; potassium suecinate, 10C; EQ@:CI?_. L0y Cod, C.25;
pyridoxal 3S-phosphate, 23 ATP, 10; G3M, 43
succinyl CoiA aynthetase, .2 ul; R. gplersides
extract an' water to a final volume of 2,.C wl.
Tubea wore incubated at 37° in a shaking wator
bath for 60 wimutes and the roactions wese stopped
with 2 ml of C.J3M trichloracetic acid. Aflter

cemterifuzation, 2.5 nl of the supcrmatants voure
tixed with .75 ul of 1.0! sodium acetate and

e1 ml of mecetyl acetome added. These solutions
wero heated at 100° for 15 wimites ami after cooling,
1. ml of each was treated with 1 ml of Ihriieh
rengent amxt totrl pyrrole present weasured., The
roueinder (2.35 ul) was adjusted to pl 7.0 with

G5 wml of O,51 anl‘i’?ﬁz‘_ and¢ G.15 ul of 1.0} HaCH
and AA pyrrole extracted intc other (Granmici,

1966). A A pyrrole in the aqueocus layer was
seasured and corrected oy AL pyrrole rouaining
wmextracted according to the forvula of Granichk
(1966)., (This latter correctiom formule was adjuste
ed to allow for the altored voluwes uscd herv.)
Values given refer to AA in the ¢ wplete incubation
nixtures.
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experinents in which tho trichioracetic ncid supsrnatants
were directly treated with ihrlich reagemt showed no
detectable iDG forsmtion by the crude extracts.

The sta dard procedure of asssy described in Mig. 3.1
wis therefore adopted routinely for all of the work reported
in this chapter and assays were adjustod to give not uore
than 100 mumeles of Al 30 as to be on the virtuaily limsar

part of the curve.

B. S Reld £ o
in tUrude Ixtracts ofw

(o) Lifect of teuperature om enuame stability

wamples of erude extract wore held at different
tauperatures for varying times up to 3 hours, Fig. 3.2 shows
that the enzyme lost, over this pordiod, G4 of its activity

at 1% 170 at 20° ana 605 at 30°. 30° wos chosem thorefore

a8 a suitadble temperature for subseguent atoblility tests.

(b} Liect of pil on epoyie stability

Lamples of the enzywe were incubated at different piH's
at 30° ani the activity rouaining at the end of 160 winitos
oeasured. The ensyme was wost stable between pli 7.0 and 7.7
and the stability decreased sharply on both sides of this
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samples of crude extract (13.3 mg of protein/ul ] were
reincubated at 4°, 20° and 30°, ALA synthotase
activity was deteruined, as described in Fig. J.1, in
U.1 ml ssmples withdrawn at hourly intervals {from

each Bolution. Results are expressed as the percentage
remaini of the activity of the original untreatod
extract (/6.5 rymole AldA produced/mg of protein/hr).

: O
s 3 % g—eo s 20% O==0 5 39 &
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ronge (Fig. 3.3).

(¢) Lffec -Gl

¥ilachi, Kumer and showin (1959) concluded from imhibitiem

and reactivation experimemte that R. gpbexcides A-A synthetase
is sm 4 ovnzyme; (the experimental evidomce for this has
however, not been published)., DBy comtrast, Burnhan ami

Lascelles (1963) found that thiol compounds stabilised the
engywe only whem a specific iron chelating compouml wes also
present.
In the present work O5H and substretos were exnunined
for stabilising ability. leparate experinents had established
that R. gphexoldes A4 synthetase activity was enhamced by
spproximately 40% whem incubations contained 2mi! G3H but
that it was ivhibited whenm the concentration of Gl wae
groater than Lui, (The effect of GEH om the activity of the
enzyme iz shown in Fig., J.4.) As shown im Table 3.1, G5H
had » doletericus effect on the etability of the eunxyue.
After standing for 90U wminutes at eiltheyx 4° or 30% in the
presence of GiH, the onmywe activity remaining was 17» leas
than that remaining in the comparable controle (mo additions),
The toble aiso shows that glycine and sucoimate had little

or no significant effect om the stability of the enczywe.
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Semples of erude oxtract (14.7 ug of protein/ul)
vore ulxed with tuffers {Goscribed below) and the pH
of each checked om a glass clectrode, The {insl con~
contration of Luffer in cach solution was iC wi,

The tuifers used and tho pl values cbtained were as
follows: nucoinate.- 5.13 cacodylate, G.J; phosphate,
6.8y Neathylmorpholine, 7.0 tris-iffl, 7.7 and £.63.
After 2 hours at 30°, C.1 wl samples of cabh solutiom
wore rewoved and assayed for AlA synthetaso activity
as described in Pig. 3.1 {Thc amount of bufier

(3 poole) in 0,1 wl of emzyve solutiom wans insufficiont
to interfere with the pi of the inocubation mixtu:w?e,)
Rem:1ts are ¢:;ressod &8 n percentage of the activity
in the original untreated extract (L5.% mumwie AL
produced/uwg of protein/hr),
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inicubation conditions anc we thod of assay were as
described im Yig. 3.1, e¢xcept thal thie concentratiom
ol &M was varied. Values given refer to Al
iradtuced in the cowmplete incubation wixtures.



STABILITY OF ALA SYNTHETASE IN CRULL EXTRACTS OF

. SP Y
AlLA synthetase
Additiomn Concentration (s origiuay? activity)
(wi) ho 300
None - 97 53
GsH 10 52 35
Potassium succinate 10C - 55
Glycine 100 88 41

All solutions, adiusted to pH 7.4, were added to sampleg
of crude extract (13.3 wg of protein/ml) to give the

final concentratiomsshown., The enzywe golu‘tions were then
digided. one half being maintained at 4% and the other at
307 for 90 minutes. AlLA synthetase activity in 0,1 ml
sauples (equivalent to 0,09 ml of the untreated extract)
of each solution was determined as described in Fig. 3.1,
Results are expressed as the porcentago remaining of the
activity of the original untreated extracts (33.7 wumole
ALA produced/mg of protein/hr),



Pyridoxal S5-phoasphate exerted s considerable stabilising
effoct on the enzyws. The effect of this compound over a
four-hour period ies clearly shown in Fig. 3.5. After 4
hours at 30%, 60.. of the activity presont initially
reousined, cowpared with omiy 40 in the controis {(mo
additioms ).

(e} LiXec
Fig. 3.5 also shows that EDTA had a deleterious effect

on the stabllity of the onzyme; activity romaining at the

end of 4 hours was 15, less than that of the comtrel (me
additions). 1n accordsnce with the cbservation of llarver
9% al. 1966b), that A2 A synthetase activity in liver howoe

genatos was alwoast doubled when 1 mi! IDTA was included in

incubation mixturea, Al A synthetaso activity in crude

extracts of R. gpheroides was 25° highor inm the presonce

of 1 wif OTA.

ff) Lifect of neta

since the stability of A & synthetase in crude extracta

of R. gpharoides was deoremsed in the presence of the

chelating agent EUTA, the effect of wetal ioms on the
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'yridoxal S5-phosphate and LIITA, adjusted to pH 7.4,
vere added to separate semples of crude extract
(14.0 mg of proteoin/ml) to give final concentratious
of 10 and lwi! respectively. (.1 wl samples of
these enzyws solutions, together with a control
(without additions) were irmediately assayed for
#A4 synthetase activity as described in Fig. 3.1.
The remaining portion of each of these solutions
was waintained at 30°. it hourly intervals, (.1l ml
samples were withdrawn and AlLA synthetase activity
determined. Results are expressed as a percentange
of the emzywe activity present in each solutiomn,
when assayed at zero tiue. Activity of the originel
untreated extract was 2.7 wumole of Al produced/wig
ofprotein/hr.

O=~= 0 s Mo additions to preincubation;

o~ @ + PYridoxal 5~phosphate present;

A== s 3 LUTA present.
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stability of the enzywe was oxamined. !agnosium wvas
choseu as ome of the metals to be tested since a muuber
of workers have imcluded 3-’g€12 in buffers used im the
preparation of extracts of the bacterinl cnzyize (Burnham
and !asceliles, 1963; Higuehl of al., 1965) and suspensiouns
of liver witochomdria (Granick smd Ureta, 196)). The
affect of zinc was alao investipgated because it has besm
suggested that zine may be involved in the overproduction
of porphyrins ia wan (ieters, 1957).

The results in Fig. 3.6A show that while !ig' ' had
s slight stablilising effect om the onzyue liu** hud none,
Howeveor, in the presence of pyridoxal %S=~phoephnte and
either figM or Eln“, no activity was leost during the first
hour at 30°, After : hours, 75 of the imitial activity
reuained when hoth pyridoxal S5ephosphate and 'ig'~ were
present, 6. im the presence of pyridoxal J-phosphate and

T

“n ond 60% whem pyricdoxal Se-phosplmte alone was added.

C. Yartiel Murificatlion of the Dacterdal AIA

Burshex: and lascelles (1963) purified the enzyme frow

2. gphereldes spproxicntely 10 fold. These authors however,
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were withdrawm from each solution and ALA synthetase aotivity
deteruined. Results are expressed as a percentage of the
activity present im esach solution vhen assajed at zero time.
AlA synthetase activity of the originasl untreatesd extract was
7¢ mumole of ALA produced/mg of proteiln/60 rin. @e=me , NO
additions to preincubationj; A=A » 1':gCly prosent;

O== 0 » «m50; present.
(B) Lxperimwntal detalls werc as described for Fig. 1.54,
except that all enzyme solutions contained 1Gnl. pyridoxal
S=phosphate. Iesults are expressed &8s a percentage of the
activity present in each solution when assaycd at zero tiue.

. @m9 1 1o additions, ,._ a , }NgCl2 present;
Owme O 2 :(.n:i()b’ present,
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encountered difficulties duo to enzyme instability and to
lack of reproducibility of DEAL-cellulose fractionmation

PO CediXr OB,

In the present work preliminoary experiments showed
that for absorption of ALA synthetase onto DEAE-cellulose
the enzyme solution wust not exceed U,CO5H in buffer
cancentration. Pyridoxal S~phosphate was added to
stabl lise the emnzynea.

The followlng purification procedure was developed
and used successfully a number of times. The method is
described since purified bacterial ALA synthetase obtained

from it was used in subsequent work,

Unloss otherwise stated, all steps were carried

out at 2800

step 1. 10 g of freeze-dried R. gnheroides (p. 57)
were suspended in 100 ml of phosphate buffer (pH 6.9) (0.005M)
containing 1lwmM pyridoxal S5-phosphate. The cells were
disrupted by ultrasomication for 2 minutes (in 20 wl vatches),
the temperature being kept below l4°. The mixture was
contrifuged at 100,000 x g for 30 mimites and the supernatent

(70 m1) collected.
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2tep 2. 5 ml of streptomycin sulphate were added
slowly while stirring, and the precipitated nucleic acid
romoved by cemtrifugation. The supermatant was dialysed
against 10 volumes of the phosphate-pyridoxal S5-phosphate
buffer for 3 hours with 3 buffer changes., Volume of

dialysate, 63 ml.

otep 3. 12.5 ml of the dialysate wore mixed with an
equal volume of saturated amwoniim sulphate adjusted to
pH 6.9 immediately before use, After 15 minutes the
precipitate was cemtrifuged down at 45,000 x g for 20 minufes.
dissolved in a minimal volume of phosphate-pyridoxal 5-

rhosphate buffer aml dislysed as In Step 2.

zkep L+ The solution was applied to a DEAR-cellulose
colurm (10 x 1,5 cm) previously equilibrated with 0,00%M
phosphate buffer (pll 6.9). The columm was washed with 15 ml
of this buffer, followed by 20 uml of 0.C75 ! phosphate
buffer (pH 6.9). 7The columm was then oluted with a linear
phosphate buffer gradient (50 ml of C,1N buffer and 50 ml of
04.3M buffer, both at pH 6.9, in the two vessels )., 5.5 ml
fractions were oollected. ALA gynthetase appeared as a

broad peak with cmly a small purification achieved.
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iteap 5. The pooled fractious (Nos. 10-17) comtaining
AlA synthetase were treated with an equal volime of saturated
armonivm sulphate (pl2 6.9). The precipitate was centrifuged
down, redissolved and dialyaed as in Step J.

The purification achioved only a 4 fold purificatien with
a 14% yield (Tadble 3.2).

The onzywe was stored in small batchos at -15°.
Approximately 50% of the original activity was present

altoer 3”!} woelka,
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PURIFPICATION OF Ala OYNTILETASE FROH 2. 2RO LDES

ixperinental Jdetalls were as described in the text.

Fraction Volumse Concemtration Specific Roeovery
{m1) of protein Activity (%)
(ag/ml ) (spumole ALA/

hr/ug protein)

Step 1 - eruwde extract 70 13.5 108 1006

Step 2 -« supernatant after
treatuwent with streptomycin
sulphate and dialysis 68 i1.0 147 110

step J - redissolved precipie
tate from treoatment with
sore ()00, emed

ddaiysis' =~ ° ' 6.7 .7 245 72
step § - eluate from Uil
cellnlese (fractions 10«17) B .12 w3 7

Step 5 « redissolved preciplie
tate from treatment with
HO (mh},’;ﬁea sl Qialysis 2.5 27 L3 1y

‘0l



71.

The main achievenent of this prelimimery work vas
the finding that Al.s synthetase of . gphgroldos is
stabilised by pyridoxal S-phosphate., 4 similar observation
hes since boen reported by Neuberger (1968) who foum! that
this coupoumi, together with succinate mnd glyecine, marked:y
increased the stability of the bacterinl encynme.

Fortunately, thce liver enzyme proved to be similar to
the bacterial engywe in this respect and use of pyridoxal 5-
phasphate permitted its storage and hanlling with predictable
rosulta. (This is desoribed in Chapter 7, De 134 o)

The purification achieved here with the bacterial
enzywe has no particular significance since it is not
superior to that of Durnhas and Lascelles (196)). 1t did
hovever, provide a preparation of onzywe useful im subsequont

wori wvhich is described in the mnext chapter.
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Although the incerporation of i succinate and 1¥C-
glycine imto ALA has been demonstrated (iaver, Neuberger
end Udenfriend, 193%8; ikuchi gf al., 195¢), these obaerva=-
tions have not beon utilised as & weasure of Al 4 synthesis.
Recently howevor, the decarboxylaticm of lgcol-glycino,
under appropriate restrictive conditions, has been shown
to parallel ALA synthesis (Lewis gt gl., 19567).

ALA synthetase activity is usualiy determined by
converting the ALA produced to & pyrirols by condeﬁnatian
with acetyl acetone, the pyrrole thsnvbeing-moasurud
éolorim.trically after treatuent with ihrlich reagent.

Une of the difficulties attached to colorimetric assays of
ALA synthetase in crude preparations of this enzyme (¢ that
liver and other cells forwm AA{Llliott, 1959, 1960a; Green
and Llliott, 1964 ) as well as ALA (Granick and Urata, 1963)
awi AA 45 also converted to a pyrrole on comiemsatiom with
acetyl acetone. [For the messurewent of ALA synthetase
activity it is thereforc mecessary tec separate AlA amd Ad.

dlethods hove beem described in which separation is achieved
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on resin columms either before (Urate and Granick, 1963)
or aftor conversion to the pyrroles {(larver gk gler i966a).
The pyrroles may also be separated by extracting AA pyrrole
into ether, the AlA pyrrole remaining in the aquecus layer
{Grentck, 1966; Bottowley smd -mithee, 1963).

¥hile these procodures are satisfactory feor the ucasure-
ment of ALA symnthetase in preparatioms of porphyric liver,
reticulocytes or R. gohereoides im which activities are high,
difficulties are encountered when they are epplied to tiseuen
of low activity, such as norual liver (iiaxrver gt pl., 1966b),
or when only small amoumnts of tissue are availcble (Grsmick,
1966).

The ¢ifficulties inherent in these wethods i1s illustrated
by the work of vVaxwem g% gl. (1966) who had to use drug

induction to amplify the [luctuatioms in liver ALA syuthetase

activity in reaponse to haem levels. .f noreal levels of the
ensywne are to be wmeasured with amy degroe of aceuracy, a wuch
wore sensitive method is required. Such em assay is also
noeoded for the weasurenent of AlLA synthetase asctivity in small
amounts of tissue for c¢xouple im chick eubryo tissue culture

systews, for which semi~quantitative indirect aseays have had

to be used {Gramick, 1966; | evere ami Grsmick, 1967).
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The potontial advantages of using . ‘Ce-succinate -
procursor in the eynthesis of AlA wero two=fold, (1) The
somaitivity of the assry could be greatly increased amd
(z) AA Qyuﬁmssa could be exciuded, ;:ravmed of course
that appropriate requirementa ocould be oeot.

This chapter describes the developuent of such an
asouy in which the incorporatiom of '‘'Cesuccinate into ALA
can be accurately measured. The procedure finally adopted
for crude preparations of the enxywe, such a&s witochondria
and homogenites of livers (rou porphyric guinea piga,
depends on (a) restriction of the wetabolism of succinate
during incubation, so far as posaidble, to Al aynthosisg
(b) rowmoval of excess ‘Ceguccimate by Jowex 5¢ (0 )
abaorption of ALA; (c) the senaration of labelled AlA frox
other radicactive Dowex absorbeble compowaxis by the extraction
of' ALA pyrrole into ethyl acetate, and (d) idemntification
of labelled AlA pyrrole by thin layexr chromatography aend sutow
rediograplyy (the latter step mot being part of the routine

assny, howover).
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ry otudies om neocornor:
dmto Mo by Ald ymthotase in Crude and
Purified bxtracts of R, ephercides

Although the assay wag intended for use in aniwmal
tiseues, initial studles were wade using the bacterial emzywe
since active and roassomnbly etable preparations werc readily
svailable which was not the case with the aniwmal enzywe.

For crude bacterial extracts, the method fimelly adopted

was to permit imcorporation of 17Cel,lj~succinate into ALA,
After removal of protein, Al A vas absorbed onto iowex 350 (B?)
and excess succinate washed awey with water. The ALA was
eluted with pyridine-acetate buffer am! couverted to the
Pyrrole which wa: extracted into ethy! acetate, In order

to increase the sensitivity of the methol, the ethyl

acetate was romoved by evaporation and the residue dissolved
in & winiwal volume of wethanol; radicactivity was deterwined
by scintillation counting. Samples of the fina! methanol
solution were chrouatographed om thin layer plates to verify
that all the radicactivity was in fuct prosent as Al A

pyrrole,
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The finei method adopted 1Is described in the legend

to Fige. 4.3. A Gescriptiom of the investigntions wade at
each step of the procedure wilil now be given since these

wore essontial im estoblislhidng the validity of the wmethod.

