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Abstract

The validity of the column procedure of Ebert et al. (29)
for the assayv of §f-aminolevulinic acid (ALA) was examined.

It was shown that all of [1“C] ALA added to the columns was
recovered, and that all of the luC recovered from an incubation
vas ALA. Tt was further shown that the activityv of ALA
svnthetase determined by the method of Fbert et al. (29)

was In excellent arreement with the ALA synthetase activity
determined bv the method ¢f Cranick (33) when the enzyme

was assaved under 3dentical conditions.

The optimal conditions for the assay of §aminolevulinic
acid were determined for several subcellular fractions, l.e.,
mitochondria, sonicated mitochondria, and microsomes. o
activity could be seen iIn the soluble fraction. Under the
conditions emnloved (1% minutes incubation at 30°C) the
reactlon was linear with time and prroteln concentration,
and inderendent of succinate and glyvcine concentration. 'The
denendence of the reaction on ATP, CoA, and a succinyl-CoA
ceneratineg svstem were determined.

The location of ALA synthetase within the cell was
examined. The enzvme was shown to be exclusively a mito-
chondrial enzvme. Further fracticnation of the mitochondria
revealed that the enzyvme 1is closely associated with the inner
membrane but can easilv be dissocliated by treatment with
Lubrol or bv sonicatlon.

The activity of ALA syvnthetase was determined in por-
nhyric rats. When assayed in intact mitochondria, a six to

ten fold increase in ALA synthetase was observed with eilther
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succinate, R-ketogrlutarate or clitrate as substrate when
assaved bv elther the colorimetric or radiochemical assay.
When assaved in sonlcated mitochondria, a slgnificant increase
was observed in ALA svnthetase activity with cltrate or o=
ketoglutarate as substrate, tut no increase in activity was
observed with succinate as substrate. No significant in-
crease 1In the microsomal or supernatant fractlons were seen

in porphvric rats compared to the activity observed with
control mitochondria. Cyvcloheximlide blocked the increase

In ALA synthetase activitv observed 1in porphyric animals.

Acute ethanol intoxication caused a six fold Increase
in ALA synthetase activitv 1n whole mitochondria. The
increase could be blocked by pyrazole, an inhibitor of ethanol
metabolism, Pyvrazole also blocked the increase in ALA
svnthetase in intact mitochondria from rats treated with porphyrinogenic
Zrugs. Pyrazole (3-10 mM) had no inhibitory effect on ALA
svnthetase when added to the incubatlon mixture with either
intact or sonicated mitochondria.

The effect of changing the intramlitochondrial redox
potential and the energy charge on the activity of ALA synthetase
was examined. When the mitochondrlial redox state was highly
reduced the enzvme was inhlbited, and when the energy charge
was hlgh the enzyme was stimulated in intact mitochondria
derived from both control and porphyric rats. Calcium had
no effect on the activity of the enzyme.

In the course of trying to purify ALA synthetase, 1t
was discovered that two different fractions were reaquired
for ALA synthetase activity, one fraction containing the

enzyme and the other an activator. Both the enzyme and the
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activator were nurified from both control and vrorphyvric rats.
No sipnificant ocualltative or quantitative difference was
observed in either ALA svnthetase or the activator 1solated
from control and norphvric rats. A fraction obtained by

extensive sonlcation of an ALA requliring mutant of R. Spheroldes

was found to actlivate ALA synthetase from rat liver.
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I. Purpose

Delta-aminolevulinic acid synthetase is the first and pre-
sumably rate limiting enzyme in the blosynthesls of heme.
In the mammalian liver, heme is the prosthetic group for a

number of enzymes which serve several types of metabollc

functlons:

(1) production of energy via the mitochondrial
resrniratory chailn,

(2) oxldative metabolism of some amino acids and
other small molecules and the blosynthesls of
unsaturated fatty acids,

(3) drupe, detoxification via the electron transport

chaln and mixed function oxidases of the endo-

nlasmic reticulum.

Some heme containing enzymes {the cvtochromes of the mito-
chondrial respiratory chain) occur in relatively constant

levels throughout the 1life of the cell, while the level of

other heme containing enzymes (the cvtochromes of the endoplasmic
reticulum) changes radically under certain conditions. lMore-
over, the activity of §-aminolevulinic acid synthetase in-
creases radicallv in certain disease states (hepatic porphyrias)
and in response to the administration of a number of chemicals
and drugs. Thls studv is an attempt to gain some understanding
of the mechanisms regulating the levels of g-aminolevulinic

acid svnthetase activity.