1

(n) spgration ol A oY Cesuccinate by llowex Nl Ui'rl

{i) Absorptiuom ol . into Vowyex S0 (11 ) a;el its elution

The comditions under which Al im (,15 trichloracetic
acid is ebsorbed onto Dowex 50 (M ) and 3¢ of this reproduce
ibly eluted are shown in Teble .1, The same recovery was
achieved wvhen 5C muncles of Al A were added to the trichlore
ncetic acid supernatant of an incubation wixture centaining

emzymically formed AlA,

(ii) Nawoval of = ‘Cepucclinate frow the Al fraction

-

Table L .2 asliows that a 10 ml water wash removed

wore than 99,75 of added succimnate fron the owex coluum.
Thias procedure was siightly wodified for use with trichlore

acotic aclid supermatents of incubation mixtures. 10U pwmoles
of imlabelled potasaiuvm succinate am! 1 Jdwoie of carrier

AlLA were added to these solutlions before the treatwent with
bowex 5C (11" ) and the smount of water uscd to wash the
columms was increased to 30 ml., Lxaninction of trichlor-

acetic acid supernatants of goro time incubstions (exper lwental
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Y OF AlLA BY ELUVTION FROM DU L RO (_‘LL

Xpown amounts of ALA=HCI 4m 4.¢ wml volumos of 0,15H
trichlorucetic acid were applied to ilowex %G (H') columms
{3 x 1 cm)., The columms were washed with 3U wl of water
snd AlA eluted with 10 ml of 2/ pyridine—acetate buffer,
pil 6.0, The eluates were collocted in 1U¢ wml round
bottowed flasks, comnteining 1 drop of concentreted HCI
(added to maimtain an acid pH during evaporation of the
buffer) and twice evaporated to drymess under reduced

pressure on a Buchi Rotovapor. Hesidues in each flask were

diseolved in 2.5 uwl of water. 2 wl sSmsples were taken for

assay of Al 4 by the preocedure described in aterials and

tethods (ps 57 )o

A A«=HC1 adkied & A recovered 7+ Recovery
(wimole) {sumole )
50 LS o0
160 G 9C
15 137 21.5

200 185 32
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¥, » )
1"C~l.?s-mzcc$nic acia in a 4 5l volume of

0.11 pmols uf
C.15:1 trichloracetic acid was applied to a Jowex 50 (')
coluzm (3 x 1 es)s The colucm was washed with 10 wl of
wator and the total eluate collecteds 7This was followed by
10 ml of 2! pyridine~acetate buffer, pI! G.U and the sluate

collected separatoly. The volumes of both eluates were

made up 0 15 ul vwith water. A contrel, wvhich was not
subjected to the Lowex 5 (H"'} treatuent, contained Q1 mole of
3’C-1,!;-succin&c acidr S owul of G,15/ trichioracetic acid

and wator to a final voluwe of 15 ml. (.05 ml .amples of

oach solution wers dried on filter paper disca for scintl-
llatiom counting. haerved counts showa are corrected far

background, but mot for coumting efficioney.

Traatuant Ubhaerved cpw
Noue 24271 100
vowex 50 (') water

wagh 2258 9947
owex SU (H') burrer

oluate 5 Co3

« Lpecific msctivity L.E sC/nvleo.
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details given in Fig. u.B)Showed that under these conditions
the radioactivity eluted in the ALA fraction was less than

0.3% of the total.

(b) Extraction of pyrroles into ethyl acetate

Fig. 4.1 shows that ethyl acetate extraction of ALA

pyrrole, formed from known amounts of ALA-HCl, gave 85%

recovery and that this was linear up to at least 200 mumoles

of ALA, AA pyrrole could also be extracted into ethyl

acetate but no quantitative measurements of its recovery

were made.

(c) Thin layer chromatography of pyrroles

Under the conditions described in Fig. 4.2, ALA pyrrole
is readily identified on thin layer chromatograms and is

well separated from AA pyrrole. In the system used, ALA and
AA pyrroles moved, with RF values of 0.5 and 1.0 respectively.

(d) Incorporation of th—succinate into ALA by crude

extracts of R. spheroides

Crude extracts of R. spheroides ALA synthetase were

prepared as described in Materials and Methods (p. 55 ).
These were used in preliminary experiments carried out to
determine whether reproducible estimations of the incorporation

of 1Z‘C—succinate into ALA could be obtained by the use of all
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Fig. L.1. Extraction of ALA pyvrrole by ethyl

acetate.

Known amounts of ALA-HCl in 2 ml volumes of O0.15I
trichloracetic acid were converted to ALA pyrrole
as described in Materials and Methods (p.46) and
the solution extracted with 25 ml of ethyl acetate.
The ethyl acetate layer was washed with 3 wml of
water and was then evaporated to dryness under
reduced pressure. The residue was dissolved in

5 1zl of water and 5 ml of Ehrlich reagent added.
The figures on the abscissa represent the original
atiounts of ALA pyrrole before extraction.
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Fige.lte2« Thin layer ch romatography_of ALA and AA
pyrrolese. 200 mpmoles each of ALA-HC1

and the p~toluene sulphonic acid salt of AA were

separately converted to their respective pyrroles

as described in Materials and Methods (p. L6 Y2

The pyrroles were extracted into ethyl acetate

as described in Fig. 4.1. The ethyl acetate was

evaporated under reduced pressure and the residues

were dissolved in 0.5 ml of uethanol. Samples (0.01 ml)

were spotted on glass plates coated with Kieselgel G

and chromatographed in methyl acetzn‘,e—isopropanol-—25%

IIH,0H (45-35-20). Both pyrroles were identified by

spraying the plates with modified Ehrlich reagent

(b) (Materials and Methods, p.L7 ).

(1) ALA pyrrole
(2) ALA pyrrole + AA pyrrole
(3) AA pyrrole
éf,'g ALA pyrrole + AA pyrrole
AA pyirole

)
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of the procedures (escribed above when they wore applied
to trichloracetic acid supematants of incubatioms.

The results shown in Fig. 4.3 were calculated frowm
radiomctivity measurements wnoade at each stage of the
procedure designed for the separstion of 1!‘C-ALA (as the
pyrrole) frow other labelled compoments oi the reaction
vixtures. 1t was cmlﬁdcd that radicactive Lowex 5C
(1"} sbsorbabie compounds, other than A i, were also
eluted from the colutms by the pyridine-ancetate buffer
since the incorporation of ' *Cesuccimate imto Ali as
deteoruined f{rou: uwensuronents of the radioactivity present
in the Dowex 50 eoluate was approximately 7U% higher than
that deteormined from sfeammouga of the radicactivity
present in eithor tle s‘mthnnoi solution of A A pyrrole or
in the silica gel comtaining Al A pyrrole isolated by thin
leysr clhromstography. or the estimation of AlA synthetaso
nctivity in crude preparations of the onzyrie it seemed
thercforc that formmation ant sxtraction of ALA pyrrole were
hoth essential eteps in the procedure.

Fig. 4.3 also shows that further ceparation of AlA

pyrrole by thin layer chromatogrephy was not essential and
furthernmore tlat the incorporation of “*'C-wccinato into

ALAy as determined from radicactivity uocscurewonts of the
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incubation sixlures wore as described in ig. 3.1,
sreont that misbollied potessiuw succinate was awiitted

1*5»

Blwl g hemnioginie avidg (a;;;;‘:ﬁmf&-"ii’iﬁ

anct VW57 puolie of
setivity Bol 4U/ umele) inciooed instead. The reaciions

woere stopped by the addition ol o wl Ul trichilorncetic
acld containing 1040 gneles of vniaballesd sotoasice suceincteo
G L odmmie of caryier A... 5wl ef the vrotein ivee

TR

gupernalanis were applled to lowex 3¢ 4 ; coluwms and
3 ¥

the

=iy geguecinie sodd washsd througlh with 30 @i of

HOteYr. a4 wes gsivteds wiith B owa ooy 20 pyridiing~asotate

3 % - T . e i - % Y P 3 ' oy g e 3

S e e aluztes collected iwm 199 wi sound
-

bettonea flasks contasdning | deon of comeonirasted 01,

&

The bulfor was 3

e by svaporatlon twice o doynoas
ey reaucsd prespuye and the reslduess were Jdlaselved

in 1 @l 85 watere (.05 mi piee of Eese solutions
5

wore oriod mmto filter poper dises for counting in o
facard scintillstion spectropeter. ALA in Vo8 mul of these
zolutions was converted te AlLL pyrrelie {as described in
Fateriale and ethwisg, ». ;;5} whivh wis sxirasted inte
<5 wl of ethy! secetate. The sthyl scetate was resoved
by evaporstion under redused pressure and the residues
wers dissolved In C.h wl ol melhanol. U408 ml samples of
these solutions were cdrloy snto flitesr paper dlscs foy
seintiliation ceunting. At the same tiwmo .00 nl amiples
of the smethanoel soluiion contoining Ald Dyrrolc wers
ehromutographed on hin loyer pioies as deseribed 1n

“ige Gew amd thean wore sproyed with Yhelioh oo sent {bl.
The ersss coembeining Ao DVITOLE were sO0raned o7 ithe

plates amd the silies gel fruow cach snot was BUETSIRIG
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ALA (mumole)
&

| immamp)

0 05 010
CRUDE EXTRACT (ml)

@ ¢ -4 calcvlated from radicuactivity
tteasvrenetits of the .‘owex 5 eluate; o ——
414 caleulated from radiowctivity mwasurcuents
ol tlie wethancl solutlon of ..i.. pyriole;

Ammm p 3 <ot c@leulated frowm radicactivity
nesswenents of the pyrrole isolated . from thin
tayer clivouatogratia.
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methanol solution of AL A pyrrole, was approximately

proportional to the asount of bacterial enzyme added.

ALA synthetass was persially purified frow R. gpheroides
as described in Chapter 3 (p.67 ) amd the activity of this
proparation vas determined by the standard colorimetric
assay procedure (as described in Fig, 3.1, p. 61). A
linear response to enzyme concentration was obtained and
this is shown in Fig. L.4. Also shown are the results
of assays in which 1&C—suceinate replaced unlabelled
potassivm succinate as the substrate. Although these
values were only 60% of those obtained by the colorimetric
procedure, they aleso showed a linear response to enzyme
concentration.

By contrast with the results obtained using crude
bacterial extracts (Fig. 4.3), the total amount of radio-
activity presemt in the lDowex 35U eluate was virtually
the same as that present in the methsnol solution of
AlA pyrrole (Fig. 4.4). This indicated that for

purified preparations of bacterial ALA synthetase, the
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o s RS LD e For the coloriuvetric assay, incubu-
tion conditions and experimental procedures were as
described in Fig. 3.1 (pe 61)+ For the radiochewmical
assay, incubation conditions and experimental precedures
wero as described in Iig. 4.3¢ excent that the thin layer
chrouatogrephy etep was omitted. 7“The figures shown on
tlie orainate represent the total wmount of i, forumoed
during incvbations and sre corrected for the values
obtalmcd from zero tiwue incubatione processcd ot the

samce time. IProtein concentration of the enzyue solution
was tefil myp/ul,

AR A L it Sy

__ m=—m , colorinetric asenyj AN g e ..
cnlculated from radlocctivity measureancnts of the ‘owvex
5¢ clunte; Aema , .M. calculated from radiocactivity
rieasurezents of the methunol solution of ... pyrrole.



procedure could be simplified in that it was ummecessary
to comvert ALA to the pyrrole since almost all of the
radioactivity present in the Dowex eluate could be
attributed to AlA,

The great potemtial value of a sensitive radio-
chemical assay when dealing with low levels of the ensyue
is illustrated by the fact that an cbserved value of 1083
cpm (representing the synthesis of 5 mjimoles of ALA) was
cbtoined, while the correspomiing optical density reading
far tli: colorimetric assay was 0,021,

Optimal incubation camditions were not further
investigated for the radiochemical assay of the puri-
fied bacterial ALA synthetase since these experimente
were only a preliwminary towards establishing a techmnique

which would be applicable to the liver enzyme.
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The oxtracted pyrrole derived from - 'CeAlA synthosised
by the purdfied bacterial onzywue was subjected to thin
layer chxrouatography und tlw resulting dhrouantogrom soammed
Tor radicactivity. Mge. %e5 shows that radiocactivity was
located entirely in the il A pyrrole region. it was
formd howover, that long exposure of chrouatograms to
repray £1lm indicated additionnl radiocactive apots; these
could not have contributed significantly tollA valuves
since thoy wore not detecteble in scans of the thin layer
rlates,

This work confirmed the reaults obtained using cruds
oxtrocts ui bacterial Al A synthetase (sec Fig. 4.3) which
had indicated that the asssy was valid without the final

chrongtographic step.

\

asay for ALA

Guinea pigs were uade porphyric by treatment with IDC

rs described in Materials and lethods (p. %7 ). Twonty=four



EAga biate Jeyer cirvsatos £ A4 pygrole

A methanol solution containing labelled ALA
pyrrole was prepared frow the trichloracetic acdd
supernatant of om inoubation of the purified
bacteris)l enzywe os described im Fige 4.3, A
0.2 nl sample of this solution was strea.ad on A
thin layer plate over = distance of 3 ecn: and chrowmfe
tographed as described im lig. L42. Jifter dxying
the plate, successive areas (1L x C.5 cu) were
scraped off and the eilica gel suspended in thixo-
tropic gel for scimtillatiom coumting. Values
shown oa the ordinate anre corrected for background
(20 opm)e The remaiwnder of the chrowatogran was
sprayed with fhrlich roagent (b) to icemtify the
position of the AlA pyrrole. The arrow shows
the positiom of the A .. pyrrole located colorie-
wetxically.
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hovrs after dosing the anials were Lilled andd the livers
were rocoved aml placed en ice. | ftochondria were lsoluted
as Jescribed inm aterlsis oml lethods {(;. 50 ) und resuspomiec
in ©.25%. sucrese centaining 16" tris—ﬂci. 5 X 107y 1T
an: (imiess ntherwise stated) 2 x IU"BH nyridoxal 5
phosphate (pil 7.4 )¢ {The effect of thesec compounds on
the stability of Liver A & synthetasc is described in
Chopter 7, De 134 }o ‘uaspensions of mitochomiria were
gtored frozen in small batches, and throughout the work
described in this chapter; preparations uvacd were once

frozen an thawed, !ltochondria {svlanted rom the 1ivers

of i treated guines plos pre designated i

shonpdrisn. lHomogenates (prepered as described im 'aterxials
and  ethods, pe .50} of the livers of L1C treated guinea

pices are deslimated ; Jiver hosioreRatos.

Fijze o6 aliows that the stamdard procedure for the
colorinetric assay, as deacribed in (havter 3 for the
tyne of responae to enzyuwe concontration which wight have

been expected frowm ¢ariler studies of & A gynthetase in ;n¢



L_LL |

(1] 0.2 0.4 0.6
DDC MITOCHONDRIA (ml)

Fige LeGo lorimotr;

described in Fig. 3.1, except
was DIC liver mitochowiria.
the mitochondrial suspension was 2U ug/ul.) - The

figuires on the ordinate represent the totnl amount
of A1 4 formed during incubations.
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¥wr i¢ochondria {Granick amd Urata, 1963).

(11)

It was antici pated that the procedures described

in Fig. 4.3 for radiocheuical assays of bacterial AlA
synthetase would, with perhaps & vinor adjustoent to the
amount of substrate used, be dircctly applicable te the
nitochonirial ensywe. The results in Fig. .7 show
however, that while labolled compounds were eluted from
Dowex 30 {H') im the A4 fractiom, lose tham 1% of these
wore oxtracted imto ethyl acetate after treatmemt of the
Vowex %0 eluate with acetyl acetone. !Horeover, there was
no sigaificant increase in the smount of labelled compounds
extructed into ethyl acctate when increasiung suounts of
mitochondria were fmeludsd iv incubations. The wmethod
was therefore umsatisfactory im this foru as a wmeasure of
AL synthotase ectivity im LULC liver wnitochondria.

it was therefore decided to attempt to uinimise
succinnte setabolisu using inhibitors of the ixebs c¢ycle,

is0. to arrenge that the lubelled acid was converted to

svccinyl Coi but was not uetabolised via thwe irebs cycle.
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incubation conditions and expsrimentul procedures

wore as described in lFig. L., except that the source
~of the enzyne was JUC liver witochondiria. Yalues =
refer to complete incubations and are corrected for
zexrc time levels.

. A== A , Jowex eluate; A=— A , &A pyrrole
{ractivu.
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of “tcosuccinate in witochomdrial preparations
14

Yhen mitochondria were incubated with ~"Cesuccinate
(without components necessary for ALA symthesis), a wmeasure

¥
was obtained of the incorporation af14C-succinate into

motabolites which were absorbed onto Dowex 5¢ (H') and

which could interfere with the ALA aesay. <uch incorporation
was found to be large but this was substantially recduced by
either antimycin A or sodium malomnte which inhibit succinic
dehydrogunase, or by 12C-mnlate which traps any luC-mulate
which might be forwed and which is them romoved by the

Dowex 5C treatment. A coubination of all three of these
coupounds reduced by 96% the imcorporation of lebel into
Dowex 50 (H') absorbable compounds which were eluted in the

ALA fraction (Table 4.3).

The effect of these agents on AlL4A synthetase of LDC
liver wmitochondria and of R.gphorolides was examined with
the colorxrirmetric assay procedure, It can be seen from
Table 4.4 that no inhibdtion occurred with any one of the

inhibitors alone or with a wixture of all three.

(c) Ihe. eff
activity

S5ince 1t was also desirable in this system to prevent
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SFFECT OF ANTINYCIN A, MA! ONATLE AND MA ATE UN INCORPORATICN

OF L"C-.:UC{JAI'L‘LT'L, INTC DOWEX 50 ABSORBAB!.E COMPOUNDS

—

Additions Fer cent
_ ) incorporation
Antimycin A Sodium malonate Sodium Di-malate of control
(ng) (pmole) (hwole)
- - - 100.0
2'5 - bl 29{3
5.0 - = 31 .0
- 20 - 6.4
- 20 16 6.7
5,0 20 10 L.3

Incubations contained UDC liver wmitochondrial suspension
(2¢ mg of protein/wl), ©.4 wl; tris-~liCl {(pH 7.4), 100
pmoles; 14C.1, L=sucecinic acid (specific activity &.8 uC/
pmole ), C.576 umole; additions shown in the table and
vater to a final volume of 2 wl. Tubes were incubated at
37° in a shaking water bath for 1 hour and the reaction
stopped by the addition of 2 ml of U.3M trichioracetic
acid containing 100 umoles of unlabelled potassium
succinate; preotein free supernatants were treated on
vowex 50 (1 ) columms as in Fig. li.3. The fractiom eluted
was evaporated to dryness and the residue dissolved in

1 m1 of water. (.05 ml samples were dried on glass fibre
discs and radioactivity determined by scintillation
counting. The observed value for the control (nmo
addiglions ) was 7,292 cpu.
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IN THE JRESENCE OF ANTIMYCIN A, HAVONATE AND JALATE

Antivycin Jeodiuvwm e Lodium ALA

. A valate wmalonate foruved
SPEBCE ‘S5 eNEyIe (ug) (swoles) (uwoles) (mpmolos)

R, aphexeoldes - - - 73.6

u 2¢5 - - 772

\ - 10 - T4%.8

L 2 ® (el 2‘\7 75.2

v 2ef 10 20 7G4

MIC witochomiria - - - 33.6

n » 245 1¢ 20 32.6

i 4 5.0 10 2¢ 30.0

Incubation conditions (except for additions shown) and
colorime tric method of assay were as described in Fig. 4.6.
The 2 wl incubation mixture contained 0.5 ml of

R. gpheroldes extract (protein content, C.} wl) or

0. 5 ul of DDC liver mitod;onirial susponsion {(protein
—content, 20 wg/ml), - - —
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succinyl Cod foruwatiom fyom g~oxoglutarate, the effect of
sodium arsenite, which inhihi ts the g-oxoglutarate oxidase
system, on ALA synthetase activity waa examined.

In DUC liver wmitochomiria the synthesis of AlLA, when
a~oxoglutarate is the source of sucecinyl ToA, is inhibited
when sodiun arsenite is also present (Granick amd Urata,
1963). The effect of arsmite on the synthesis of ALA
from glycine, succinate and CoA by both the wmitochondrial
and bacterial emsymes is shown in Fig. 4.8, The activity
of the purified bacterial enzywe was slightiy stimulated while
that of the wmitochondrial enwmyme was inhibited. when
incubations comtained 5 jmole of sodium arsenite/ml, a
concentration of arsemite which had been shown to inhibit
almost completely AlA synthesis from g=oxoglutarate, CoA and
glycine (Granick and Urata, 1963), the inhibition of enzyme
activity in the present system was only 2.5% Thie

cmcecentration of arsenite was used 1in sub sequent worl:,
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and Bblbt_{ﬁot}i_c- method of assay were as described
in Fig. 4.6 except that iwmcubation mixtures also
contained 5 ug of antimycin A, 20U imoles of sodiunm

walonate ami 10 lmoles of sodium Ji.-malatee.

In the

absence of sodium arsenite, 40.2 mimoles of ALA

wero produced with ¢.%5 mi of R

extract

(0. mg of protein/ul) ami 107.2 mumoles of ALA
with C,2 wl of DIC liver mitochondria suspension

(45 mg of protein/ml).
A— Ao , R. o) enzyme,
O0=— O , DDC liver witochoniria.



90.

for ansay of A4 usymthotose in DIC 1iver witochondydin

Restriction of tiie uetaboliswm of th-euccinata to the
synthiesds of AlA Dy the use of ualonate, antimycin & amd
arsemito, together with thoe extra precaution of exceus
mt‘:-tmlate. resulted in 8 suall wmeasureble incorporation of
igbel into AlA Guring incubastions of DOC liver witochomdria
(Fige 4.9). The omount of AL formed, whivh was Udetected
by this wethod was howover, less tham 105 of that determined
by the staudard colorimetric assay procedure., That the low
concentration of l'f*C-mzccinnta in incubation umixtures was
2 limiting factor ls alporent frow the results shown in
Fige %410 wvdch indicsted the nocesslity for relatively high
concentrations of succinate.

The requirement ror all substrates st cofactors by the
liver emnxzywe was oxmmined in greater detail! (¥ig. 4.11);
(ccluriﬁﬁt:‘ic assays woere used foxr purposes of ecommy).

The res:lts indicated that the comcentrations of glycine,
Cot amd AT? (Fig. 3.1) used im all colorimetric assaye mo
fazr described in thir thesis were in fact liniting en:l that
the full potential of the mitochomdrial enzyme had not been

ueasured. The alimost complete depenienco of the reaction
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Yor the coloriwetric asesy, incubation conditioms and
experiwental procedures were as described in Iig. Gelsy
except that all imcubations contained 10 uuole of sodium
arsenite. For the radlochemnical assay incubations wore
as described r0f the colorimetric asaany except that
1,576 yuole of i‘C-l.ls-mccinic acic¢ (spocific activity
5.8 uC/umole ) were included inmstead of 1UU ymole of
unlabelled potassium succinate; expe riwental procedures
were a2z described in PFlg. 4.7, After evaporatiom of
othyl acetate, the residue was dissolved in 0.5 wml of
wethanol smd 0.0% ml semples dried on glass fibre discs
for scintillation countings Oe= 0, colorimetric rssay;
A——=4 s radiochemical assay.
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Incubation conditions and experimental procedures

were as deacribed im Fig. .9 for the radiochewical

assay except that all incubatioms contained C.05 ml

of DUC liver mitochonddirial suspemnsion, the concentration
of 1hco1,l-succinate was varied and its spccific activity
was (.«.1475 wC/umole. Figures on the abscissa represent
the amount of liC-succinate adied to the 2 ul incuba-
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varied, incubation wixtures contained (in pmoles
unless otherwise stated): glycime, ii(; potassium
succinate, 10U; tris-HCl1 buffer, 10U; i{glla, 4U;
Cosy U.85; pyridoxal 5-phosphate, 2; Gull, 4;

AT, 50; sodium malonate, 2U; sodiunm d=tinlata,
1Uy sodiuwm arsenite, 10; entimycin .., 5 dgg
succinyl Col synthetase solutiom, .2 uml; LUC
liver witochomdirial suspension (stored in the
cbsence of added pyridoxal Sepliosphate) Ue2 ml;
vater to a final voluwe of 2 wl. lethod of agsay
was s described in lig. 4.&. Figures shown on
-abscissae represent tho atounts added to the 2 wl
incubations.
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added ATP confirmed the abscnce of succinyl CoA synthesis
by the g-oxoglutarate oxidase systewm.

The concentrations of succinate, Cod, glycine,

ATP, pyridoxal S-phosphate and }g' ' used in subssquent
experiments are based on these results.

It was found however, that ALA aynthesis by DIDC
liver mitochondria was not dependent on added L. gpoll
succinyl CoA synthetase., This indicated that endogencus
succinyl CoA synthetase was responsible for the production
of suceinyl CoA. The effect of GTP on AlA synthesis was
therefore examined, but there was no significant
increase in activity when this compound was al so
included in imcubations; presumaebly adequate endogenous
GTP was avallable.

As a precaution, the bacterial sucecinyl CoA syne
thetase wvas included in the final system adopted so that
the assay would also be applicable to wore puified
proparations of ALA synthetase. In order that the
sensitivity of the method might be increased, the volume
of incubation mixtures was reduced from 2 ml to 0,5 ml

and at the same tiwmo the relative concentration of

1&c-aucc1nate was increased.



The method finaslly adopted is described in full
belowy for convenience of reference the entire pro-
cedure is described despite the fact that parts of it

have already been given in legends to figures.

Incubation mixtures contained the following (in
jmoles/ml unlemss otherwise stated): tris-HC1 buffer,
pH 7.4, %03 glycine, 100; unlabelled potassium succinate,
10; 1QC-1.h-sucoin1c acid, 0,576 (5 uC); 1igCl,e 203 GSH,
23 pyridoxal 5-phosphate, 1; ATP, 25; CoA, 0,425; antimycin
Ay 2.5 pg; sodium malonate, 10; sodium Di-malate, %5; sodium
arsenite, 5; purified bacterial succinyl CoA synthetase,

0.1 wl; enzyme amxxi water to a final volume of 0,5 ml,

Tubes were incubated at 37° for 1 hour in a shaking
vater bath and the reaction stopped by the addition of 2 ml

of 0.3 trichloracetic acid. 1.5 ml of water, containing
1 jmole of carrier ALA and 100 pmoles of unlabeiled
potassiun succinate, wore added and protein removed by

centrifugation. 3 ml of the supernatant were added to Dowex
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50 (H"") coluvems (3 x 1 or) and washed through the coluum
with 3¢ ml of water. A A wae eluted with 10 wl of 2
pyridine-acetate buffer {pii 6.0) avd the eluate coilected

in 100 ul round bottomed {lnelks containing ! drop of
concentrated IIC1, The Bulfer was yewoved by evaporation
under reduced pressure ami tho residue dissolved in 2 wml

of water. 1.0 wl ssmples of this solution were mixed with

1 wlafP acetate buffer (pH 4.6) and C,1 wl of acetyl acetome.
The tubes were hweted in a boiling water bLath for 15 mimstes
and the A4 pyrrole was extracted inte 25 wl of ethyl
acetate. This was woaled with J ul of weter; tho ethyl
acotate layer was then dried and the residue dissgolved in

1 ml of wethanol, Somples {U,0 ml) were plated outo metal
rianchettos aml counted in g2 Munlear~Chicapo gas flow counter.
Alternutivoly, if scintillatlion coutiting wes desired, J.1 sl
somples were dried on glass fibre discs.

When comparable colorimetric assays were required,
“’;C-succimte was onitted from the incubation wixtures, all
other comditions boing the same, The reaction was stopped
with 2 ol of (.3 trichloracetic acid end 1.5 wl of water
added. The doterminatiom of ALA produced was then ae

described in Fig. 3.1 (p. 61 ).
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Pigs 412 coupares the syntheeis of ALA by DIC liver
ultochoniria, wmeasured both by the ecolorimetric aml radio-
chonical assay precedures. The amount of /1A synthesised,
as ceasurcd by the 3‘3§C incorporation agrecd reasconcbly
well with that determined in duplic:te celorimeiric aseays;
in both casos the synthesie of Ald yas proportional to the
smanmmt of nitochoendria added. The greater scnsitivity of
the radiochemical wethod was sgein noticeable; am observed
value of 1i75 ema (represcnting the synthesis of 20 wyimoles
of ALA) was cowpared with an optical density reading of
0.,096. In addition, providing the succimate requirecent
of the systes for the synthesis of AlA was fuifilled, the
incerporation of l'“"c-wc-cimtu into AlLA was doubled vhen the
apecific activity of the added sucelnate was reised from
Coli? to €W58 utC/inole. Thus the sonsitivity of the sssay
con be readily adjusted to the requirenonts of any partiocular
exporivont.

Verification that the radioactivity weasured im the

wethanol solutiom of A A pyrrole was preammt se Al A pyrrole

gingle peak of radiocactivity shown in fig. 4413 correspomded

with the ALA pyrreole region, located colorimetrically. This
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Incubation comditions and procedures for the
chemical aseay are fully described on p. 92 .
flow counting wes used. (The radiochemiccl &
contained 10.6 umoles of potassium succinate,

~specific setivity U.47 pC/pmoles) . -

Q== 0O » colorimetric assays Aeem A , yadio-
cliemical assay. .
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woere &8 described imn Fig. .12, A sauple, U.Z ul,

of the methanol solution of Al. pyrrole was

chrova tographed ami the resulting chromatogran
iosctivity as described im lig. }.S.
the ordinate are observed counts

¢ for background ). The arrow shows the

pouition of /14 pyrrole, located by spraying the

x(‘esuinder of the chromatogram with khrlich reagout

ble



result was confirwed by autormdiographs nnde by exposing
Xeray filu to the plates for three nonths. A single apot
appeared ou {llus after development, corrcsponding in
position to 4l.A pyrrcie.

One of the difficulties attached to the radiochemical
method was the length of tiwe involved in completing assays,
eapecically if large nurbers wvere roquired to be dome
sieml tanoously,. Tests showed that trichloracetle acid

supornatanta of inc:bationz could be stored frogen at -15°

without affecting thoe results. I cethancl solutions of
A A pyrroele were roquired for chrowmtography, the storsge

of these at -15° wvaas alao nocessary.

(r} Application of th widochemicrn]l assay to hompmenstos
of livers of pemphyaie suipen niss

Incubstion nixtures contained, in addition to the
constituonts listed in Lectiom {o) (p.92 ), lwM LDTA sinco
thoe fomotion of porphobilinogen by liver houocgenates was
shown to be miminmisod vhen TUTA is included (Marver e} al..
1966b), ‘hile mo porplwbilimogen was detectod by direct
ihrlich reagent treatment of triochlorecetic acid supermatants

of incubation nixtures in the prescnt wori:;, the possible
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effoct of Yg' ' (present to activate succinyl CoA synthotase)
on the inhibition of porplwbilinogen formation by LEUTA has
not been investigated.

The iucorporation of L9C-succimate imto ALA By crude

ODC liver howmogenates is shown in Pig, 4.14, Values were

proportiomnl to the amount of howopenate added up to
5 wunioles of AlA foreed, Wt wore approxiuatoly half those
ohtained fyow duplicate colorimetric assays. Uptical
Cenmsity values were extrosely low however, (remging from
T,00 to C.08% approxizately) so that it ie immoszible to
place significonce upon them., In further teets with
hotiogenutes 1t was found thet the incorporation of u’c.
succinato into Al A by frozon and thawed hovopgenates did
not vary by wore than !9 froe wvalues obtained with freshiy
prepared howogenates, It did not appear therefore that
nitochondrial ioperweability to suvecinnte vaz o restricting
factor in the assay. i toradiogrephs of chrovatograws of
the pyrrole fraction abwwod ome radicactive spot,; located
in the AL pyrrole regiom.

in terwa of esnsitivity, an obeerved walue of 410 opm

wvar obtalaed frow the radiocheuical assoy for C.02 nl of howoe

goeneto; this correaponied to mm observed optical Jensity of
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colerimotric and radiochemical assaye vero as
__described in Fig. 4.12, except that all incubations _
contained 1 mM LUTA., Gas flow couunting was used.
Aemim o 9 COlorimetric assay; @—u @ » Yaidlo=
chemleal assay.
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G,03% for the same anmnt of houogennte.

The work of this chapter describoes the developuont
of & radiochemicnl assay for A A synthetasc. The method
can be appiicd with siopiicity to purified oroparationa
of the bacterial emzyue (Fig. 5.4, . 81 ) since all
of the rﬁdioaetivlity rresent in the Uowex eiuvate is
derdved from AL, Juitable wodificationm of incubation
coxilitions amd isolatiom of Al pyrroie make tho wethod
applicable to crude preparations of the iLiver emzyue. The
assxy oan be adjusted to almest any required c."e'gree of
sensitivity by imcreasing the epocific aetivity of thw
succinate added to incubutione. ‘then low levels of the
enzyue are expocted, us flow counting is the wethod ol
chioice since larger suuples of the pyrrole solution (om be
coumted; but in generzl, scintiilation counting was fouml
to be preferable since each sample could be counted in
duplicate. Using glass fibre discs, counting efficicncy
of the scintillation spectrowoter wns 65 an added ndvantage
waz the greater absorbancy of these discs compared with that

of filter paper.
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That the wuethod cuuld be successfully applied teo such
suall amounts of liver hooogenstes as (.U2 ul indicates
the potemtinl of the metlwd to ucasure levels of ALA
eyuthotase, hithertc umietectable. The actual amount of
l1iver {wet weight} im U.,02 wl of houogemnte is culy 6 wg
and Gramick (1966) had found it posesible, by increasing
tho maibar of cellas in chiclk embrye liver cultureas so that
the protein content renged between 1 amx! 2 wyy, to malke
quantitative measurenents of porphyrin production. The
rodiochemical assay, with the sensitivity suitably adjusted,
should therefore enable direct weasuresuants ol ..
synutbhe taae to be usade in such jp vifxs systems. The
elicination of A4 synthintose as an interfering clewomt in
aesuys as mentionod above {p. 72 ) is partieularly luportant
since in nosmal tissues this activity greatly exceeds that

of LA pynthetase activity,
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The nevw msthod of assay described im the previous
chapter was devsloped, as already mentionsd, for two wain
purposes. (1) The genvral meed was felt for a wethod
capable of application to tissues of low activity (cr to
vory swall awounts of material) and (2) it was specifically
intended to use the method for enszyme measurewent in mormal
tissues. On this latter point, the aius were sgain two-fold -
firstly, &n accurate knowledge of the level and variations
in normal tissues -o?ﬂnoé important amd secouncily, the use
of tissue such as normal liver, odtainable in large amounts,
for enyyne purification had obvious attractiona compared
with induction of animals with drugs.

The aims of the present author's work centred on the
latter aspect, navely onrywe isolation, since studies of the
control of synthesis 1‘ itself a long ‘tom project and outside
the scope of the present thesis. (A separate study of this,
using tissus culture systems and the nev method of ao.'a’y_ is
the subject of a separate project im the laboratory.)

It was decided firat to wake a survey of ALA synthetase

in a variety of norual tissues amd cells using the new radic-
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chemical assay wethod. The survey is deacribed im thie
chapter. The reasom for choosing the particular systems

will woye conveniasntly be dealt with in each section.

Ao

It was confidently expected that guinea pig liver uito-
chondria would have an notivity readily detectable by the
radicchenical sssay meothod. The reason for thie expectation
was that colorimetsic assay hed imdicated a normal value
which was 20% of the DDC imduced level (sec Fig. 5.1).
Yoreover, Marver gt al. (1966b) had reported wvalues in rat
liver hmmat;o egquivalent to 5% of those in liver

howogenates from porphyric raty vhic Labbe, Kurusada and
Onisawe (1965) obteined a value in mouse liver mitochondria
vhich was 10% of that in liver witochomdrian from porphyric

@ice. Fimally, im liver from norwal lwan subjects, the
level was 10% of that found in the liver of a porphyrie
patient (Tsehudy g% gl., 1963).

¥hen applied to mormal guinea pig liver, the radiochemical
assay invarinbly gave inconclusive rssults in that observed

counts werw littlq if at all, above those obtained for xzero
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time incubations. A coumparison of the aettvit;“ﬁ%ugE;r.us-
ing amounts of norwal asnd LDC liver witochondyria by the
g incerporation method is shown in Fig. 5.1, The DUC
liver nitochondria were at least 350 tiwes more active than
those frow morwmal liver and this contrasted with a value of
only 5 times whem deterwined colorimetrically (Fig. 5.1).
The radiochesmical assay values were sc low as to be
insinificantly above zero, smd in fact increasing levels
of normal witochondris g:;rva no significent increase in
e succinate incorporation into AlA, (This type of
response was cbtained vhother or not nmormmal liver mitechowdria

wore stored in the presemce of pyridoxal Sephosphate.)
Using the radiocheniical assay, no AlLA sgynthetase
activity could be detected in any of the following eystems:

liver honogenates frou norwal adult guimea pigs; liver
mitochondria and liver hamsogenates from foetal and 10 day~old
guinea pige, liver uitochondria and iiver homogenates of
norual adult male rate. ihen whole liver homogenates were
assayed, incubation mixtures comtamined 1 wmi EDTA (mee Fig.
helk)s

The sssay in normal liver did not appear to be limited

by the amounts of bactorial suceinyl CoA gynthetase included
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in incubation nixtures, since a throe«fold increase did

not significantly affect observed counte. L“hen the sensitivity
of the msthod was increased by raising the specific activity
of the '¥Ceguccinate frow C.475 uC/umole to 1.42 pC/umele,
there was still no deteotable increass in the incorporation

of u’ca-aucc-inate into ALA with increasing amounts of
aitochondria,

coans of thin layer chrowatograns of the pyrrole
fraction obtainoed from radiochewicol assays of normal guinea
pig liver unitochondrias showved no localisation of radiocactivity
in the AL4 pyrrole regiom (Fig. 5.2) as was shown by DDC
liver mitochondria (Fig. 4.13).