IT. Introduction

A, Heme Synthesis and f-Aminolevulinic Acid Synthetase

Biochemical studies of porphyrin synthesis were put on
a firm experimental basis by the classic studles of Shemin
and co-workers on the precursors of heme biosyvnthesis in human
and duck erythrocvtes (1). Shemin developed a procedure
for the chemical analysis of hemes which permitted the
unambiguous identification of all of the carbon and nitrogen

atoms in protoporphyrin IX (2). Using 15N (3) and 1“0 (4)

labeled glvcine and luC labeled acetate (5), he demonstrated
that all of the atoms of heme could be accounted for by

these two precursors, and that the ®™-carboxyl group of
glycine was totally lost during the early steps of heme
bliosyvnthesis. Further studies demonstrated that in addition
to glyvecine the other immediate precursor of heme blosynthesis
was "active" succinate, which was later shown to be succinyl-CoA (6).
The product of the condensation of succinyl-CoA and glycine
was 1dentified as §-aminolevulinic acid (ALA) which was
subseauently shown to be an active precursor of heme (7,8).
The enzvme which catalyzed the reaction, f-aminolevulinic

aclid synthetase (ALA synthetase), was subsequently demonstrated

in the photosynthetlic bacteria Rhodopsuedomonas Spheroides and

Rhodospirillum Rubrum (9,10), in chicken erythrocytes (11,12),

and later in guinea pig liver (13) and rat liver (14).
It has long been known (15,16,17) that, in addition to
succinyl-CoA and glycine, pyridoxal phosphate was required for

the formation of ALA in a number of organisms. The overall

o



reaction of ALA synthetase 1s:

Succinyl-CoA + Glycine—¥ ALA + CoASH + co,
The mechanism of ALA synthetase has not been extensively
studied until relatively recently, because the enzyme was
not available 1n a pure form. Recently however, the mechanism

of ALA synthetase from Rhodopseudomonas Spheroides has been

studled by Zaman et al. (18) who proposed a reaction mechanism
which presumablv 1s similar to the mechanism of the enzyme
from other sources. According to this mechanism, glycine (I)
reacts with enzvme bound pyridoxal phosphate (II) to form a

+
Shiff's base (IV) which loses a hydrogen (HR ) to yileld a
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carbanion (V). Succinyl-CoA (III) is then bound to the

enzyme, and reacts with the carbanion (V) to give (VI) with

the release of CoASH. The pyridoxal phosphate complex (VI)
either (A) decomposes to pyridoxal phosphate (II), and

o —amino- 3 -keto adipic acid (VII) which then spontaneously
decarboxylates to ALA or, alternatively, (B) (VI) decarboxylates
to (VIII), which is then hydrolysed to pyridoxal phosphate (II)
and ALA (IX). The work of Scholnick et al. (19) with purified
rat liver ALA synthetase tends to support the first alternative

pathway, 1.e. (VI) hydrolyses to (VII) which then spontaneously
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decarboxylates on release from the enzyme. Their conclusions

are based on the finding that ALA synthetase has no affinity

for ALA.

This would be predicted with pathway A, but would

not be expected wilth pathway B, which predicts that ALA

synthetase would have a high affinity for ALA. Using

1uc

carboxyl labeled glycline, they also confirmed that the

carboxyl group of glycine 1s not lost until after the reaction

of the carbanion (V) with succinyl-CoA. Furthermore, they

suggested that free pyridoxal phosphate 1is bound to the

enzyme by a thishemiacetal linkage to a free sulfhydral group

of the enzvme.

Following the identification of ALA synthetase as the

first step in the biosynthesis of porphyrins, Sano and

Granick (21) determined the subsequent steps of heme bio-

synthesis which are ocutlined below.

Glycine + Succinyl CoA ALA Synthetase; ALA + 002

2 aLp ALA Dehyratasey porphobilinogen + H,0

Uroporphyvrinogen 6 Synthetage >
4 Porphobilinogen Troporphyrinogen Cosynthetase

Uroporphyrinogen III + MNH3
Uroporphyrinogen Decarboxylase \
7

Urovorphvrinogen

Coproporohyrinogen III + CO2

Coproporphyrinogen Oxidase

Coproporphvrinogen >

Deuteroporphyrinogen + COp

Deuteroporphyrinogen Deuteroporphyrinogen Decarboxylasg>

Protoporphyrinogen + CO2

Protoporphyrinogen —929»Protoporphyrin IX

Protoporphyrin IX + Fe*?t Ferrochelatas§> Heme



Many of the steps in prophyrin biosynthesis are not well
understood, and it 1is not certain that all of the steps

are determined or that all of the intermediates have been
identified. Vitamin B12 is synthesized from uroporphyrinogen III
by certain bacterla, and chlorophyll is synthesized from

- protoporphyrin IX by both plants and bacteria.

In the mammalian liver, the enzymes of heme blosynthesis
are distributed within the cell between the cytosol and the
mitochondria (21). ALA synthetase, which 1s the rate limiting
step in the overall pathway (20), is located in the mito-
chondrial matrix (22,23). The next four enzymes, catalyzing
the conversion of ALA to coproporphyrinogen III, are soluble
enzvmes of the cvtoplasm. The last three enzymes are agailn
found in the mitochondrion. Of these, the exact location
within the mitochondrion has been established only for
ferrochelatase, which has been shown to be a constituent of
the inner membrane (23,24). The mechanism by which heme
precursors are transported across the mitochondrial membrane
and what relation this may have to the control of heme
biosynthesis is unknown.

In higher animals (birds and mammals), ALA synthetase
has been extensively studied only in the liver and ery-
thropoetic tissues l.e. reticulocytes (25), red cells (26),
bone marrow (27,28), and spleen (29). Recently, ALA synthetase
has been observed in rat kidney (24). All of these tissues
are involved either in hemoglobin synthesis, or are tissues
which are known to be active in detoxification (liver and
kidney), where active heme synthesis is clearly indicated.