Yhon the pyrrole fractiong obtaimned from processing
reaction mixtures oi celorimetric sasays of normel guinea pig
liver mitochondria wers subjected to thin layer chrouatography
(see Fig. 4.2 for details) all of the detectable pyrrole
presont was derived from AA; in oomtrast, chrouatogrome
obtained by similar processing of incubations of LDC liver

uitochondria showod both AA and ALA pyrroles (Pig. 5.3).
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i experiuental procedures were as describod in Fige Beal
fox the rzmioche.zit al eassay except that the specific
activity of tho liCesuccinate was LeDh al /"mln, and the
voluiie o1 the fine! uvetheno! solution was Laf wle oo
sarmple, .2 2l of this sclution was cluwouatogranied aml
the resulting chromatogran sconned fox rodioactivity as
described in Pige He13. The {figures cn the ordinmnte are
corraected Tor bLaclkground (X e )e  The arrow shows the
position of Al pyrrole.
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Irmature red blood cells are the only "norual' eells
of miual tissues in which AlLA synthetaso activity is
high enough to be readily detected (Laver, Neuberger
ant Udenfriend, 195(), n phenowenon presumably associated
with lmewmoglobin synthesis, Considersble interest in

A.A synthetase exists in view of its apparent role as

the pacemmker in haewu biocaynthesis and in tum of
hacs biosynthesis regulating haemoglobin synthesis (Bruns
and London, 1965; Grayzel, Horchner and !(.ondon, 1966
l.evere and Granick, 1967; Vainwright and Vainwright, 1967).

The successiul application of the radiochemical assay
method to such cells is shown ia Fige 5.4

During waturation of the immature reticulocyte to the
mature red blood cell, the capacity to synthesise haemoglobin
diminishes, among many other capacities. It 1 possible to
soparate reticulocytes on the basis of stage of mmturity
using centrifugation in a donaity gradient of bovine serum
elbumin, With the collaboration of !xr, A.F. Williams, a
study of the level of AlLA synthetase in colls of different
ages from such a gradiont was made. It can be seen

in Fig., 5.5. that ALA synthetase activity progressively

disappoars from cells as they umature. The calls
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Incubation wmixtures ami procedures were as described
in I'ig. 5.1, except that the specific activity of the
h¢-puccinate was raised to 1.1 pC/uwolie. Values

are calculated to represent the total 2 produced in
the incubation wixtures. The wmethanol solution of
MA pyrrole was chroumtographed atn! scanned for radio-
activity sas deseribed in ige Jel. Sgures on the
npdinate are corrected for background {70 epwi)e The
srrow shows the peosition of .. 4 pyrrole, locatud &8
described in 'ig. 5.7
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Ceils were fractionated as described in laterials
and Jethods {pa. 51 ) and C.0% ml sanpies of the
fractions shown on the abscissa were assayw d for
LA syntlwtase activity. (The voluwsies of each
fraction were adjusted to contain 2 x 1092 cell 5/00 W )
Incubation mixtures and procedures were as desoribed
In Pige Z.ie Values are calculated to reprcsent the
total amcunt of i) produced in incubation mixtures.




from the gradient show good correlation between position

on tlie gradient and cytological and biochemical waturation
(A.F. Williams, personal communication)., Since only small
anounts of cells are available from such gradients;, the
usefulness of the sensitivity of the assay method is perhaps
1llustrated here.

The loss of ALA synthetase does parallel the loss of
haemoglobin synthesising capacity, but there is of course no
evidence that ALA synthotase decay 1s causally related to
the cessation of haemoglobin synthesis. }Mitochomiria,
ribosomes and other cellular cowmponents are also lost

(Rubenstein, Ottolenghi and Denstedt, 1956; Glowacki and

Millette, 1965, Rowley ami Morris, 1967; Simpson md Xling, 1968

Ce. o A O 3 -
QEZSRLEuE
ALA synthetase has been reported in R. gpheroides and
Rhodospirilluw zubrum (Xikuchi et al., 1958), but in no other

wiicro-organism. With the collaboration of Dr., R.J. Porra, an
investigation was made of AlLA synthetase levels in a variety
of uicro-organisms - other than wmembers of the Athiorhodaciae
group - known to syni;hesis; either haem and haem proteins or

photosynthotic pigments and which muat presumably use ALA,
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Ueing the radiochemiocnl assay, ALA synthetase
activity was not deteoted in any of the following
preparations: (1) crude extracts of RuEisha EXASALAA
grown either im light or dariness; (2) crude extracts of
Saccharewryces corexisiss grown aerobically om glucose or
iactate, or snaerobically om glucose; (3) crude extmotﬁ
of Torulenais utdlis (I mtilis) grown mercbically on glucoss
uwedium. Al A synthetase activity was not detected in either
the pollets or supermatonts of these crude extracta after
contrifugation at 100,000 x g for omeo hour.

However, when 1. utilis was growvn smaerobically (as
deseribed in Materialis amd MHethods, p. 54 ) AlA synthotase
aotivity wes readily detected im crude extracts of the
organisw by the radiochemical assay (Ffig. 5.6). The assay
was verified by thin layer chremmtogrephy of the pyrrole
fraction, the peak of radivcactivity corrssponding with the
ALA pyrrole band located colorimetricully (Fig. 5.6).

The haem content of this extract (doterwined as
described im iinterials and Methods, p. 57 ) was only U.043 wimole:
of haew/mg of protein while an identical extract from asroblcally
grown T. utilig contained 1.45 wimole of haem/mg of protein.

Furthermore, adaptation of ansercbically-grown I. utlilis
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The orgenism was grown anaexrcbically as described
in Materials and lethods. Frotein comcentraton

of the oxtract was 74 mg/ml. Inocubatiom conditions
and procedures vere as described im Fig. 5.1.
Values are calculated to represemt the total

ancount of ALA produced in incubgtion wixtures.

A sample of the wmethanol solution of Als pyrrole
was chromatographed and scanned for radiocactivity
as described in Fig. 5.4. The arrow shows the

ros ition of AlLA pyrrole leocated coloriwmetricmlly.
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to eerobic conditions resulted in couplete losa of detect-
able ALA synthotase activity within one hour,

Do

The presonce of all the enrymes required for the cone
version of AlA to haem (Porrn and Lascelles, 1963) and
protochlorophyll (Gramick, 1961) has beun demonstrated
in plant proplastids. OGCranick and Gibor (1967) have
discussed the possible autonomy of plant chloroplasts and

proplastids for haem biosynthesis, but as yot the presence
of ALA syuthoetase in these plant orgeanelles has not been
demonstrated.

In collaboration with Dr., R.J. Porra, the question of
the ability of such plant orgsnwlles to incorporate
¢ gucoinate into ALA was oxsmined. However, mo AL4
syntheatase activity was detected in any of the plant fractions
tested, These included beam chloroplasts, proplastide and
mitochondria; and spinach chloroplasts. Incubations were

carried out at 26° for varying lemgths of time up to 130

ninutes; sowe preparations were frozen and thawed before
assay end in others 1 mil! ZUTA was included in incubations

to inhibit the further wetaboliem of any ALA which wight be
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formed to PDG,
Furthermore, thoe enzyme could not be detected in crude
extrects, or in isolated chloroplast, wmitochondrial, or

soluble fractions of primary leaves of etiolated poa.

(Bimm sagivug) plants grown as describod for etiolated
bean plsnts(see Materials ama Methods, p. 51 ), but in
vhich chloroplaat formation was induced by exposure to
1ight (800 foot camdies) for four heurs prior to harvesting
the leaves. (Chloroplast formation is coumplete after
twenty=four hours, but after four hours the chiorephyll
content is rising steeply (N.K. Boardmem, personal commmmi-
cation)., (The protein and chlorophyll content of the plant
and algal preparatious tested is shown in Table 5.1 for

reference.

Tho work of this chapter illustrates that the radio-
chemical asssy for ALA synthetase can be applied teo
different types of tiseue satisfmctorily.

It was surprising to find that, despite ite greater
semsitivity, the wethod failed to detect amy enzyme eoven in

preparations of plant cells in which chlorophyll ia produced




The variouvs fractions iisted wore prepared
65 described in Matoerisl=z ond Motheds (p. 51 e
Protein and chlovophyll determinations were
earried out se described in !aterisnla and
Hethoda (P'58 Y. (No ALi synthotase activity

was detectel im amy of tho frections listed.)



TABLE 5.1
o B

PROTEIN AND CH OROPHYLL CONTENT OF PLANT

it Py — - - y ¥y _ " . : R——
USED PFUR ey ¢ i&qI} .‘I gaasln A -."J.\Y ad L2200
T ————

iy - W F Tieagy
Plant or algae Fractlom Tesh wi Yolume of rotein Chloro-

ol lmy\ms fraction phyll
(&) (1) (wg/mi) {ug/m1)
spinach Yashed chlorcplast 20,0 1G .0 £ &7
Fean " v 20,0 3.0 95 Gl
" Mitochowdria 2 ol 0 4e8 331+
ltiolated bean Washed proplastids 15.0 3.0 3.0 0
m Mitochondria 20 3.0 2.7 Ly
Czude extract - - iB.0 600
Crude cxtract - - 6.6 G
Cruie extract 5.5 13.5 6.3 6.
" Washed chloroplasts 1C,0 3.C 10,5 19.0
" 31 tochondria 10,0 3.0 11.0 12.09
o supernatent ey 26.C 16.3 E.2»

‘301

* These fractions were coutaninated with chloropiast fragmonts.
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(sece Toble 5.1). It is possible im plaunt tissues that ALA
is synthesised by an altermative pathway; Gassnan, Fluscec and
Bogorad (1968) have isolested a transazinase in Chlorells
vulgaris which converts )=~ 5-diexwaler:le acid to ALA
using |- g ~alanine, lLeglutamic acid or Lephemnylalsnine as
an smino group domor. However, the significance of this
enzywe is difficult to deterwuime simce the equiliibrivem
constant is so small; in addition, the intrgcellular
concentration of the enzywe is not increased by treatments
that induce chlorophyll formation.

Tho discovery of ALA pynthetase in ansorobically
but not aercbically grown I. utilis is consistout, perhape,
wvith the finding of Harriott, Neuberger end Tait (1969) that

6 low wmolecular weight, non=proteim activater of ALA

synthetase is forwed inm R. gphereides grown under sewi-

anaerobic conditione, while & low molecular weight, non-

protein factor which abolishes this activation is forwed

in aerobically=grown cells. VWhile the presemce of such
factors wight account for the rapid loss of ensyme activity

when anasrobically grown celle are adapted to aerobic
comditions, it would not explain either the complete loss

of activity under these coxiitions or the c:uwplote abeence

of detectable activity whem I. utilip ie grown serobically.
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Furthermore, thce presence of such activators and imhibitore

in E. apheroides is consistent with thoe metabelic changes
that occur im aercbic mud anaercbiec conditions in R. apheroldes
but not in J. utilie; the odaptation of R. gpheroidesa frow
non-photosynthetic (aerobic=dark) to photosyathetic (anserobice
light) comditions is nccospenied by incroased imtracellular
Aihs synthetase activity (lascelles, 1959) end imcreased
intracel lular concentrations of tetrapyrroles, 1.e. bacterio-
chlorophyll atxi haems (Porra and Lascelles, 1965) whersas
cells of anaerobically growa Z. utilis contain lomss haew
than those grown aercbically (lLimmanc, V¥itels snd Newland,
1962).

The possibility was also considered that, as & result
of the higher haew contemt of crude extracts of the latter
cells, AlLA synthetase activity wae inhibited. 4Again, this

would not explain the complete absence of detectable activity

in these extracts since oven at high concentrations haewm

does uot inhibit cospletely the AlA aynthetase of R. gpheroides
(Burnhas and l.ascelles,1963), Thus 1t is mot possible, on

the basis of existing knowledge of ALA synthetase; to explain
tiw detection of this enzyme in snaerobically « but not

serobically - grewn T. utilis.
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It should perhaps be emphasised that all of the
applications of the method described in this chapter

comstituted a general survey of a prelimimary kind and no

attempt has been made to investigate sny of the areas in

depth, due to liwitation of the author's tiwme,

In view of this it would bo prewmature to conclude
that no enzywe exists in sone of the tissues studied.
Thus it way be that the level of AlLA symthetase in norocal
liver varies according to specles, nge, sex and physiological
state. That this way be so is evideonced by the detection
of small but significant activity in the livers of fewale
rats by Marver g% gl (1966b) who used a method which
carefully excluded At Anterference.

The failure to readily detect ALA synthetase in norual
liver made the idea »{ uaing such tiesves as a source of

enzyws for purification imprecticable. ¥No atteupt has
therefore been wmade to follow up this work with am

investigation of variations in norwal levels.
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Al A synthetase nctivity in morual liver unitochondria
and liver howogenates was not detectable by the radiochemical
pethod of assay. Vhile this apparent lack of activity could
be due to abscace of the enzywe, there is the altematlive
posaibility that it 3 due to zowme factor in normal
uitochoniria affecting the assay.

To test this possibility uizing experiuents betweeon
normnl and DOC liver witochondria mnd wmitochondrial extracte’
wore carried out, 48 a first appreach to the problem, the

effect of noruml liver umitochoundria on the incorperation

14

of  Cesuccinate into i A by LK liver uitochomdria was
investigatod. Preliuinary experipents imlicoatod that AlA
synthetase of JC liver mitochondria was inhibited by
anrreal liver witodhomiriz ond this chapter describes an

invesztipation of this sifect.

ity i symthesds dn | ixtures of Noxmoanl o ik

nless ctherwiae atetoed nitochondrial preparations
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used were once froxen ami thawed, and were stored in the
presence of pyridoxal 3-phosphate, added to stabilise the
enzywe (see Chapter 4, p.84 )

Fig. 6.1 shows the effect of increasing amounts of
norual liver mitochomiria om the inco:iporation of Y.
succinate into ALA by a fixed amount of DDC liver wmitochomdria.
The ectivity in 2,05 ml of the IDC witochondrial suspension
was reduced by 10% whem 0,01 wl of the normal liver
preparation was added snd by more than 70% when this was
increased to 0,2 wl,

Since these results were obtained using the radio-
chemical sssay wethod, it was possidle to check their
validity by thin layer chromatography eof the wmethanol
solutions of ALA pyrrole (Fig. 6.2), The decreasing
height of the radicactive peak, corresponding with the
ALA pyrrole region of the chromatogram, clearly showed
that as the msount of norml liver mitochomiria included
in incubations was increased, so the incorporation of
icesuccinate into ALA wvas decreased. For comparison,
the scan of the chromatograr obtained hy similar processing
of an incubaticon of normal liver mitechondria alome ia also

shown (bottom curve); therc was no localisation of radio-

activity in the ALA pyrrole regiom.
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The wethancl solutions of ALA pyrrole from
which tho points in Yig. 6.1 were obtained were
chromtographed an! the chrouatograms acanned
for radicactivity as described in TFig. 5.2.

in nddition an incubation containing only normml
witochondrie was sivilarly treated. The arrows

shows the contre of the ALA pyrrole spot located
colorimetrically, Volumes of mormal mitochomdria

were added to 0,0% ml of DDC wmitochondria:

@' nonsdy 0 s 0,01 ﬂli
A ¢ 0.03 mly o ¢+ 0.05 m}y
n ¥ 0,410 ﬁl' AP G,20 ﬂli

e » contvol (no DUC wistochondris; 0.10 ml

of norwal wmitochondria).
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A similar investi gation of ALA synthesis in mixtures
of mormnal and DLDC liver mitochondria was carried out using

the colorimetric assay wethod and the results (Fig. 6.3)

confirmod tbose obtained by the radiochemical assay procedure.

Tho coffect is less here; some varimbility in inhibition
obtained eccurs. ALA synthesis by increasing awmounts of
IDC liver mitochondria in the presence of a fixed amount
of normal liver witochondria is also shown; the parabolic
shape of the curve indicates that the inhibitory effoct
is overcome as the amount of DIC liver mitochondria is

increased.

Since the results of colerimetric asanys confirued the
inhibi tory effect of nomal liver miteochondria on ili syn-

the sis by LDC liver uwitochowdria, amd in view of the cost

of the U‘C-succinic acld, the results in the further
work described in this chapter were obtained (unless
otherwise stated) using the colorimetric assay wethod,

The effect of mitochondria freshly isolated from the
livers of mormel guinea pigs (i.e. not frogzem and thawed)
on Al.A synthesis by nitochomiria freshly isolated from the
livers of DDC treated puinca pilgs was also exomined,

I'ig., 6.4 shows that the inhibition of AlLA synthetase
activity was much lower under these circuustances, being

only 17% when incubations incliuded 0,2 ml of the normal
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method.

Incubation conditions md expx ~imental procedures wer
as describe: in the text (Chaptexr 4, pPe 93) for the
colorimetric assay lwthod. Mqgures on the ordinat
reprvsent total ; cod in eacl neul 3

o= 0 , V.05 wl o ¢ liver uitochonairi et
variable nom:;l ! iver mitochondring Qe== O ol
of mowmasal liver nitochondria and variab C live

mitochondria.
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incvbation conditions and experimental procesiures

were s described in lig. €.3 except tihamt =l
iuncubations comtained .05 ul of LDC liver mitochondiiis.
figures on the ordinate represent total ...2 Mroduced

in cach incubation.
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nreparation.

B. ocation of I ibitory Factor in liyver

\C Ti 25y - ad . F
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The obwvious decrvase in the inhibitory efiect of
noreal liver mitochondria whon thoy wore not frozem and thawed
indicated that the degree of inhibition might be rolated
to the structural integrity of the wnitochomkiria., That this
way be eo is also suggested by the wori of larver g% al.
(1966d) who found no offect om AiA synthesis whonm noroal
liver howogenates wero mixed with liver howegenates frowm
ATA treated rats, inr which presunmably, oitochondria were
intact.

Accordingly, the effect of sonic disruption on the
inhibl tory properties of norual liver nitochondria was coxamined
and am investigotion was oade to see whother they were confimed
to tho soluble or iunsoluble fraction of ultrasonicated wuito
chomirial suspsnsiona.

A suspension of noroal liver wltochondrina was subjected
to ultrasonication for 15 secomds and was them centrifuged

at 100,000 x g for 60 mimites, The supernatont is desigmated
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The insoluble residue remaining efter removal of the
soluble fraction was resuspended im O.1M tris-iCl (pH 7.4)
using a Poster-Elvejhen homogenisor and the volune of the
suepension was adjusted to that of the original mitochondrial

mapension prior te centrifugation. 3uch preparations are

designated normal pitochomdrial debris in this thesis.

Tncreasing smounts (0.0l so 0.2 wl) of the soluble

froaction were added to incubations containing a fixed apount
of DIC liver mitochondria; virtually no inhibitions of

ALA synthetase activity was caused by the solulile fraction.

The soluble fraction itself wes also assayed for ALA
synthetase activity using the rediechemical uethod; no

activity was detected however.

{(v) 1

In contrast to the soluble fraction, norwal witochondrial
debris had a marked inhibitory effect on AlA synthetase
activity inm DIC liver mitochondris. TFig. 6.3 shows that

AlLA symthesis by a fixed amoumt of JHUC liver wmitochomdria
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0 0-1 0-2
INSOLUBLE FRACTION OF
NORMAL MITOCHONDRIA (mi)

Lige Go%. The c_t ot oi pormal _mit.odwm.'lial dgbris

I8 3T ¥ btation Lnnditlons "tl‘ld cxperivent:l .‘nucub.;rcz» were
as described in fig. 6.4. The concentration of protein
in the suspension of witochondrial debris wns 27 wg/til.
Bl rcs on the ordinuate renresent totaol arm‘*ntr.. oi

01 < produced in each incibation. Qam O ¢ -
sy—ntlwsia; oe——g¢ » -~ 8ynthesis.
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was progressively inhibited as the amount of normal nitoe
chondrial debris included in imcubations wvas Ancreased; and
furthermore the degree of inhibition was comparable with

that csused by the same voluwes of the origimal umitochondirial
suspension (see Fig. 6.3). (It wes noted that the synthesis
of AA by DDC liver mitochomdiria was decreased in the presence
of noymal mitochondrial debris amd this effect is also shown

in Fig. 6.5.)

(e) e o L 2
"R &

Al A g

DDC 1ivyer s

In view of the above resuits, it seewed desirable to
deterwine whether or mot a similar paeparation of DIC liver
mitochondria also inhibited ALA symthetase activity. A
suspension of the imscluble frection of ultrasonicated DDC
liver nmitochomdria was prepared as deoacribed above for the
preparation of normal nitochondrial dobris; this preparation

is designated DDC it

1t was found that DDC witochomirial debris elso
inhibited ALA synthetase activity (Fig. 6.6) but that this
inhibition was wuch less than was seen with a cowpazrable

preparation of norwal witochomdrial debris. (This is also

shown in Fige. 6.6.) Vhile this could have been due to the
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fact that the protein concentration of the latter (27 wmg/ml)
was greater tham that of the forwer (21 wg/ul), the two
preparations were cowparable im that the protein comcentrations |
of the oripginnl wmitochondrial suspomsiona was the same,

(It was noted throughout this work however, that DDC ‘
liver nitochondrial susponsions invariably contained less

debris tham comparable proparations from mormal liver,)

The possibility that LUC mitochondrial debris ocontained
ALA synthetase was also invoatigated aince its inhibitory

properties could have been iufluenced by the presence of

the ensywe; however,; no activity was detected.

(a)

synthetase activity in crude extracts of L. gpheroddos

In case the inhibition of ALA synthesis in DRC liver
aitochoniria by normel niitochondrial debris was due to0 sowe
reculiarity of the witochondiriml aystem, the offect o this
materisl on ALA gynthetase of R. gpharoldas was also
exanined. Tig. 6.7 shows that the activity of.tho baocterial

enzyme was also inhibited,
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in am atteups $o establish the point at which the

jehibition by mormal uitochoudrial debris was soting, the
offect of incudbation comditions om this ivhibition was

oxained .
(o) The nffect of

Col axntbeias SRl ALY

¢ was conseivable that the imhibitory effeset of morwel

sitochouirial debpin on A A synthotase activity wan wediatec
frough wn izhibd tory sotisn en the activity of L. gall
suceinyl Cei syntlwtase {(imcluded im imcubations =ze a
pyecsvtion to ensure adegiate sucoimyl Upt forention).
Tralininary experimenta showed that the acvtivity of this
entzywe was inhibited, a 25  imhibition eccwred im the
presence of (.2 ol of mersal mitochondrial debris. (Succimyl
CoA aynthetase sctivity was determimed by the mothed of
Youfuan, 19%3) (see Materiels and Hethods, p. 56 ). lowever,
as shown in Table 6.1, the imbibition of AJS aynthetass
activity both im DDC liver mitochemdria amd! arude oxtﬂseto.

of [ mohernides woe not overcome whem incubotiouns contained



B IMEBITION OF Alj SYNTOTASL 4CTITY BY

Additions

tuceinyl Cold

Horual

AlLA synthetase

Source of enzyme uw?hegase Mitochomirial (. original
al debris
(ut ) activity)
ODC liver umitoe .
chondrdia = - 100
1] w E - 0 . 1 5 59
L “ o 0,08 - 100
" " " O - 05 & .1 5 51
8. snhareides - = 100
= e - ¢ ¢ 1 5 hS
L} 4] 0 - 05 - 103
" " 0.05 SFS Y. L4

Incubation mixtures were as described in Fig. 6.5.
(The suceinyl CoA synthetase referred to in the table is

in addition to the .05 ml present in all.)

incubations contained ©.1 wl of the enzyue preparation

anc tho results are expressed s a percentage of the
activity determined using the standard incubation
comditions (DDC liver mitochondria, 21 mpwmole of ALA

prauced/C,05 ml; R, %_pmm extract, 35 umlwole of

AlA produced/0.05 ml ).
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twice the awmount of suceinyl CoA synthotnsoe norwmally used.

Since it was possible that the time of incubation

could be affecting the degree of imhibition cbserved, this
wes also examined. However, the results in Fig. 6.8 show
that this was not tho case; furtherxwore the addition of

norwal mitochomdrial debris after incubation is without

effect on the ALA synthotase activity weasured,

The results in Fig. 6.9 show that the effect of W
iphibitor is not reduced by increasing the concentration
of succinate temefold. This was dome to elimimate the
(unlikely) possibility that the inhibitor might bind
succinste and thus cause inhibition of ALA synthetase

activity.

(a) 2

Although the aotivity of the enzywe in the prosence of
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Incubation conditions and method of assay wore as
described in Fig. 6.6, except that the time of
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normal witochondrial debris was mnot limited by the

succinate concenfmtion. the possibility that it was
limited by the concemtratioms of other components of the
reaction mixture could not be overlooked, Fig. 6.10

ghows that inhibition occurrec at all eubstrate concentra-
tions, even up to twice that momally usec. (The
mitochondrial preparations used in these experiments

wore stored in the sbsence of pyridoxal Sephosphate.)

D. Ihe Naturg of ihe Inhibjtor

(e) Iha atability of ihe inbibdtor

’l'ha‘ capacity of the imhibitor to prevent ALA syntheals
was not affected by such drastic treatwents as heat (5
minutes at 100°) or acid (1 hour in 1N HC1 at 100°%), After
the latter treatment, the insoluble residue was centrifuged
down, resuspended in water and recentrifuged; this
procedure was contimied until the supernatant wvas free from

acid, The precipitate was them resuspended (uaing a Potter-

Elve jhem howogeniser) in water up to the original volume
bofore the treatwent. AlA synthesis was reduced by 56%

when 0,15 ml of the hoat treated material was included in
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the incubation mixture and by 417 when the same volume of
the acid treated material was included. All capacity to
inhibit wes however, lost after witochondrial dobris had
beon ashed 1n & suffle fumace at 1,00¢°F, (The ash was
digpgolved in an amount of water equal to the original
volume of the suspemsion before ashing the effect of

0,2 ml of this solution om AlA synthesis by DOC liver

mitochomiria wes testod.)

As both norpal amd DDC witochondrial debris

jnhibited ALA synthetase activity, it was possible that
this inhibition was wmerely the reflection of some noh

specific effect due to an excess of imsoluble protein
materinal present in reaction mixtures. Accordingly, the
effeot of purified bovine serun elbunin, remdered insoluble

by heat treatment, was oxamined. A solution of bovine serun
albumin (40 wg/ml) in T.15 tris=liCl (pH 7.5) was heated at
100° for 5 winutes and the precipitate resuspended using a

Pottor—iive jhon homogeniser, Inmorsasing amoumts of this
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waterial (up to 0.2 wl) had no effect whatsoever on ALA

synthesis by 0.05 ml of VUC liver wmitochondria.

(11) The effect of hnem und haom proteins on A4

synthe taseo activity in DDC liver mitochondrla

since it was known that haom and haem proteins

inhibit the activity of R. gphercoidea #l.i synthetase
(Durnhem and lLascelles, 1963) and since mitochondrial
debris constitutes a source of haem proteins, the effect
of hpoeum, haemoglobin and rryoglobin on AlLA synthetase
activity in DDC liver uitochondria was oexanined. The
results {Table 6.2) show that the activity of the crude
liver enzywe was inhibited by each of these coumpounds. it
was therefore surprising to find in later experiuwents
using the purified liver enzywme (see Toble i.l, p. 157)
that, although haem itself was inhibitory, uneither haewo-
globin or myoglobin had emy inhibitory action on ALA
synthesis. The reason for this difference botween the
crude and the purified enzyme has not yet beemn determined.

It was noted that AA synthesis was also inhibited

by haem, 32% inhibitiom occurring im the presence of
O, 2ul haeme.



incubation conditions and experimental proceduresd were

ae described in Fig. 6.6, All inmcudbations contained

0,08 ml of IDC liver mitochomdria (stored without pyridoxal
Sephosphate) and additions shown. The results are exprossed '
as a percentage of thoe origimml activity (77.5s:00les of |
ALA produced),
|

Addition Final Concemtration AL Synthetase |
{w¥) (4 criginal activity) ‘
None - 100 ‘
Hoet: 0,02 , 102 '
0,20 7%
laemoglobin G008 102
C,C3 76
Myoglobin .02 95

0,20 65
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48 already uwentioned, it was anticipated that the
radiochenical assaywethod would readily detect ALA
synthetase activity, not only in norwal liver but in

other bioleogical systems which wust also use ALA for the

synthesis of protoporphyrinm, the precursor coumon to
both the haem and chloruphyll biosynthetic pathways.
The discovery that normel liver mitochomdria comtained

a factor which iphibited ALA synthesis jin yitye could account

for the falluye of the assay to detect ALA aynthotase activity |

in normal liver. |
Sines ALA symthosis wes only slightly iuhibited whem

froshly isolated mitochondria were uaed, it seomed that

the effect A} Yiizg was dependent on disruptiom of the |

nitochondrial mewbranes. This is supported by the finding

that the ivhibitory propertiles of norual mitochondria were

confined to the insoluble fractiom of ultrasonicated

preparations. Consequently, the guestion of how such an

inhibitory effect might be uodiated becaue more difficult.

It was also found that all wmitochomirial debrie,
whothey ropared from norwal or DDC liver ulitochondria,

inhibited ALA synthetase activity. Although normal mito-
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chondrial debris exerted a greater iphibitory offect than

did that frow DDC liver witochondris, the signifieance of

this is uncertain since the protoin comtent of the former was
also groater. Another difference was that ultmsanﬂ.eafed
suspensions of noymal liver mitochondria invariably
contained a greater proportion of debris thm cowparable
preparations of DDC liver witochoniria and this could be a
reflection of soue effect of inducing drugs om the structurel
couponents of liver mitochondris, & possibility indicated
by the report (Cremick smd Urata, 1963) that witochondria
in the livers of DDC treated guinea pigs wero snlarged.

The ivhibitor did not appear to be a specific
protein since such drastic treatusuts as hoeat and acid
failed to immctivate if, lHowever, the ivhibitory propertics
wero lost after the material was ashed; this imiicated that
the offect was mot assoclated with metals im the oxidised
form. (For exawple, bacterial ALA synthotase activity is
inhib! ted by Fe'®, but not by Fe''’ (Burnhax and lascelles,
1963).)

Since heat dematured albumin faeiled to reproduce the
inhibition, it did not appesr that the ivhibitory offect

of witochomdrial debris vas ontirely nomwspecific and i¢

aS5ee Appendix IV.



could be related to the haem content of this nmaterial.

No evidence was found to indicate that the inhibitory
effect was related to any of the substrates or cofactors
used in reaction mixtures since it was not overcome when
the concentration of these was increased.

In considering the apparent lack of AlLA synthe tase

activity in normal mitochondria, another possibility was

that removal of imhibitory substances in the debris would

leave an active supernatant, but this was not so. On the

other hand, if the enzyme became acceasible to the inhibitor

only after disruption of witochondria by freezing and
thawing thon the radiochemical assay method should have
detected AlA synthétase activity in freshly prepared
homogenates of liver obtained from norual animeal s

again this was not found (see p. 103,

While it seems doubtful that ths inhibitory effect
of mitochondrial debris on AM.A synthetase activity has
physt ological significance, it is iwmportant to the assess-
vt of' the results of assays since it probably prevents
a true estimate of ALA synthetase activity in normal liver

mitochondria.




CHAPTER 7

Although, 88 already described, AlLA synthetase of
bacterial origin has been studied in partinlly purified
preparations (Kikuchi, Xumar and Shemin, 1959; Bumhau and
Lascelles, 1963), there have beem no classical enzymological

studies of animal ALA synthetase carried out. The work

done has been of two mmin types. Firstly, the work of
Laver, Neuberger ami Udenfriend (1958) was comcerned with

ALA synthetase of cthicken red blood cells and in this

washed (Laver, Neuberger and Udenfriend, 1958) or freeze-dried
particles (Gibson, Luver and Neuberger, 1958b) from haemo-
lysates were studied; the nature of the reaction and the
product was established and the inhibitory effect of

agents such as cyanide and penicillamine demonstrated.,

1t was also shown that haemolysates synthesised AA as well

as ALA and it wae concluded that ALA synthetase had a low
degree of specificity and was capable of using acetyl,
propionyl or succinyl CoA. Secondly, the work of Granick's
group and of Tschudy's group has dealt with the charactevristics
end measurement of ALA synthetase activity either im liver

witochondria (Granick end Urata, 1963; Marver gt gl., 1966b)

or liver homogenates (Marver ¢t al., 1966b)., 5ince the main
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aims of these workers was to study the control of ALA
synthetase levels in liver, little work on the nature of
AlA synthetase itself has been done. Apart from reports
that AlaA synthetase activity wae detucted iu high speed
supernatant solutions of liver howmogena tes prepared in
0.25M sucrose (Granick emd Urata, 1963) omd that the
enzyne, solubiiised frow liver mitochondria, was not inhib-
ited by haem (Marver gt al., 1966d), no references to
detailed studies of the solubliised liver enzywe are
avallable in the literature.

The aims of carrying out the work in this chapter
were several., Firstly, since ALA synthotase appears to be
the controlling factor in haew and porphyrin production,
it seemed desirable for m proper understanding of the
camtrol of ALA symnthetase, both actlvity and production, that
the nature and properties of the enzyue should be known. In
particular, the relationship to other mitochondrial engymes
seemed to be of interest in comnection with its syntheais.
secondly, a study of the emzyme itself could offer the
possibllity of designing specific inhibitors for AlLA
synthetase - on some of the current hypothoses it might be

thought that such inhibitors would comstitute rational
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therapeutic agents for the treatment of acute interwmittent
porphyria. In this conmection it might be mentiomed that
this situation offers an alwost unique challenge and
opportunity for the application of “pure” biochemistry in
combatting a gemetic dipeaso ~ wmique beouuse it is the
ouly lmown situation in wvhich a disease is apperently duse
to an overproduction of an engyme (with the iwportant
qualification however, that at present mw direct causal
comection betwoen Al production and tho clinical sywptous

of acute inmtermittemt porphyris has boeeom established).

Finally, purification of tlhwe emeywe automatically
carried with it the opportumity of investigating itse
rolationaship to AA synthetase.

Inharent disadvantages were the necossity to utilise
drug trested animals for emsywe preparatioms, coupled with
the knowledge that the onzywe was unatable. llowever, the
desirability of engyune studies seemed to outweigh tha
aifficulties involved. This chapter describes the

solubilisation and partial purification of the emxyue.



(a) Counce of the enzvme

The onsyme was obtained from tho liveras of guinea pigs
doged with DOC (Granick aud Urata, 1963). Iin order to
deternins the optimum time for killing guinsa piga, e sexries
of tests were made on the tiue course of AlLA synthetase
induotion after administyation of LDC. These revealed that
the level of ALA synthetase in liver mitocheondria was
highest 24 hours after the administration of 2 g of DIX
orally as a single dose. Yhem killed LE hours alter doaing,
eneyne levola were less than half those at 24 hours, and

approxiuately two=thirds of those obtained vhen the admini-

atration of the drug was spread out over o period of 24 ¢o
46 hours as described by Orantek and Urata (1963).

The eoffect of repested injections of sodiur wmalonate
(subcutancously, as desoribed by Gajdos gf al. (1966)) on
lovels of ALA synthetsse in the livers of guinea pigs wvas
also investigated. Although high levels of PHG were present
in the urine (dewonstrated by the qualitative VatsonwSclwarts
test), the level of ALA synthetase in liver homogenates and

l1iver nitochoixiviec was not affected.
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In an emdeavour to obtain greater amounts of liver,
attempts weore made to induce experimental porphyria in
sheep, oither by oral administration of LDC or a suboutanecus
injection of AlA., Initial atteupts to do this did not weet

wvith success (possibly due to having used young sheep), and
because of practical difficulties involved, it was decided

to continue with guinea pigs.

(») Solubilisagion of the onzves

In ths carlierstudics, liver mitochomdiria were prepared
as described in laterials and Methoda (p. 50) and the
activity of those was measured using the standard colorimetrie
assay Dreocedure desoribed in Chapter 3 {see Fige J.1, p. 61 ).
It wea found that disruption of wmitochondria with Tweem 80,
sodium dodecyl sulphate or soddum deoxycholate cauped alnost
total loss of the ensywo.

Attenpts were also nade to solubilise the enzgywue by
ultrasonication of mitochondrial suspensiona. it was foumd
that a 15 second trestment resulted in approximately 50%
of the original setivity being rendered nonesodimentable in
1 hour at 100,000 x g« Further work showed that, provided
pyridoxal S-phosphate was present (fimml concentratimm 10'2}:).

100% of the sotivity originally presemt was recovered in the
escluble fraction of ultrasonicated DDC liver mitochondria.
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The value of pyricdoxal 5-phosphate in stebilising
the solubilised liver enzywe is clearly illustrated by
thw results shown in Fig. 7.1. In the presence of
pyridozal S5-phosphate, enzyme activity remaining after
four hours at 30° was approximately 70% of that
present at the beginning of the experiment,; whereas
in the absemce of this cofactor, omly 40% of the
original activity remained.

Fig. 7.1 alsc shows that no additional advantage
was to be gained by the addition of MgCl, as well
as pyridoxal 5-phosphate, as might have been
expected from the results obtained in the studies
on the stability of the bacterial eomzywe (see Fig. 3.6).

(The inclusion of lmii LDTA did mot affect the ability
of pyridoxal 5-phosphate to stabilise the mitochondrieal

enzyswe; this is also shown in Fig, 7.1.)