ALA synthetase has not been demonstrated in other tilssues.
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Barnes et al. (29) have detected ferrochelatase activity in
the heart and brain of rats, however, and uroporphyrinogen III
cosynthetase has been studied in the Harderlan gland of the
hamster (30). The presence of these enzymes of heme bilo-
synthesis in non-erythropoetic tissues suggests that most

if not all tissues are capable of heme biosynthesis at least
to the extent reauired for the hemes of the respiratory

chain.

B. ALA Synthetase and Porphyvria

Much of the interest 1in hepatic ALA synthetase 1s prompted
by the role of ALA synthetase in hereditary hepatic prophyrias,
which are a group of hereditary conditions characterized by
disturbances in heme blosynthesis. Four types of porphyria
have been described clinically (31,32); (1) acute intermittent
porphyria, which 1s characterized by the excretion of large
amounts of ALA and porphobilinogen in the urine, (ii1) hereditary
coproporphyria, characterized by the excretion of ALA, por-
phobllinogen, uroporphyrinogen, and coproporphyrin in the
urine and feces, (11i1) variegate porphyria, characterized
by the excretion of ALA, porphobilinogen, uroporphyrinogen,
coproporphyrin, and protoporphyrinogen; and (iv) porphyria
cutania tarda, characterized by uroporphyrinogen and copro-
porphyrin excretion in the feces.

A good experimental model for hepatlic porphyrias has
been avallable since the discovery by Granick (20) that a
number of drugs and chemicals, when administered to rats,

caused the excretlon of large amounts of porphyrin precursors



and an increase in the actlvity of hepatic ALA synthetase.

This observation prompted Tschudy et al. (34) to examine the
levels of ALA synthetase 1n patients with acute intermittent
porphyria. They did indeed find increased activity of ALA
synthetase in porphyric patlents. Although these studles
implicated increased ALA synthetase actlvity as the enzymatic
defect causing the overproduction of porphyrin precursors, they
failed to explain the pattern of excretion (ALA and por-
phobilinogen) found in patients with acute intermittent
vorphyria. This pattern suggested that there may be a block
in the metabolism of porphobilinogen to uroporphyrinogen III.
This possibllity was explored by'Strand et al. (35), who
discovered a decreased level of hepatic uroporphyrinogen I
synthetase in patlients with acute intermittent porphyrila.

They postulated, therefore, that the primary enzymatic

defect was at the level of uroporphyrinogen synthetase, and
that the resulting decrease in total heme synthesis resulted
in a derepression of ALA synthetase. Thelr suggestion received
further support when it was shown that 1n patients with

acute intermittent porphyria the level of uroporphyrinogen I
synthetase 1s decreased 1n the red cell as well as the liver,
but that the activity of ALA synthetase in the red cellof patients
with an acquired form of rorrhvria is normal (36).

Joubert et al. (37) using simllar reasoning, have char-
acterized porphyria cutanea tarda as resulting from an ab-
normal uroporphvrinogen decarboxylase. The defective enzyme
causes the formation of unusual 1isomers of uroporphyrinogen
and coproporphyrinogen which cannot be further metabolized.

The resulting block 1in heme synthesis then causes the 1increase



In ALA synthetase observed in these patients. Similarly,
Matteis (38) was able to induce an experimental variegate
vorphyria by inhibiting ferrochelatase and inducing ALA syn-
thetase. The pattern of excretion of heme precursors was
identical to that observed 1n patients with variegate porphyrla.

Interest in chemical porphyria as a model system for
hepatic porphyrias has persisted, however, because of the
remarkable similarities between chemical porphyria and the
hereditary porphyrias. Induction of chemical porphyria is
caused by the same drugs and chemicals which precipitate acute
attacks 1in patients with porphyria (33). Feeding a high
carbohydrate diet alleviates or prevents the symptoms of both
experimental and hereditary porphyria (39). Moreover, porphyria
is a post puberty condition, implying the participation of
sterolds. Patlents with acute intermittent porphyria have
high levels 1in thelr blood of the same steroids which have
been shown to induce chemical porphyria in cultured chick
embryvo liver cells (33,40). Consequently, the regulation
and mechanism of induction of ALA synthetase in experimental
porphyria has been intensively studied.

Granick (33) systematically tested a large number of
chemicals and drugs for their ability to induce experimental
porphvria in cultured chick embryo liver cells. As a result
of that studv, he classified the different inducers into four
groups: steroid hormone metabolites, collidine derivatives,
barbiturates, and a miscellaneous group. He further observed
that the abilitv to induce chemical porphyria could be conferred
on a molecule i1f it contained one . or more of five chemical

groupines. The barbiturates are Inducers because they contain
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groups A,B,C. Likewlse, the collidine derivatives are inducers
because they contain groups D and/or E. The miscellaneous
class induce by virtue of possessing one or more of the groups,
or because they are unsaturated, chlorinated hydrocarbons
(mostly used as fungicides, herbicides, or insecticides).
Sterolds were shown to be inducers if they contained the 579H

configuration, were fully saturated C1 C21,or larger with

9)
an alcohol or carboxvl group at position 3,11,17, or 20. All 21
hydroxy steroids or unsaturated steroids are inactive, as are all

carboxylated derivatives or the glucuronides of all steroids,

even the ones which would otherwise be active inducers (41).