(¢) luondum eulphote Lxactiopation

It was found essential to adjust the pH of the ssmoniunm

sulphate solutions to pH 7,0y at pH's below 6.8 comsiderable
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The soluble fraction of ultrasonicated UDC liver
mitochondria was prepared as described in the text,
except that pyridoxal 5-phosphate was rbsont.
eparate samples were maintained at 30°. (me sample
contained no additions, while pyridoxal 5-plicsphato
(pit 7.4) wae added to the reyaining three sauples to
e final concemtration of 1U™*ii, Cf the latter, the
first had no further additions, the second contained
Lzl LDTA and the third, 1 wil lgCls. Al synthotanse
activity in V.1 ml samples, withdrawn {rou each
solution at various intervals of time (G to 4 hours),
was detoruiined by the colorimetric ussay procodure as
describod in Chapter 4 (p. 93 ). Results are
expresscd as a percentage of the activity present

in each sciution at zexro tiwe.
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losses occurred, Having showm the value of pyridoxal

S-phosphate in stabilising the ensywo, no sttompt wes

wade to deteruine the oxtent of losses during susounium

sulthate fractionation in tho absence of this cempound,

(¢) xanbadex cel Lilixatlon
Tt vas originally intemied to use JEilecellulose columms

for further fractionation as wore used for the bacterial
enzyuo preparation. llowever, two difficulties arose.
Firatly, it was meccssary to dialyse the enzyme after
semonium sulphate fractionation but dialysis for two houxs
against trisepyridoxal S~phosphate buffer resulted in a
30% loss of emmywmic activity. (Marriott, Neuberger and
Tuit (1969) bave recently found that bacterial ALA
synthetase is also unsteble to dialysis.) Secondly, it was
impoasible, on a iarge scale, to eguilibrate columms with
buffer comtaining pyridoxal Se~phosphnte since the latter
was rotained at the top of the columm. For those roasons
sephadex gel filtretion was used imatead of DEAE~cellulose
colusm chromaetography.

It is perbaps worth noting at this point that it was
surprising to find that while chromatograph: om Sephadex

GwlCC gave good recoveries of the enfynme, the sume procodure
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epplied to Sepladex G=200 resulted in total loss of activity.
Tiis is illustrated in Fig. 7.2 whioh shows thnt there was
a vide dstribution of protein smomgst the fractions but enxzyue
activity wae moxo. Roco#ﬁuﬁon of fractions failed to
restore any activity., This phovomencn has nwot yet been
investigated due to lack of time but work 1is in Drogress
to expuine 1t simce it has potential interest.

0f this various tochniges used to puxrify the ensyuo
only tiiose fimally edopted as wost useful will be described

lwore,

suspensions of liver mitochomdria prepared as desoribed

earlier in Haterials anl liethods (p. 50). #Pyridoxal 3=
phosphate (pH 7.4) wos sdded to give a fimal comcentration
of 107%1 and tho witochonirial suspemsions were rapidly
frozam in saell butchea and stored at -15°., Under these
conditions the enzywe was stable for at least three months
ond the Trogsen naterial provided a uniform atarting material

for purirication. (This contrasts markodly with storage in



e !
gt B
- S &

45 55 65 75 85
FRACTION No.

N
@
ALA Synthetase (mumole A LA /fraction)

()]

PROTEIN (mg/fraction)
@
|

(=
()

N
(3]
w
N

Hteps 1 and 2 of the purificatiom procedure were
asz described im the text (p.137 ). The redissoclved
fraction frou the asmonium sulphate fractionation
was subjected to gel filtration om Sephadex G=200
as cescribed im the text for sephadex G-100, Total
Al . synthetase activity in the ammoniur sulphate
fraction was 10,520 mumcles of AllA and the
s~ccific activity was 45 myuole of Al.i/ug of
psoiein. Jophadex fractions were assayed for
protein as described in lMaterials anc !lcthods

and for 4l synthotase activity as doscribed in
}‘lg. 7ala Qeuam () o prOtoin; Qo O A
synthetase activity.
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the absence of the coonzyue whon wmprodicteble amd often ‘

completo losses of activity occurred.)

All subsequont purification steps were carried out

samples of once frosen ami thawed witochonirial suspensions
were subjected to ultrasonication for 15 seconds. suspenaions
were placed im heavy glass containers (diameter, 3 oo amnd
heoight 8 om) held in ice amd ultrasonication was carried

out using 8 Somiprebe (Type 1130 A (20 Xc/mec), Dawe
Instrumonts) on the maximus setting (8). Under these
comiitions the current registered wns between 2 and 4 w Amps.
The suspensions wore coutrifuged at 100,000 x g for one hour
and the supermatant containing the enzyme collocted.

Provided pyridoxal Sephosphste is present, the onzyme is

stable at this stage aml can be frozen and stored at -15°
without loss of activity.

Stan 2.

solution {total protoin botween 700 and 8O0 mg) was diluted

with 0.01H tris«llCl containing 10"‘3-'; pyricdoxal Se~phosphate
(oM 7.4) to give a protein comcentration of 24 wmzy/ml.

Saturated amooniuw sulphate solutiom adjusted to pH 7.00
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was added slowly with stirring to give 337 saturation)

after 15 wimites the precipitate was removed by centrifugation
at 45,000 x g for 20 wimutes. The supornutant was umde 50%
saturated by further addition of the satinnted smmonlun

sulphate solution, The precipitate was colliectod amd
dissolved im B winimal volume of the tris pyridoxal 5-
phosphate buffer. This step removed spproximately half

the protein present im the supernatant f{rom Step 1, and
usually gove & throe=fold purification of the ensywe presont

in the original wmitochomdrial susponsion.

don, & coluum (80 x
2.% cu) of Sephadex C-100 was preparcd according to wanu-
facturer's instructions end was equilibrated with the tri o=
pyridoxal Sephosphate buffer. The enzyme solution fgot:
stop 2 {comtaining 300 teo 400 mg of protein) was applied
to the columm which was developed using tho tris-pyridoxal
S.phwsphate buffer. Fractions 5.5 wl in volimo were
collected. The elutionm profiles of AlLA sgynthetase and
protoin mye shown in Fig. 7.3; (ALA synthotase was not
retarded and was sluted with the void volume),

A suwmmapy of a typical purification is givem in

Teble 7.1, Sephadex eluate fractions were pot pooled, but
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TABLE 7,1
PURI FICATION OF ALA SYNTHETASE FROM DDC LIVER MITOCHONDRIA

. Al.A synthetase
Fraction Volume Protein Total Activity Specific
(m2) 5"“””““‘ (mumole ALA) Activity
(ro/m) (“ﬂmlgf f{.)‘/
mg prote
Mitochondrial
suspensl on 19.0 61.0 18,800 16.2
Step 1 ~ high
speed super-
Step 2 -
apmonium sulphate :
fraction L e5 735 16.2 2 9.0
Step 3 -
Sephadex eluate
fractions
20 5¢5 be2 24250 975

Experimental details of the purificatiom procedure were as described in the
text. Protein deteruinatiouns were as deacribed in Materials aml Methods

{(p. 5t ). For colorimetric assays of AlA synthetase activity in the origimal
mitehondrial suspension and the fractions from the first two steps of the B
purification procedure, incubation conditions and method of assay were as
described in Fig. 7.1; and for the fractions of the iephadex eluateo as
described in Fig. 74«
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surmation of the activities present in the fractione
containing ALA synthetase indicated that 64 of the enzyme
present in the ammonium sulphate fraction (Step 2) was
eluted in these fractions. 4#n overall yield of 55% was
achieved with a four-fold purification, or six-fold in

the fraction at the centrs of the ALA synthetase peak,
Radiochemical assays carried out at the seme time gave

sinmllar results.

The ensywe was unfortunately extremely unsteble

after Sephadex gel purification and littie activity re-
mained afteyr storage at -15° for one weck. Further

add tion of pyridoxal 5-phosphate had little stahilising
effect at this atage. Decause of the rapid deterioration

of enzyme aotivity, it was impossible to fully utilise

pooled fractions from any single experiment. For this
reason only the two or, at the wost, three fractions at
the centre of the emzywe pesk eluted were used in
subsequent studies,

The purified enzyme exhibited a consistent troublesoume




physical phemomenon. The first few protein coutalning
fyactions eluted from Sepiadex showed am extrewmely promnocunced
flow birefringence ofter sianding at 5° for somotime with
ALA synthotase activity being oqually distributed between
the precipitate and the supernatant (the specific activity
of the latter being unchanged). After astorage of such
supornatemts at -15°, on thawing, further flow birefringence
appeareds

Electron wicrographs of tho precipitates rovealed
elumps of fibrous ucterial develd of any oygmnised structure.
In couparison, it is perlwps notoworthy that crudo nitoe

chondrial supsrmatents could be stored indefinitely and mo

insoluble material ever appesred.

D. Ax " i N i

Despite the fact that no ALA synthetase activity was
detected in high speed supemantant fractions of norwual liver
witochomiria by the radiochewical assay wethod (seo p. 100,
the possibility was comsidered that some AlA synthetease exists
but camwot bo assayed, due to inhibition by sowe other
sitochomirial camponent specific to normel mitochondria.

For this reason, Rommal iiver mitochondria wero processed
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as wore DIC liver wmitochomdria. Although the olutiom
profile of proteins from vephadex G=100 was the same as
that obtained rrou proceasing DIC liver mitochondria, no
AlA synthetase activity was detected in any fractiom.
Feactions were tested for ALA synthetase activity using the
radiochemical assay procedure which gave nmaxiwum sensitivity

and aleo agresd precisely with colorimetric assays when
applied to coluwm fractions of the emzyme from DDC liver
mitochondria (see Fig. 7.4). (The validity of the radio=-
chemieal assays under the altered comditions ~ lower
succinate levels und no Krebs cycle imhibitors - described

in Fig. ‘7.4 is established im Chapter 8, p.15l.)

As alyready memtiomed (p. 72), crude preparations
such as DIC liver mitochondria synthesise both ALA and AA.
Colorimetric assays carried out at ench stage of the
procedure doveloped for the purification of liver ALA
synthotase showed that while comsiderable amounts of AA
weore nlse symthesisod by both the high speed supermatant of
vltrasonicated LUDC liver witochondria (step 1 of the purifi-

cation procedure) enc tho 33 to 507 semomiuvm sulphate fraction



Furification procedures were as described in
the ext (p.137). Proteins n Sephadex Cractions
wore detomined as described im laterials ami
YNethods. incubation conditioms for the colorimetiric
assay of AlA synthetase activity in 0.25 sl souples
of sach fraction were as dsscribod in Fig. 7.3,
excopt that walate, wmnlomate, antiwmycin A and
arsenito were omitted from the reaction mixture.
The reaction was stopped by the addition of 1.3 ml
of 0.2M trichlorncetic acid and ALA in 1 wl of the
protein free supernatant detcrwmined as described
in Materinls and Methods. Incubetion conditions
for the radiochemical assay of ALA synthetaao
activity in 0.05 ml sauples of each fraction were
as descrided above for the colorimetric aseay,
except that 5ymole of unlabelled potassiuvm succinate

was omitted and was replaced by 0.28 lwole of
1’*6-1,1;-51:0@1@ acid (apoei.fic activity 5.0 uC/

pmole), The reaction was stopped by the addition
of 2 ml of 0,3 trichloracetic acid and 1.5 ml of
water countainimg 100 ;méloa of wmladelled succinate
and 1 pmole of oarrier ALA were added. AlLA in Jel
of the protein frec supermatant was absorbed onto
Dowex 50 (H') and eluted as doscribed im Chapter %
(p.17). The buffer was evaporated and the residue

dissolved in 2 uwl of water and radioactivity deter-
wined in 0.1 nl sawples dried on glass fibre diecs.
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of such oxtracts (Step 2 of the purification procedure)
there was no evidence of AA synthesis by -ophadex eluate
froactions (musbers 18 to 24, Fig. 7.3) which oxhibited ALA
synthetase activity. Siwilar assays showed howvever, that
sunll amounts of AA were synthesised by retarded fractions
(mmbers 24 to 34) snd it scemed that the two enzymes wight
heve been separsted by the fimal step (gel filtration on
sephadex G=100) of the purification proocsdure.

It was of intereat therefore to examine the AA
synthetago activity of sephadex eluate fyactions using
incubation conditions which wevre optimal for AA synthesis.
The systew used in thwae studies vas deviseZ bty ¥Yalsh and
Elliott (1969) snd is dopendent om the synthesie of acotyl
Coh fron mcetyl phosphate amd CoA by E. goli phisphotrense
acetylase. (The descriptiom of the complete aystem is
given in the legend to Fig. 7.5+)

ODC liver mitochomiria were processed as deseribed in
the toxt for the purification of ALA synthetase, and Ai
synthetase activity wos determined by the method of Walsh
and Z1liott (1969) at each stage of the procedure. I% was
founsl that the two enzymes were mot coupletoly separated by

the gol filtration proecedure. Llution profiles comsistent!y

showed two pesks of ..\ synthetase activity; a saall peak,
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fxom ouincex G=100, DLC liver mitochorkiria were
pIv cesscd us described in the text for the puritication

of AlLA s mthetase, except that 4.5 ml fractions of the
sephadex oluate were collected. The protein content of
sepbadex fractions was doternined as describod in
“nterisls snd lethods (p. 58 ) end ALA symthotase
activity vas dotermined as described in Fig. 7.4
for the colorimmtric assay procedure. AA synthetase
activity was detormined by the method of lalsh and
£1liott (1969). Incubations contained the following
(in pucles/ml, unless othorwise stated); glycine, 159
tris-HC1 butfer (pll 7.4) 503 CoA, 0.4253 Gl 2s acetyl
phosphcte, 55 e soll phosphotransacetylase, 0.5 wulg
enzywe und water to o final voluwe of 0,5 wml. Tubes
were incubated at 97° for 30 uinmutes in a shaliing water
bath; the roaction was stopped by the aldition of 1.5 uwl
of C.2} trichloracetic acid and Ad in 1 wml of tho
protein free supermatant was deoteruined as described
in Materials and lethods (ps 57 )o Guw® ¢ protein;

O =0 , iid synthetase activity; A A g Sol
synthetase activity. _
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invariably associated with the AlA symthetase peak, woe
sluted first and this wvas fellowed by & socond wuch larger
pentz, The possibility, although rewote, was considered
that AL4 might have been synthesimed during these
incubations, thus affecting the results obtained for AA
synthesis by Sephundex sluate fractions of the first peak.
Accordingly, trichleracetic acid supersatints of insubations
vore processed utilising the ether extraction procedure
(see Fig. 3.1, p.gy ) there was however, to evidence that
ALA pyrrole was present.

The elutiom profile of AA synthetase together with
that of protoins emd, for comparison, that of ALA synthotase
48 ghowm in Fig. 7.5. In thie particular preparation
sualler fractions of the vephadex eluate werxe collected
(4.5 ml instead of 5.5 ml) end the two AA synthetase peaks
wore wore definoed.)

A sumsmary of the purification is showm in Table 7.2
an overall rocovery of 265 was achieved, vith virtually wo
ipocrease in specific activisy of the ongyws, exoept in
Fraction 36 which showed a thyeo=fold purification. The
nsjor loss of activity appeared to occur during the amsonium
sulphate fractionation, but this did not seen to De duo %o

inadequate fruoctionation since me AA synthwtase activity was
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Purification procedures were as described in the text, except thad 4.5 ml

fractiona of the

sephadex eluste were collected. Protein concentrations

and AL syntheotase activities were deterwined as described in Fig. 7.5.

o

« Yoluse Frotein tal Activity specific
eackion. (m1) Concentration mimole Ak)  Activity (mumole
(mg/ml) Arfmg protein )
i tochondrial
suspension 23 Uy 308,000 141
Step 1 - high ,
speed supematant 17 81 2054 000 211
Step 2 - sesondor:
m:lphate fyaction 6.0 109 107,000 139
Step 3 - Sephadex
elunte fractions
19 =« L4 117 5.2 80, 200 163
19 - 27 50.5 L.t 17,27¢ 79
3 28 « 4 76.5 3.6 62,930 231
25 La5 6.6 3,780 100
36 4.5 4.6 6, 500 O

anT
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detected im either the 33 fractiom or in the dialysed
supernatans of the 33 to 50% fractiom. 75 of the enmyme
applied to the Sephadex columm was eluted (tractions 19 to
54)s (In preparetions in which 5.5 ul fractioms were
collected, the peak fraction for ALA symthetase was usually
fraction 20, wvhile the two peak fractions for AL synthetase
were usually nurbers 22 and 29.) The twe peaks of AA
synthotase activity will be further discussed in Chapter

P

The results presented in this chapter show that ALA
synthetase present in N liver witochondria can bo

solubiliised snd partially purified. The purification
achieved was mot very great smd probloms of inatabllity were
encoaunterced as was thoe case with the bacterial ensywe
(Burnhan ond Lascolles, 1963). Another difficulty associated
with purifieation of tho enwywo was the prossnce of fibrous
material which precipitated in Sephacdex elunte froctions. In

the light of experisuce obtained here, it wight be better to

cosmence the purification not by somication of the mitochomiiria,

but by wore selective dissociation of wmitochondria into
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separate membrane fractioms by well established methods,
such as were used by Zuyderhoudt, Borst mnd Huijimg (1969).
These workers recently reported that AlLA symnthetase induced
by AIi treatuent of rats is either loosely hound to the
mitochondrial imner wembrane or present free in the watrix
SPREO.

Such techmiques wmight also prove to be of value in
studios of AlLA synthetase in norwel mitochomdris, dospite

the fact that the presemt work showed that ALA symthetase activit
could not be detected at amy stage of the purification

procedure whan applied to norwal witochondrias. ln addition,
more definite ovidence uight be obtained as the exact
location of the imliibitory facter present in the insoluble
fraction of sonicmted mitochondria (Chapter 6).

Algo arising from studies in this chapter is the
question of a relationship botween AL synthetase and AlLA
synthetase, and the significaunce of tho two peaks of AA
synthetase sluted frow Sephadex G=100. Further investigations
are described in Chapter 9.

smother feature of this purificatiom work was the
behaviour of ALA synthetaso on Sephadex G=200., It wight be

speculnted that this treatuent separates out a subcomponent of

tho enzymo; on the other hand, since recouabination of fractions
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failed to restore activity, the kuown imstability of the
enzyme wust also be taken into comsideration.
Atﬁisatmothwrkitmnlmmatm
wajor further purification would be a lengihy resoarch
project and time did mot perumit this. Accordimgly, it
was decided to discontinue purification studies and oxmmine
the properties of the enzyue aince a inowledge of the
bohaviour of the ensywe with respect to various subatrate
and gofactor concentretions could prove bemeficial if
further purification procedures were te bo atteupted.
The properties of theenxyue are thus descrided in the next

chapt“ .
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THE PROPERTIES OF ALA SYNIHETASE PURIFIED FROT

. LIVERS OF

PORI C GU PIGS

This chapter describes the use of the radiochemical
assay wethod in a study of some of the propexties of Ald
synthetase partially purifted from liver. oince the assay
systen depends on two enzywe activities {suceinyl Coi
md ALA synthetasoes) it is not suitable for elaborate
kinetic studios. The kinetic studies reported in this
chapter are of a prelimimary mature, carried out to deter~
uine the basic properties of the ensyme rather than as a
couplex kinotic study per ag.