In his earlv studies on the induction of ALA synthetase
bv allvlisoproplvacetamide (AIA) in chick embryo liver cells,
franick ( 33) revorted that the induction of ALA synthetase
began after a lag time of 6-8 hours, and then increased log®@ -

rithmically for 12-22 hours. Addition of actinomycin D,
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an inhibitor of RNA svnthesls, or cyvcloheximlde, an inhibitor
of rroteln synthesls, prevented the induction. Furthermore,
when cvcloheximide was added during the logrithmic phase

of the induction, the activity of ALA synthetase decreased
with a half 1life of L4-6 hours. The inducer did not activate
ALA .svnthetase directly, nor did it prolong the half 1life of
the enzyme after administration of cycloheximide. On the
basls of thls data, Granlck postulated a model for the reg-
ulation of ALA synthetase activity which, with certain
modiflcations, has become the working hypothesis for most
subseauent studiles.

According to thlis model, the activity of ALA synthetase
is controlled by the level of ALA synthetase in the mito-
chondrion. Since the half life of the enzvme 1s very short
(4-6 hours), the enzyme level 1s regulated by the rate of syn-
thesis. The rate of svnthesls 1s regulated by a repressor
consisting of an aporepressor and a corepressor (heme),
which prevents the translation of the messenger RNA for ALA
synthetase., 1Inducers act by preventing the binding of the
corepressor (heme) to the aporepressor. Steroids induce by
comblining with a repressor on the operator gene allowing the
expression of the structural gene, resulting in the production
of more m-RNA for ALA synthetase. Hereditary prophyria is

attributed to a faulty repressor protein.
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C. Role of Steroids in Porphyria

The role of steroids in the induction of porphyria is
particularly interesting because they are the only naturally
occurring inducers, and because sex hormones have been shown
to exacerbate acute intermlittent porphyria. Granick and
Kappvas (41), and Kappas and Granick (42) have studied steroid
inductlion of ALA synthetase 1n cultured chick embryo liver cells
in considerable detail. Embryonic chicken liver is a particu-
larly good cholce for these studles 1in that the level of
sterold metabolism in that tissue is so low that individual
steroids can be studied without complications arising from
their breakdown products.

None of the sterold hormones secreted by the adrenal
cortex or gonads had slgnificant 1nducing activity, nor did
the degradation products of cholesterocl. The sterolds which
did have activity, however, were metabolites of the hormones,
especlally testosterone and progesterone. These inducing
metabolites are characterized by having the 54-H configuration
and alcohol or keto substituents at carbons 3,11,17 or 20.

All steroids with the Sﬁ—H configuration or a hydroxyl group
at carbon 21 were inactive. The steroids which have porphyria
inducing activity are generally considered physiologically
inert by-products which result from the metabolism of the
sterold hormones in the liver. They are normally excreted as
the glucuronides, and glucuronidation of even the most potent
inducers abolishes all inducing activity.

The most active sterold inducers are effective at con-
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centrations below 10-8M. The induction of porphyria by

these compounds 1s prevented by inhibitors or RNA and proteiln
synthesis, as well as by heme and protoheme, but not by
glucose, The induction with suboptimal levels of steroid is
additive with suboptimal doses of DDC or AIA. Unlike all
other inducers of vporphyria, the jg—H sterolids have been shown
to stimulate heme synthesls In chick blastoderm erythroid
cells (43,44), and in mouse and rat erythroid cells (45,46).
Kappas and Granick (47) also found that UDP-glucuronic
acid, but none of 1ts derivatives, was able to prevent por-
phyria inductlion. They attributed this result to an increased
rate of removal of the steroild iInducer by glucuronidation
catalyzed by UDP-glucuronyl transferase. It has been shown
by Arias et al. (47) and Hsia et al. (48) that 5-8H steroids
at moderate concentrations (10_6—10-MM) inhibit UDP-glucuronyl
transferase. This led Granick (42) to suggest that if for
some reason (over production of 5B8-H steroids or a decrease
in UDP glucuronic acid) more Eﬁ—H sterolds were produced
than could be metabolized, they would accumulate and inhibit
UDP-glucuronvl transferase and start a cycle of increasing
Spﬂ steroid levels which could 1nduce porphyria.
The strong implications that SBQH steroids may be the
immediate physiological inducers of porphyria prompted
Kappas et al. (49) to examine steroid metabolism in patients
with acute Intermittent porphyria. The neutral steroid
hormones have a double bond between ring A and B. 1In the
liver, they are degraded by an enzyme or enzymes z&“-5o<

reductase and/or Au-SP reductase, where the 5 metabolite is
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inactive and the 5;3metabolite induces porphyria. In normal
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neople, the ratio of the 5« to ngetabolite is 1:1 when

[luC] testosterone 1s injJected and the metabolites isolated.

In patients with hereditary porphyria the ratio was 1:2 to

1:4, Patlients with an acaquired form of porphyria had a 5

to B/Bratio of 1:1. Similar results were obtained with

[le] 11-0OH, androstenedione. They attributed the change in
the ratio of 5“’5ﬁ metabolites to a decrease in the activity

of AN—S « reductase.

Although the 58-H steroids are potent inducers of por-
phyria in embryonic chicken liver and 1n several erythropoetic
tissues as well as 1n man, they are apparently without effect
in rat or mouse liver. It 1s clear, however, that steroilds
are 1nvolved in porphyria in rats. Stein et al. (50) and
Matsuoka et al. (51) have reported that hydrocortisone
potentiates induction of porphyria when administered together
with DDC (50) or AIA (51). Moreover, the later the hormone
was administered after the inducer, the less pronounced the
induction. If the hormone was administered two hours after
the inducer, no increase in induction was seen above the

level without inducer. Weisman et al. (52) demonstrated
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simllar results using Sp-H steroids 1in mice. Bock et al. (53),
using isolated perfused rat liver, were unable to demonstrate
any inductlon of ALA synthetase by AIA unless they included
dexamethasone or hydrocortisone in the perfusion medium.
Likewise, Padmanaban et al. (54) examined porphyria induction
by AIA in ovarectomized and adrenalectomized rats. They

found no induction of ALA synthetase activity unless they
administered cortisone along with the inducer, even though
several other physiological changes produced by AIA could be
demonstrated in the absence of cortisone. Matsulka et al. (51)
observed that ALA synthetase induction 1in adrenalectomized

rats was almost abolished unless hydrocortisone was administered
along with the inducer (AIA).

More direct evidence for the involvement of sterolds in
the 1induction of prophyria in the rat resulted from the work
of Moore et al. (55). They found that dehydroepiandrosterone,
which is metabolized by P-U450 and excreted as the glucuronide,
induces porphyria in rats, and that patlents with hereditary
porphyria contained elevated levels of the sterold 1in their

blood.
D. Role of Carbohydrate in Preventing Experimental Porphyrila.

One of the first properties observed regarding the induction
of ALA synthetase was that a high carbohydrate dlet prevented
the induction of the enzyme by drugs (l4), and also alleviated
the symptoms of an attack of acute intermittent porphyria (57).

Marver et al. (39) examined glucose inhibition of prophyria
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in the liver of AIA treated rats. They observed that 1in por-
phyric rats there was a 65% increase in liver weight and liver
proteln. The Increase In 1llver vroteln was distributed equally
in all cellular fractions except the mitochondria, which showed
a 15% increase. ALA svnthetase activity was also increased.
Administration of glucose prevented the increase in ALA synthetase
activity, as well as the Increase in liver weight and protein
content., When rats were treated with AIA for 12 hours and then
injected with puromycin, an inhibitor of protein synthesis,
there was an immediate drov in ALA synthetase activity, with a
half life of 67-72 minutes. When the same experiment was performed
with actinomvein D instead of ruromycin, the level of ALA synthetase
activity remained constant for two to threc hours and then de-
creased with a half life of 72-74 minutes. When the experiment
was reneated agaln with glucose instead of an inhiblt or, the same
nattern was observed as when actinomyecin D was injJected, in-
dicating that glucose inhibltion 1s primarily an effect on
transcription.

In a later study, Bonkowskyv et al. (58) examined a number
of carbohydrate metabolites to see where the glucose effect was
exerted . C-AMP had no effect on the induction process with AIA,
nor d4id it effect the inhibition of 1nduction by glucose, al-
though theophylline did inhibit the induction. Kornek and Moses (59)
have shown that the inhibitlion of porphyria seen with theo-
phvlline is not related to 1its ability to inhibit phosphodi-
esteras2, as other more potent phosphodiesterase inhibitors
are without effect. They also observed no effect of C-AMP
on ALA synthetase inductlon. On the other hand, Pinelll and

Capuano (60) have claimed a moderate inhibitory role for C-AMP,
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Of a large number of sugars, glycolytic and Krebs cycle
Intermediates and fatty aclids studled, only glucose, fructose
and glycerol had a significant inhibitory effect. 2-deoxy-
glucose was as effective as glucose in preventing ALA synthetase
Induction. The further removed metabolically from glucose an
intermediate 1s, the less effectlive 1t is in preventling the
increase in activity of ALA synthetase. On the basls of
their data and the known gluconeogenic capabilities of the
metabolites tested, Bonkowsky et al. concluded that the
glucose effect 1s indred an effect of glucose itself (or
possibly glucose-6—POu).

Cowger et al. (61), working with cultured L cells, ob-
served the same sort of increases in cell protein and cell
welght described by Marver et al. (39). They alsoc observed
an increase in cellular RNA and fatty acid synthesis (62),
but did not see an 1ncrease in DNA or the number of cells.
They further observed, that the administration of AIA resulted
in a decrease in mitochondrial oxidative metabolism due to
a block in NADH metabolism in the mitochoiidria. This resulted
in a decrease 1n ATP concentration, and an increase in gly-
colysis (presumably for the synthesis of more ATP). Cowger
and Labbe (63) extended their results with AIA to a number of
norvhvrogenie drugs. They were able to correlate potency 1in
inducing ALA synthetase with potency in inhibiting NADH dehy-
drogenase from beef heart submitochondrial particles, and were
further able to correlate potency in inhibiting NADH dehydrogenase
with the ability to stimulate glycolysis In cultured L cells.
Thus 1t appears that chemicals which induce porphyria also

put a drain on cellular glucose reserves by stimulating
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glyvcolysis. These results tend to support the hypothesis of
Granick (33) that the glucose effect is related to the production
of glucuronic acid which 1s used to inactivate and remove the
physiological inducer by glucuronidation. In starved animals
there would be 1little glucose avallabe for metabolism to
glucuronic acid. If porphyria inducing chemicals cause a

further drain on glucose by stimulating glycolysls, the cell

may not be able to make sufficient glucuronie acid to remove the
steroid inducer, and a cycle would be set up which results in

porphyria (as discussed above).