For all of the work described in this chapter, unloss
otherwise stated, the enzyme used was that present in the
two or three fractions at the centre of the ALA synthetase
peak oluted from seplmdex G=-100. These fractione were
pooled and were stored in small vials at -150. since the

specific activity was not increased by reuocval of the

birefringent precipitate which forwed on stamding (see Do 1y3)

ani since, in sowe cases, removal of the precipitate by
centrifugation resulted in total and wnpredictable loss

of activity, the Sephadox eluate fractioms used in this

work had no further trsatument.
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Despite the fact that the colorimetric assay wvas
satisfactory for studies on the purified enxywe, the
radiochowical method offered advantages, not the least
of which was that the semsitivity was so great that only
suall amounts of enzywe need be used, This is important
in view of the relative difficulty of obtaining the
enzymne.

A furtheor relevant point was that for all practical
purposes with purified prepareations of the bacterial ALA syn-
thetasg Mo succinate was comverted solely to AlA. Thus
all the 1¥C-isotope im the Dowex 5C oluate was Ala (see .81,
Fig. 4.54) and hence radicactivity measurement of this
was all that was needed, eliminating pyrrole formation and
subsequont extraction. The assay wethod was mot only
sonsitive bBut also simple ani rapid.

The application of the method to purified liver ALA
synthetase wea therefore imvestigated. bince it night de
expescted that the metabolisw of suceinante would now be

severely curtailed (in couwparisom with the original
witochomdiria) the mecessity for tricarboxylic acid cycle

inhibitors was doubtful. Such proved te bhe the case -
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good activity was obtained without the inhibitors (and
as shown later, good quantitative agreowment vith the
ecolorinetric assay nethod was obtainod ).

An interesting feature of the purified emszywe 18
that the assay system was satureted vith a conceuntration
of succinate approximately ome twentieth of that required
when crude mitcchomdrial preparations were used (see Fig.lL.10).
This has the fortumate effect that the cost o: the assay
bocowes much less (less '‘Cesuccimmte is meeded) or from
the altermmtive point of view, lLittle 120-ouecinlte need
now be added. The resultont incroass in specific activity

poruwits great semsitivity.

The question was also examined of whethier tihw wethod
could be simplified by ocuitting the steps or pyrrole
Corumtion and extractions und eiuply doteruining rodicactivity
present in the Dowex 3¢ eluate. Uaing ilow coawntmi_;im
of euccioate (sec above) it wos found thet all of the
raciouctivity in the Jowex 30 (") elute was recovered in
the ALi pyrrole fractiom (Mg. 8.1). Unfortunateliy
however, not all of the purified emnwyme preparations behaved
in this way. Tor routine assays therefore tho full extraction
precedure was essentinl; preaznably furtheor mnrifieation

woulsd eliuimeits this aced.
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Yithin the range tested, a procisely linear response
to enzyme concentration was obtained with purified
preparations of AL. synthetase (Fig. B.1).

Unless otherwise stated, all assays were dome with
the radiochemical method employing ethyl acetate extraction
of ALA pyrrole. Incubatioms contained 1“0—1.24-suceinate at
a concentration of 0.57 wii (specific anctivity ranging from
2,2 to 8,8 uC/umole, depending on the activity of the
enxytic preparation).

(a) Time course of the reaction

It can be seen from Fig., 8.2 that the synthesis of
ALA by the purified liver emnzyme was linear, undexr the
standard conditions, for approximately 40 minutes. For
comparison the experiment was carried out using both the
colorimetric am! radiochemical assay procedures. The two
methods agreed reasonably well, in this case the value of
Alismthesis in the linsar portion of the graph obtained
by the latter wethod was 10% higher than by the forwer.

In the colorimetric assays, Al-A synthesis was calculated
frow optical density values cbtained both before and aftex

ethor extraction (Granick, 1966) and the graph clearly shows
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> ere as
i eitcinate was
succinato (final
c 0 Lxperimental procedures
w {Chapter 4, D.91 ),
except that time of imcubation was variod, and all
incubations contalned 0.2 ml of enzywe solution (5.0 wug
of protein/ul).

A= A o AMA calculated from optical density Dbofore
ether exirnction; O=— O, A4 calculated frou optical
dons ity after cether extraction. B. Radiocheuical assay.
Incubation conditions were as described im Tig. L1,
excopt that time of incubation varied and all incubations
containod 0.1 ml of enzmywe solutiom. Al A production was
cal culated frou radioactivity in the Dowex 5¢ eluate.



that in purified proparstions of the emrywe, under
conditions described in Fig, 8,2, mo AA synthesis occurred

during incubations.
(‘b) The effect of L. gold sucednyl Col symthetase on

Als _sxnthesia
It was amticipated that, im the systew used, Ala

synthesis by purified proporations of the engywe would be
depemient on added succimyl Coi. synthotase. Fig. 8.3
shows that this was the case and furtherwore that the

awount (0.05 wl) of the bacterial enzywe solutiom norsally
included in imcubations was adequate for waximal ALA

synthesis.
(c) The coffect of glycime concemtration om ALA synthetase

Activitx
The results in Fig. 8.4A show the effect of glycime

cancontration on the symthesis of ALA by purified preparations
of the liver emmyme. ~2 appareut i value of 3J.3 wll was
caiculated frou the !insweaver-Durk plet {(Fig. B.48) of this
dota, a figure which closely agrees with that (34.5 mi)
obtaincd frow the resuits of cvolorinetyric assays showing

the ¢ffect of glycine cenecemtratiom on A4 synthetase

activity in LIC liver witochondria (seo Fig. heil).
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onn the synihesig of JAll. Tncubation conditions were

ns described in Fig. G.2B, except the amount of

succinyl Co.i syntimtusoc was varied and the incubatilon

time was 30 winutes. 411l incubations contained C.05 ul

ol - synthet ase soclution (5.2 mg of protein/ull.

The activity of the succinyl oA synilictase (detomiined

as deseribed in Tatorials and Yiethods {n. 56) by the

gothod of aufuan (1955)) was 9.0 puolea of s ccin-

yadrexamice acid produced/30 wminutes/ul of enzyme

solution.
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For practical purposes, it was desireble to determime
the optisum requirements of the system for CohA, sucecinate
and ATP. Although the apperent Km values so deterwmimed
would net be funotionms of AlA synthetase itself, they
would be relevant te the succimyl Cod synthetaee also
included in the reactiomq. -t cw,

The CecA comcentration curve is showm im Fig. E.5A
and the Linmewesver-Burk plet of this data im Fig. 8.58;
the spparemnt K value for Coi in this systen: was C.lmM,
The requirecent of tho system was therefore unchanged when
ALA synthotase was purtially purified eince the same wvalue
was calculated from the data shown in Fig. L.11 which shows
the eoffect of CoA comcomtratiom om Al: seynthesie by DDC
liver mitochondrie.

The effect of succinate comcemtretion om ALA

synthesis is shown in Pig. 8.6A. An apparent i value of
C.lm¥ was calculated from the Linswveaver-Burk plos o this

date, showm in Fig. 6.68, For cowparisem, reciprocal plots
of the data ocbtaimed for ALA syuthesis by LDC liver ritoe-

chemdria and soluble extracts of ul treasonicated preparations
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are shown (Fig. 8.7). The apparent Km value for succinate
in the former system was 2.0mM while in the latter this
was 0.65uM. Thus there was & twenty-fold drop in the
apparont Km for succinate whem the enzyme was partially
purified; this correlates with the lowered succinate
requirement already wentioned.

The effect of ATF concentration on ALA synthesils is

shown in Fig. 8.8 ond as with crude proparations of the
enzyme (see Fig. 4.11), the results illustrate the couplete

dependence of the assay systew on added ATP,

(e) 1e € =1 i & lum ma nate on ALA 8

Despite the high levels of PBG excreted in the urine
of guines pigs injected with sodium malonate (see p.lszh
the level of ALA synthetase in the livers of such animals
was not affected. 1t therefore secmed desirable to
determine whether or not this compound affected the
activity of the enzyme. No evidence was found however,
to imdicate that sodium wal onate had a direct effect omn
ALA synthesis by purified preparatiouns of the liver enzyme.
Furtherwore, the apparent KS for succinate was not affected

by sodium malonate either in the presence or in the absence

of sodium DL-malate.
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Ap reported earlier (see p.lzi), AlA synthesis by
DDC 1liver mitochondria was inhibited by haem. However, this
inhibition was evident only at wuch higher concentrations
of haeu them have been used by other workers (Granick,
1966; Marver gt al.» 1966d4) in atteupts to dewomstrate
an inhibitory effect of haem on the activity of the liver
ONZYMWe .

Evidence has been cbtained to indicate that feedback
inhibition of ALA synthetase activity by haem may be one
of the factors controlling porphyrin synthesis 1in
R. sghercides (Burnham and Lascelles, 1963) . It therefore
seemed important that the inhibitory effect of haem on ALA
synthesis by the liver ensyme should be examined in greater

detail using purified preparetions.

(a) The effect of haen ang
At a concentration of U.jmM, haem inhibited ALA

synthesis by approximately 70%, By contrast, none of the

huzom proteins tested had emy inhibitory actiom (Table £.1).

Cytochrome C was included among these as & comparieon since

*Lascelles and Hatch (1969).
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ON ALA

Incubation comditions amd wethod of assay were as

deseribed in Fig. 8.8, except that all incubations

comtained 2% umole of ATP/ml, additions shown, and O.1 ml

of ensywe solutiom (3.9 mg of protein/ml]). Results are

exprossed as a percsmtage of the original activity in

0.1 ml of enzywme solution (15.3 mumoles of AlLA produced/

30 mimutes).
Addition Final tration ALA syuthetase
T-MT (% Original activity)

Koo = 100

Haeou Gl 29
Haswmoglobin O.1 133

Hyoglobin Q. 103
Cytochrome C 0.4 111
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1t does not imhibit the bacterial emzyme (Burnham and
Lascelles, 1963). Ae already mentioned (see p. 12y ) 1t

was surprising tc find that haemoglobin and myoglobin, which
inhibited Al.A synthesis both by the bacterial enzyme
(Burmham and lLascelles, 1963) and by DDC liver witochondria
(Table 6.2, p. 125 ), had no inhibitory effect om ALA

syntheslis by the purified liver enmyme*.

()

Since assays of ALA synthetase activity of purified

preparations were dependent on added sucecinyl CoA synthetase
(see Fig. B.3), 1t was ossential to know whether or not the
activity of this engyme was also inhibited by haem. The
offect of haom concentration on succinyl CoA synthetase
activity is shown in Fig. 8,9, Enzyme activity was
inhibited by approximately 50% when incubations contained
OUe Ly} haem. However, the results in Table 3.2 show that
haen inhiibition of AlA synthetase activity was not overcome
when the amount of succinyl CodA symthotase included in
incubation mixtures was doubled. These results indicated
that the inhibition of ALA synthesis by haem was the result

of a direct effeet on AlLA saynthetase activity. Confirmation

*5ee Appendix IV.
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a8y
m(’d’ (po 56 *
incubations contained 0.05 ml of enzyme solution.

activity in 0.05 wml of enzywe (0.7 pmole



Tncubations contained the following (in umoles/ml
unless otherwise stated)t tris-HC1 (pH 7.4), 50; glycine,
100; potassium succinate, 10; CoA, 0O.425; 5-2‘3C12, 20; GSH,
2; ATP, 25; pyridoxal S5-phosphate, 1; additions shown,
0.1 ml of ALA synthetase (15 mg of protein/ml) and water
to a final volume of ¢.5 ml. Tubes were incubated for JU

minutes in a ahaking wvater bath at 37° and the reaction

stopped by the additiom of 1.5 ml of 0.2M trichloracetic
acid. ALZ in the protein free supernatant was determimed
as described in Fig. 8.2 for the coloriwetric assay.
Regults are expressed as a percentage of the original

activity in O.1 ml of enzyme solution (26 mimole of ALA
produced/30 minutes ).

Additions , ALA synthetase
(% original activity)

S5ucecinyl CoA synthetase Haew

(w1) (mM)

C,1 - 160

0,2 - 105

Q.1 O.4 6C

0.2 Coly 62
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that this was s0 was cbtained in & seperate experiwent in

which roaction wiitures comtalned syuthetic succinyl CoA
(preparcd by the mothod of simom amd themim, 19353) instead
of the components used to gemerate this compoumi

ensywically; this is shown in Table 8.3.

(¢)

Fig, 8,10 shows that while little inhibition occurred
with concentrationz of haem less tham O.0%5i:, ALA
synthetase activity war inhibited to tho extont of 755
when incubations contained 0.'mM haem, However, since
the two stage ournyme system usod in this work was imsuitable
for complex Lkinotic studies, the inhibitory effect of haem

vas not cxemined in greater detail.

As was the case with bacterial enxyso (Burvham and

jascelles {1963)), heew imhibitiom of Al4 synthetause aotivity
was not overcouwe by imncroasing concentrations of glycine
(Fig. 6.11A), The iinevesver-Burk plet (Fig. £.11B) of

this data indicated pure non-cowmpetitive inhibition at all

levels of the inhibitor,
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TARLE S,3.

EFFECT OF HAEM ON ALA S

Incubation mixtures comtained (im jwoles/wul, unless
otherwise stated): tris-lxi, (pH 7.4), 30; glycime,
100; succinyl Cod, 0.5; pyridoxal 5-phosphate, 1
addition showm; 0.l wl of ensyse solutiom (15 mg of
protein/ul) and water to & fimal volume of 0.5 wl.
Incubation coniditions arxi method of assay were &s
described in Table 8.2. The result is exproessed as a
percentage of the original activity present in C.1 ml

of the enzyme solution (26 miwole of AlLA produced/30

minutes ).
- v ALA synthetase
ddition B (meatraﬁ.on (4 Original activity)
None o 100

Haem 0. 3&
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Incubation conditions and we thod of assay ware &as
described in Fig. 8.4, except that the specific
activity of the 14ca1, 4-succinic acid was 4.4 wC/
jmole. ’1! incubations contained U.05 ml of enzryme
solution {%.5 mg of protein/ul).
A. Velocity versus glycine concentration.

®@— @ , no haem; A== A, 0,000 haem}

O=— 0 4 0.16m} haem} A= A, C.,24nil haem.

ineweaver-Burk plot of the data in 4.

®@—@©® , no haé j A= A, G,0bmi: haowy
O« O s 0s16uM haem; A= A , U.24mi: haeu.
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The effect of succinate concentration om haew inhibi-
tion of ALA synthetase activity wvas also examined. The
data of Fig. 8.12 shows that haew imhibition was not
dependent on succinate concentration whem low imhibitor
concentration was usod (less than 0.08w})., By coutrast,
the inhibition was apparemtly competitive at higher levols

of hacm. The significamece of this has not been examined

since & full kimotic study has mot been possible.

The fect thot the aduinistration of CallTa to
patients suffering frou varisus forus of hepatic porphyria
is sm apparently successful foru of therspy {Peters,
1961) Voods gk AL+ 1961; Peters gt gl., 1966; Domald g% Al.»
1969) wakes a study of the effect of LITA om Al A symthetase

activity of obwious interest.

(a)

As shown in Fig. G.13, at high concentratioms (25 to

100 mi), LDTA markedly iunhibited the symthesis of ALA,
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" nseay were as described im Fig. 8.10 and all

.05 ml of enzywe solution
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Since this effect could have beem due to the removal of
Mg'® (required by succinyl Coi syuthetsse) by LDTA, the
concentration of Msﬂ was increased four-fold. However,
this procedure did not affect the imhidbitory action of

EDTA,

(b) The effect of LDTA concen

Since the imhibitory effect of LUTA om Al.i synthesis
could have been the result of its imhibitiom of succinmyl
CoA symthwtase activity, the effect of EUTA om the activity
of this ensyme was also oxamined. Ae shown in Fig. Bell,
succinmyl Coi symihetase activifty was strongly inhibited
by EUTA; approximatoly §0% iphibition occurred at EDTA
consentrations of 2%:il, Agmin the effect of lg = was
studied, but sven a four-fold increase in }-Sgﬂ' concentration

did mot overcome the imhibitory effect of IUTA vhen the

concontration of the latter was groater than 25mH.
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Incubation conditions and uethod of assay were
as described in Materials mmd ethods (p. 56 )
except for the lgll; conceatration (shown below).
All iucubations contained C,1 ml of enzyme solution.
Iesults are expressed as a percentage of the
orisinal activity in V.1 sl of enzyms solution
(1.3 jtmwole of succimhydroxemic acid preduced/3C
minutes ). A= A , 5m} HgClo present;

O=—0 s 20uM kgCl> present.
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The value of the radiochswical wmethod for assays of
preparations of low Al A synthetase activity is furthexr
1llustrated by the work of this chaptex. VWhile good
guantitative agreement with ths colorimetric wmothod was
obtained, the radiocheuical assay was the wmethod of cholco
because of its greater sonsitivity. This was esaontial
because the purified liver enzywe was extromely unstable
and activities of the varicus preparations used were low.
Hopeover, only small arounts of the enzyue needed to be
used, an added advantage wvhen large nurbers of comparable

aseays were required at amy particular time (0., the

experiuents desoribed im Figs. B.11 and Bel2)e

In comparing the optimum requiremeonts of the wmitochondrisl

bound enryme and the purified ensyme for various compouents
of reaction mixtures, the moat striking feature was the
dramatic decreass in the suceinate requirencnt for chtalning

maxizal A'A synthesie. The two systems were not really

comparabls however, sinco, with purification of AlA synthetase,

a mmber of factors which ocould have influenced the require-
mont of the crude witochondrial sssay system for succinate

vore presutnbly elimimatoed.
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These include firstly, amy effoct due to the relative

fuperuesbility of frozen and thaved witochomdria (Orenick
and Urata, 1963). The fact that A4 synthesis by liver |
sitochondria was not dependent om E. £0ld succinyl Coi
synthetase (see p.”1 ) as wae the case with the purified
enuyvie would imdicate that endogenous succinyl CoA synthotase
uoy be preferontially involved imn gonerating the substrate
in witochondria. It is possible that the amount of
succinate regquired to Tully saturate the ondogepous eneyue
way be high.

Alternatively, the destruction of succinyl CoA by a

hydrolase in the mitoechomdria way have beem olinminataed

during subsequent purification of AlLA synthetase. There
is alac the possibility that, despite the presence of

inhibitors of the tricarboxylioc meid cycle, sowe of the

added succimate is metabolised by other emsgywes present in
witochondria. Fupthermore, it was considored comceivabdle
that the high apparent L value for sucoimate in the crude
assay system wight be due to a spurious effect of snlate
or malonute since these were omitied from assays vhen the

purified enmymwe was used. However, that this was not the

case was shown by experimenta using the purified ommyme to



whicli these coupounxis wore added.