E. Studles on the Turnover of ALA Synthetase.

One of the peculiar properties of ALA synthetase, and
one which 1s central to the model of ALA synthetase regulation
proposed by Granick (33), 1s the short half life of the enzyme.
Tschudy et al. (56) made a careful study of the turnover
rates of ALA synthetase and the m-RNA for ALA synthetase.
The results obtalned with puromycin and actinomycin D in-
dicated that ALA synthetase has a half life of 40-70 minutes.
Similar results have been reported by Beattie and Stuchell (66),
and by Havashi et al. (65) for the half 1life of ALA synthetase.
The results of Beattie and Stuchell also showed that when
chloramphenicol, an inhibitor of mitochondrial protein synthesis,
is added instead of cycloheximide, that the actlivity of ALA
synthetase decreases with a half 1life of 120 minutes. As
ALA synthetase is syntheslzed on cytoplasmic not mitochondrial
ribosomes, their results indicate that some product of mito-~-

chondrial protein synthesis 1s required for translation of
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ALA synthetase, or for the expression of ALA Synthetase
activity. The results of Hayashi et al. further complicate
the calculations of the half 1life of ALA synthetase. They
have renorted that after treatment with AIA, ALA synthetase
accumulates in the cvtoplasm. When they measured the half
14fe of thls soluble ALA svnthetase they found i1t had a half
life of onlv 20 minutes. The results of these two étudies,
indlcate that the simplifylng assumptions which Marver used
to calculate the half 1ife of the mRHNA may not be valid,
namely that ALA svnthetase 1s a one component system with a
constant rate of decay.

Sassa and Graniclc (67) using cultured chick embryo
liver cells examined the half life of ALA synthetase and its
mRNA using cvecloheximide and actinomycin D. In the course
of thelr exveriments, they discovered that enzyme 1nduction
by certain pgroups e.g., Lindane (miscellaneous class) and
ATA (barbiturate class) was essentially unaffected by actinomycin D,
indicating that these 1nducers act at the translational level.
Ftiocholanolone (steroid class) and DDC (collidine class),
on the other hand, Induce at the transcriptional level. When
vrotein synthesis was inhibited by cycloheximide, and a trans-
crivtional level inducer was added, it was found that mRNA
for ALA syvnthetase accumulated in the cytoplasm. When the
cycloheximide was washed out, and a translational level
inducer was added, the rate of ALA synthetase formation
increased drastically. By adding a translational inducer and
actinomyecin D (to prevent mRNA synthesis) after the cycloheximide

was washed out, the half 1ife of the mRNA could be determined
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directly, Using these methods, Sassa and Granick determined

the half life of ALA svnthetase to be three hours and the half
11fe of the mRNA was found to be five hours. Similar results
were obtained by Strand et al. (68) using the same experimental
system. Sassa and Granick also found that hemin inhibits

the inductlon of ALA synthetase, and that the kinetics of
Inhibition closely resemble the kinetics of inhibition

observed with cvcloheximide, Indlcating that heme inhibits

at the translational level.

F. Mechanism of the Enzyme Induction

Early studies on the drug induced increase in ALA synthetase
activity were directed towards characterizing the kinetics
of the induction process, characterizing the level of action
of the drug, and examining possible effectors of the process.
Little information, however, was developed relating to the
mechanism of induction. Recently, several significant studiles
have helped explain the mechanism of inductlon by the two
most widelv used inducers AIA and DDC. One of the points
developed by early researchers was that in addition to
inducing ALA synthetase, porphyria inducing drugs (with the
exception of DDC) also induce cytochrome P-450; however,
many inducers of P-450, such as phenobarbital, do not cause
a significant induction of ALA synthetase. The difference
between these two classes 1s that prophyria inducing drugs
cause a transient decrease in the level of P-450 (69). There

are also strong Indications that heme plays a central role 1in
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the Induction process since heme has been shown to inhibit

ALA svnthetase induction in vivo (67), and to exert feedback

inhibition on ALA svnthetase in vitro (71,72). High concentrations

of tryptoohan are known to cause the rapid activation of

trvptoohan pyvrrolase by causing the 1lnsertion of free heme

Iinto the avo enzyme, resulting in a transient decrease in

free heme levels. Marver et al. (70) reported that admin-

istration of tryvptophan to rats pretreated with porphyria

inducing drugs at levels insufficlent to cause induction,

resulted In a rapid Induction of ALA synthetase activity.
Recently, the relationship between cellular heme concentration

and the biochemical effects of the porphyrogenic drugs has

been intensivelv studied. Narisawa and Kikuchi (73) demonstrated

a two phase 1nductlon process In rats treated with AIA.