Nevertheless, th finding that the roquircment of
the system for succinate was markedly reduced wvhen A
synthetase was purifiod ¢limimated the meed for diluting
the lzicnwccmu with unlabelled succimate in order to
saturate the systew. Tho sensitivity of the assay was
thereby increased to the oxtent that obsexrved values of
opproxizately 1,000 cpm {reprosenting the syntheesis of
1 wpwole of ALA) could be obtained if so ceaired.

1f greater purification of ALA synthetase can be
achieved, the present work illustrates the potential of

the radiochemical assay wethod for complex kinetic studies
anri Cor studices of the chewistyy of the active sites. Imn
its present forwm, the method was not sultable for this

typo of work because o5 the dual emnszyme systeum used to
achieve the incorporation of labelled carbon atoms into
Ahe  Although this dii‘flnuity pressnsebly could be overcome
by the use of labelled succimyl CoA the true substrate of
ALA symthetase, the imstability of this coupoind mnight ive
rise to other problems.

The finding that haem ivhibited the activity of liver
ALA synthetase i xiirg woulcd imdicate that feedback inhibition

of emzyme activity could be a factor controlling the synthesis
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of haeu and porphyrins in liver as well as in other systews
(Burpham end Lascelles, 1963; Kariban and London, 1§65).
The liver ensyme, even when purified, was less sensitive
to haem inhibition than is the bacterial enzym*. However,

the recent demonstration (larriott, Neuberger and Tait,

1969) that only the activated form of the bacterial enzywe
is significently inhibited ip viixe by extrewely small
m.ounts of haem could be of relevance in assesaing the
possible physiological significence of the present results.
It is conceivable that the isolated liver enzyme is
analogous to the non-activated forw of the bacterial enzyme.
The results with EUT.A do mot provide amy inforwmatiom
as to whether this compound directly inhibite AlLA synthetase |

activity. Clearly this can be established by the use of ||

succinyl CoA as substyrate; it was not done due to insufficient ‘
time to prepare new enzyme but the work is being continued
in this laboratory. Since it appears to be well esatablished
that 1lm} EZUTA does not inhibit in liver homogenates

(tarver gt al., 1966b) there is as yet no biochemical
rationale for the claimed effectiveness of LUTA therapy
(reters, 1961). ﬂm‘difficulty, pointed ocut by Lang gi al.
(1968 ) of thoroughly estahlishing the effectiveness of
therepy for sm intexmittent disease, in which spontansoua
remission of symptoms can occur, perhape should be borme in
mind.

*See Appendix IV.
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CHAPTER O
FURIFICATION OF AA SYNTHETASE FROM THE 1 IVERS OF

ORMAL _AND PORPHYRIC GUSNTA PAGS

iLike ALA synthetase, AA synthetase of liver is a wito-
chondrial enxyme sxi also catalyses a reaction between

glycine and an acyl Cois compound to form an aminoketone
(Urata and Granick, 1963). At one time it was thought that
a sories of amimoketonecs could be synthesised by one
pyridoxal S~phosphate requiring emsywe which was non=-specific
for acyl CoA sompoumis (Laver, Neuberger emnd Udemfriond,
1955; Neuberger, 1961}, tu:t it 1is now known that a separate
onzywe spocific for scotyl CodA exists for AL synthesis
(Urnta and Granicik, 1963). These workers also found that
in liver witochondria the mminoketone synthesised frou
glycine and malonyl Coi was indistingulshable from AA; in
ordexr to account for this they proposed that malemyl Coa
wust first be decarboxylated to give acetyl CoA,

In liver and a nuwber of other biological systems,
AA 18 aleo synthesised by an altermative pathway and is an
intormediate in the wetsboliswm of L-threcuine (Elliott,
1959; 1960b).

Because of the asivilarity of the reactions catalysed by

AA synthetaso and ALA synthetase, the question of a relatione



169.-

ship between the two enzymes has been considered by a
muiber of workers. Om the basis of their cbeervation that
AA was not excreted in the urine of animals treated with
porphyrinogenic drugs, de Matteis and Rimington (1962)
proposed that a balance between the mount of glycine
aveilable for wetaboliew either to AA or AlA wight be the
factor controlling the synthesis of porphyrine snd haeu;
furthermore, they sugposted that in the hepatic porphyriss,
el thor hereditary or drug imduced, glycine night be
profercntially metabolised to ALA, However, Tschudy gk gl-

(1963) reported that both nomwporphyric amd porphyric hmen
subjects excreted AA in the urine; nsvertheloss, these
workers found that the adninistration of glycime to &
patient sufferimg from acute interuittont porpbyria resulted
in o four-fold imcrease in the amount of AA excreted.

The question has also been examined as to whether AA
synthetase activity im liver is affected sither in acute
intermittont porphyria (Techudy gk al.» 1965) or by mrphyrinc-
genic drugs (Gramick, 1966; Harver, Schmid and Schfitzel, 1968),
but no evidenmce has been obteined to imdicate that this might
be so.

As already zmentioned (p. 72 ), during imcubation for

ALA synthetase assay of porphyric liver preparations some AA



170

is nlso forwmed ant wlilile methods have been developed
whereby AA end A A formed during such insubations may be
separately detorminmed, little work has been done on AA
synthetase itself. The opportunity to study AA synthetase
in pertially purified preparations obtained frow the livers

of noywal and porphyric animals pressnted itaelf and this

chapter reports the resulta of these investigatioms.

Although no evidencse has been found to show that there
ia imduction of AA synthetase activity by drugs vhich cause
increased levels of ALA symthetese im liver (Granick, 1966),
it sesmed worthwhile to re-~investigate this queation aince
the level of AA synthetase activity im DIC liver mitochomdria
is particularly high when moasured using the acetyl phosphatew

phosphotrensacetylase system of Walsh amd Elljott (1969).

Ouinea pigs were therefore troated with the drug,
kilied at various intervals of tiwe after dosing and liver
uitochondrin isolated. (All witochomdrial preparations used

in this work were once fromem and thawed.) AA synthetase
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activity of those preparations was determined, together
with that of a preparation of aitochondria isolated from
the livers of mommal guinea pigs. In addition, semples
of each of these preparations were ultrasonicated and the
AA synthetase activity in the high speed supernatant
fractions measured. Tsble 9.1 shows that on treatment
.wrlth DDC there is an epparent fall in AA synthetase
activity (with the exception of the single value at 18
hours). 4As with ALA synthetase (p. 133)e AA synthetase
wns complotely solubilised by the ultrasonication treat-
nment. ¥While AA synthetase lovels decreased, ALA
synthetase activity in each of the above preparations
increased directly according to the time between dosing
md kiiling (up to 24 hours). These regults are also
shown in Table 9.1; as expected megligible AlLA synthetase
activity was detected in comparable preparations of
norwal liver. The results presented in Table 9,1 have
since been confirwed {ii.J. Whiting, R.L. Waleh and W.l.
Elliott, personal commmication}. The significance,
if any, of this reduction in AA synthetase activity

on DDC treatment is obscure.
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TABLE 9,1
LIVELS OF AA AND Al.A SYNTHETASES IN THE LIVERS OF GUINEA

AT VARIOUS TIME

S _JILLE

Guinea pigs, dosed with DDC, were killed at various
intorvals of time (6 to 24 hours) after dosing. lLiver
mitochoniria were isolated an! resuspended in C.25 sucrose
containing 10™2); pyridoxal S-phosphato (pH 7.%4) (added to
stobilise ALA synthetaose). I}Mitochondria isolated from the
livers of untreated guinea pigs served as a control. Each

sus pension contained mitochondria isolated frow pooled livers
of 10 guinea pigs. In addition, samples of each suspension
were subjected to ultrasmification for 15 seconds and centri-
fuged at 100,000 x g for 60 minutes {see Chapter 7, p 137)

1A synthetase activity was determined as described in

Fig. 7.5 emd ALA synthetase activity by the colorimetric

assay method described in Chapter 4 (ps 93)¢ Values are
given as mimoles of AL or ALA produced per mg of protein.

Time of killing Hitochondria supernatant
aftor dosing with fraction
pDC (hours) As ALA LA ALA
Control (not dosed) 255 Oel 321 0,2
6 213 4,0 250 B.8
14 183 0.1 255 16.5
18 212 12,0 297 22,0

24 156 16.2 230 27.5
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it was previously shown (Fig. 7.5) that two peaks of
AA synthetase activity arec recovered frow Sephadex gel
filtration, one of which occupies the ALA synthetase position.
{Since the latter is present in nomal liver, it cannot

ropresent an activity of ALA synthetase on ancetyl CoA.)

It was of interest to sec vhether any significant change
occurred in these peaks on DUC treatment. toluble extracts
of nommal and JJC liver mitochondria were fractiomnted with
ammoniun sulphate (see Chapter 7, p. 137 and samples
fractionated on Sephadex colurms by the procedure described
in Pig. 7.3 1t can‘be seen in ig. ?.l that irrespective
of the tiwme of DIC treatment,'both sealks of AA synthetase
wore present. The large variations in amounts oi activity
are not necessarily of significance herc since losa of

activity due to instability or varioble efiiciency of
awmonium m:lphate precipitation has not been excluded.

For comparison the changes in AlA synthotasc are shown in Flg 92

B, Properties of Puprified AN\ oypthetase

(a) The effect of siveine concentxation on A4 synthetase
activit
The opportunity was talken to exaumine the glyecine require-~

ment of AA synthetase purified frow normal and DDC liver

mitochondria (guinea pige killed 24 hours after dosing)

since it was conceilvable that the properties of the enzywe
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might have been affected by the drug treatment. The

sephadex sluate fractions used were those at the centre

of both pesks of AA synthetase activity (numbers 22 omd

29, see Fig., 9.1). The effect of glycine concenrtration

ont AA aynthetase activity is showm in Fig. 9.3, the ounly
foature of mote being the different shape of the euvrve for
AA synthetase activity in fyaction 22 of the nreparation frowm

DPC liver witochomiria.

(b) Ihe effect of glveine comcentration on hacm iphibition
gL AL nthenaia

uring the iuvestigation of the effect of haem om ALA
synthesis by LiC liver mitochomiris it was found that in this
system A aynthesis was also inhibited (see pa2; )s The
effoct of haew om AA gymthosis by the enzywe purilied frouw

worwal and DOC liver nitochomiria was thorefore examined.
Proliminary experiments indicated that Al synthosis was

inhitd ted by haaa. However, since AL synthesis in this system
vas dependent on the activity of the L. goll phoaphotruns-
acetylase aleo imcluded, it was possible that the inhibitory
effect of haem on AA synthsais could have beon the rosult of
an inhibition of phosphotransacetylase activity. NHowover, up

to & concemtration of C.2 wM haosm did net affeot the activity
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of preparations of the cnzyws used im thie worky &t higher
concentrutions of haen (O.Lm), activity was inhibited by
approximately 10%,

The offect of glycine concentration on the haem inhibition
of AL synthesie was imwvestigated using the purdfied AA
synthetase preparations described in Fig, 9J . The results
ocbtained with the ensywe purified from u?:ml liver witoe
chomuiria are showm in Fig, 94 and as seen A4 synthesis 1is
mbited by approximately 50% by U.1lmM hasm. The lLinoweaverw
Burk plet (Fig. 9.5) of this date shows that the imhibition
is nonecompotitive with glycine; similar results were

obtaincd when the oncyuo wes purdified from ID0C liver nitow

chondria.

2. IBISQUBLIO

The rosuits in this chapter cléur’ly coniim A4
synthotase as an emsyne distingt from Als synthetase, a fact
ostablished by Urata emd Oremick (1963). The wost striking
foature of the work imn this chapter was the prosemce of m
saall socomd peak in the same position as Al:s symthetase in
olustes from Sephadex (=100, However, this socond peak

ccourred in gel filtrates of preparations frow vsorwml liver
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dotected.

AL synthetase was imhili ted by haewt, tuch as was
AX synthetase (mee (hapter U, peigr:}» ‘There is no obvious
reason why this should be unlosas haeors Bappens to sct at some
coumon structural feature of both emnsynes, but does nmot have
physlological significemnce.

The similarity of the A4 emd ALA ayntbstase reactions,
together with the fact that both systeus are inhibi ted by huem,
tonds to wmake the possibility of some physiological relation~
ship between the two present itself. (The requirsment for
protein synthesis in A5 synthetase induction obviocusly
elimimmtes mmy simple interconversion.) Vhile wodification
of ons activity into mother is en interesting and attractive
ides for a systes of euch widely Nuctuating activity as |
the AlL.A syntbetase ome, it is clear that there is no
significant basis of avidemce for considering this
possibility seriocusly. Chwviously, much wore work necds
to be done on beth ALA awd AL syuthetases o unierstand

the ir nature.
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CHAPTIR 10

GENERAI. DiSCLUE5E ON

The woirk described in this thesis was e study of
AlLA synthetace in different biologicsl gysteus. 1t was

necesasary %o develop a wore sensitive assay method other
than the colorimetric wethods commonly in use and to
obtain tho emgyre in a more purified state. in doing
this a mumber of interesting amd possibly valuable
iines for future work wore imlicated end orel iminary
studies of these sre also included in the thesis.

ihe main achievemwont of the work im this thesls
has been the development of a now wethod of assey for
ALA symthetase which pormits experimenta of a new type
to bo corried out, such wus the quantitative woastreuont
of AlLA synthwtase levels in tissue culture systezs, It
ig hoped that this will ennble more detailed information
to be obtaimed, perticularly of the early atuges of enaymne
induction vhich in turn may lead to a better uvaderstanding
of thia procees. Jsimce the completion of the wori: in
this thesis further oxperiments in this leboratory by
otheor worlers suggost that the now assay method can be
succossfully applied to ouch studies (A.E, Tdwards ond

%¥.H. Elliott, personal comsamication).
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The fimding that AlLi synthetase is 'viri_mally
cndotectable im all nomal cells studled (photosynthetic
bacteria s reticulocytes excluded) simply underlines
the remarkable comtrol of this emmyue. The negative
findings in norwal liver do conflict with those of other
workers who have detected A A synthetese activity by the
colorinetrie procedures. The comflicting results may be
due to two Tactors, Flretly, the "norual® level way
fiuctas. e accordlng t:, secies, strein, phyalological
stote, Box and age. secondiy, sowe of the reported
traces of sotivity in porual 1iver could be due to faillure
to correct completely for the reiatively large saocunt of
AA produced by normal tissues. The discovery of am
nighidbitor” im liver mitochomdria is comsistent with
the faiiure to deteed ALS mﬂmtgs. activity in norwmal
l1iver preparations. Jiether oy not this “jphibitoer” s
physiological significence is not knowl,.

The enwyme purification studies have proved
ddsappointing in that even with pyridoxal Sephosphate
stabilisation, thoe enzynme is vory unstable in pmartielly

purified preparations. To obtain any significant amount
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of enzyme, drug induction wust be used, at least in the
giinoa plg. Whether other species are preferable as
sources of the enzyme is not known, bor whether the
stablility of the ensymw uay vary according to species.
The recemt wozsk of Haynshi, Yoda and idkuchi (19690) does
. indicate however, that the properties of ALA synthetase
induced in rat liver by AlA may be different from those
found in the present work for ALA synthetase imiuced in
guinea pig liver by DDC.

While the main euwphasis im the present work related
to ALA synthetase, reference uay be made to two points
of particular interest comcerning amother enzywse, AA
synthetase. O(me was the finding that two peaks of AA
synthetase activity are eluted from Sephadex G-100, and
the other that the level of AA synthetaso activity imn

liver is reduced by troatment of animals with a drug

capable of inducing the synthesis of ALA synthetase.
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Arpiatai s X,
After this thoels was prepared for subuission it

was noted that Lascelles and Hatch (1969) now consider
that provious results (fascelles, 1960; Goto gk al.» 1967)
imlicating lmeos reprvssion of ALA synthotunse preduction
in R. gbeioides were due to comtamination of ommywe
preparation with haem and comsequont inhibition of onzywmo
activity during assays. ¥hile it is atill thought that

haew does act as a corepressor, the e¢vidence for this is
rether wore imlirect amd is based om studios with sutant
strains of the bacteriuw ( .ascelles aud i‘atcl, 1969).
Furtherwore, Ali itsclf had mo voepressing effect on
emzyne productieng whoen lts conversion to haez was

hindered either by mutation or methiouine, enzyme production

was mot imhibited.

' agcolles, J. amd Nateh, T.r. (196%). J. Bacteriel. 028:@ 712.



APP.

This proposal is not supported by later work
(Lascelles and Altshuler, 1969) in which wmutant strains
of R. gpheroides were used; these lacked either ALA
synthetase or enzywes necessary for the conversion of

Al.A to haem or bacteriochlorophyll.

Lascelles, J. snd Altshuler, T. (196%). J. Bacteriol. 90:
721,

PINDIY, JII1
The activation of ALA synthetase in crude extracts
of light-anaerobically grown R. gpheroides cells observed
by Tuboi, Kim and Xikuchi (1969 ) was thought to be due
to inactivation of an extremely labile inhibitor of

AlLA gynthetase activity.

Tuboi, S., Kim, Hed., Kiduchi, G, (1969). Arch. Biocheu.
Biophys. 130:92.

APPENDIX IV
Several relevant points of interest arise from the
recent publication of Scholnick, Hammaker and Marver (1969).
(1) These workers have purified ALA synthetase from the
soluble fraction of cells from the livers of AlA treated

rats, thus confirming the work of Hayashl, Yoda and Kikuchi




(1969). ©On the basis of their studies they propose
that ATA synthetase is formed on the ribosoues, passes

into the esoluble fraction of the cellis and thence migrates
to specific sites within the mitechonxiria.

{(2) They also found that the inhibd tion by normal rat
liver mitochondria of ALA synthesis in mitochonciria
isolated from the livers of AIA treated rats could be
overconie by a fourfold increase in the amount of sucolnyl
CoA synthetase included in incubations. They suggest

that the inhibitory effoct of mormal liver mitochondria
on AlA synthesis is wmediated through interference with
succinyl CoA gemoration amd that the deacylase activity
of nortinl liver mitochoniria could be responsible.
Ilowvever, since in the present work heat or acid treated
debris from nommal liver mitochondria (see p. 122 ) is
still active as an inhild tor of AlA synthesis, other
oxplanations are possible,

(3) It was established that the activity of AlA synthetase
purified from the soluble fraction of liver cells is
inhibited dby haem, but not by eryoglobin or cytochrome C.
Furthermore, the degroe of inhibition caused by haem is

approximately twice that obtained in this laboratory

using purified preparations of the intramitochondrial
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scholnick, Pl ovmgler, L. and Farver, l.5. {15‘&9}.
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