The first phase (six to eight hours) is sensitive to inhibitors

of protein synthesis, but relatively insensitive to inhibitors

of RNA synthesis, while the second phase (18-24 hours)

is acutely sensitive to inhibitors of both RNA and protein

svnthesis, Both phases of induction are reversed by the

administration of heme, although the second phase is more

sensitive (65). Hayashil et al. (65) also demonstrated that

although heme prevented the AIA induced increase in ALA syn-

thetase, 1t did not prevent the induction of glucose-6-POy

dehydrogenase, NADPH : cytochrome C reductase, or ALA dehydratase

which are also induced by AIA. This indicates that heme does

not provide cell wide protection against the effects of AIA,

but that heme 1s a specific effector of the ALA synthetase

system which controls the activity of ALA synthetase.
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Several groups of researchers (T74,75,76,77) have reported
that AIA causes a rapid, transient decrease in cytochrome P-450
in thelliver, as a result of the destruction of preexisting
P-450 heme, and that there is a concomitant accumulation of
certain unspecified green pigments in the cytoplasm (76,78).
Matteis (78) has suggested that the destruction of P-450
heme 1s a result of a metabolite of AIA, or the result of the
metabolism process. This conclusion 1s based on the observation
that the breakdown of heme 1s more rapld in rats which were
previously treated with compounds that induce P-450. Moreover,
he observed that SKF-525-A, a drug which blocks AIA metabolism,
prevents the destruction of P-450, and that addition of NADPH,
a substrate for P-U450 linked drug metabolism greatly stimulates
the breakdown of P-450. The breakdown of P-450 heme 1s implicated
as a step In the AIA induced increase in ALA synthetase
actlivity because SKF-525-A which prevents the heme destruction
also inhibits the increase in ALA synthetase activity (77,78),
and because analogues of AIA which are weak inducers of ALA
synthetase are also less effective in causing the breakdown of
cvtochrome P-U50 heme (79). Moreover, neonatal rats (5 days)
cannot metabolize AIA due to very low levels of P-U450, and
conseauently, there is no breakdown of heme and no induction
of ALA synthetase (54).

These results have led Padmanaban et al. (54,80) to
postulate a mechanism for the A IpA induced
increase in ALA synthetase activity. They maintaln that the
Increase in ALA synthetase actlivity i1s the result of an increase

in the rate of translation of ALA synthetase mRNA whilch 1s
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caused by increased levels of apo-cytochrome P-450 (or some
other apo-enzyme which requires heme). AJIA causes the
accumulation of apo-enzyme by destroying the enzyme bound
heme, and also by 1lnducing an increase 1n the rate of apo-
cytochrome P-450 synthesis. Heme prevents the induction by
complexing with the apo-enzvme. They caut®on, however, that’
the breakdown of liver heme 1s not sufficlent to cause an
increase In ALA synthetase activity, as the induction of

ALA synthetase 1s dependent upon protein synthesis. Their
hvoothesis falls to explain why glucose prevents the induction
however, and also why cortisol 1s reauired for induction.
Perhans the formation of apo-cytochrome P-U450 is dependent
on cortisol, or perhaps a sterold metabolite is required for
the stimulation.

Like ATA, DDC has been shown to cause a rapld decrease in
cvtochrome P-U450 levels: however, it is not an inducer of
P-450 (69). Sassa and Granick have also shown that DDC acts
at the transcrintional level as opposed to AIA which acts at
the translational level (67). But wunlike AIA, DDC has also
been shown to inhibit heme synthesls at the level of ferro-
chelatase (81,82), and thus to cause the accumulation of
protoporphvrin in the liver. Mattels et al. (83) have argued
that the induction of ALA synthetase by DDC 1s a consequence
of the destruction of P-450 heme, combined with the inhibition
of heme svnthesls at the level of ferrochelatase. They ob-
served that mice are more sensitive than rats to the porphyregenic
effects of DDC, and that rat liver ferrochelatase 1s correspond-
inglv less sensitive to the 1nhibltory effects of DDC. More-
over, SKF-525-A, which inhlblts the metabolism of drugs by

P-450, nrevented porphyria in the rat and prevented the 1lnhibition
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of ferrochelatase. It was less effective 1n preventing both
porphyria and the inhibition of ferrochelatase in mice.
These results led Mattels to conclude that the inhibition of
ferrochelatase is caused by a metabolite of DDC, and that induction
of pvorphvria 1s directly related to the degree of inhibition
of ferrochelatase. They obtained similar results (unpublished)
with griseofulvin, another porphyrogenic drug which inhibits
ferrochelatase.

Support for the hvpothesis that a cruclial step in the
induction of vorphvria 1s a block in heme synthesis comes
from the work of Strand et al. (68). They observed that a
number of compounds which inhibit various steps in heme
svnthesis cause an increase in ALA synthetase activity and
the accumulation of heme precursors before the site of inhibition.
Addition of the precursors of heme synthesis which occur
after the site of inhibitlion decrease the activity of ALA
svnthetase. For example, lead acetate, which inhibits the
conversion of ALA to porphobilinogen, causes an increase in
ALA synthetase activity which is completely inhibited by
cvcloheximlde but unaffected by actinomvein D. This indicates
that a block In heme synthesis increases ALA synthetase
by a translational control mechanism. Moreover, administration
of lead acetate reversed the actinomycin D inhibition of
ATA induced vorphyria.

Since DDC has been shown to be an inducer of ALA synthetase
at the transcriptional level (67), Nawata and Kato (84)
undertook a study of the effects of DDC on RNA metabolism in
rats. They observed that in the time between the administration

of DDC and the increase in ALA synthetase activity that there
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was a ranld rise in the rate of RNA synthesis which returned
to the control level before ALA synthetase induction. They
noted that the rapidly labeled [32P] RNA accumulated in the
nucleus and remalned there for some time. A similar increase
of labeled RNA 1In the cytoplasm was not observed at any time.
Moreover, after analysis of labheled polyribosomal RNA on
sucrose densityv gradlents, no difference in the amount or
distributlon of the labeled RNA was observed when comparing
control and norphvric rats.

In an attempt to clarify some of the contradictory
information on the inductlon of ALA synthetase, Kikuchi
et al. (8%5) undertook a comparative study of the induction
process In rat liver with AIA and DDC as inducers. In previous
studies with AIA they showed that as much as 35% of the
ALA synthetase accumulates in the cytoplasm during induction (65);
that the soluble enzyme had a half life of 20 minutes, and the
mitochondrial form had a half life of 68 minutes; that heme,
when administered along with AIA, prevented the induction of
ALA synthetasej and that when heme was administered two to
four hours after the iInducer 1t had no effect on the total
cellular ALA synthetase activity. Closer examination revealed
that the soluble ALA synthetase was accumulating in the
cvtonlasm as I1f no heme were present, while the mitochondrlal
ALA svnthetase was declining rapidly with a half 1ife of
20 minutes (86). Kikuchi et al. interpreted this to mean that
heme prevented the conversion of the soluble form (M.W. s 250,000)
to the mitochondrial form (M.W. = 115,000). This same group,
working with cock liver,.observed a time dependent increase
in the molecular wéight of the soluble ALA synthetase from

170,000 to 250,000. This change in molecular weight was
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prevented bv heme (88). The addition of heme also changed the
apoarent half life of the soluble form from 20 minutes to

120 minutes. C-AMP exhibited a similar but less pronounced
effect when administered several hours after AIA (87). When
DDC was the inducer, however, there was only a slight 1ncrease
in the soluble form of ALA synthetase, and neither heme

nor C-AMP caused any further»accumulation in the cytoplasm.
While the mitochondrial form of ALA synthetase has a half

life of 60 minutes when AIA is the inducer, it has a half

life of 120 minutes when DDC 1s the inducer. Likewise,

with AIA the half 1ife of soluble ALA synthetase was 20 minutes,
but with DDC it was 60 minutes.

When they performed the same experiments in liver cell
culture instead of 1n vivo, they found that there was no
accumulation of ALA in the soluble fraction with elther
inducer whether or not heme was present. They also observed
that the half 1ife of mitochondrial ALA synthetase was about
twice that. obtained in vivo 1. e., two hours with AIA and four
hours with DDC. Moreover, the molecular weight of the mito-
chondrial enzyme in cultured liver cells was 250,000 as
compared to a molecular weight of 115,000 observed in rat
liver or cock liver (88). It is, therefore, apparent that
there are *ot only significant differences in the mechanism
of induction by DDC or AIA, but also differences in the
mechanism of induction in vivo and in cell culture.

Anv real understanding of the regulation of ALA synthetase
or the regulation of the induction of the enzyme by por-

?hjrogenic drugs will ultimately depend on the isolatlion and

characterization of the components 1lnvolved. Progress along
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this line has been made in several laboratories. As noted
above, Kikuchi first observed the exlstence of two forms of
ALA synthetase, a soluble form (M.W. :178-600,000) and a
mitochondrial form (M.W. = 115,000). Subsequently Scholnick
et al. (71) oartially purified the soluble form of the

enzyme from rat liver. They found the partially purified
enzvme has a molecular weight of 500,000, but that it dis-
sociates in 0.8 M NaCl to a complex with a molecular welght of
300,000 (89). The enzyme had a Xm of 1 X 102 M for glycine,

7 X 10~ M for succinyl-CoA, and 3 X 107°

M for pyridoxal
phosphate, and a Ky for inhibition by heme of 2 X 1072 M (89).
The 1inhibition by heme was competitive with pyridoxal phos-
nhate (19), but was unaffected by glycine or succinyl-CoA.

The enzyme 1s maximally active in 0.3 M NaCl. Soluble

ALA synthetase was further purified by Whiting and Elliot (72)
and shown to have a molecular weight of 178,000. They

also purified the enzyme from the mitochondrla of DDC treated
rats. The mitochondrial enzyme was shown to have a mole-

cular weight of 77,000 after solubllization of a large aggregate
by 10‘“ M DTE and 0.8 M NaCl. They obtained a Km of

1.9 X 10—2 M for glycine, 2 X 10“5 M for succinyl-CoA, and
10-6-10-5 M for pyridoxal phosphate. The K4i for heme in-
hibition was 1 X 10~2 M, Whiting and Elliot obtalined anti-
bodies to the purified mitochondrial enzyme and demonstrated
that it cross reacted with the purifled soluble ALA synthetase,
although 1t reguired four to five times as much antibody.

Thev were unable to demonstrate any immunologically active

precursor of ALA svnthetase in the cytoplasm of non-induced
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animals, although the mitochondrial ALA synthetase of non-
induced animals reacted with the antibody to the induced
mitochondrial enzyme.

Although there 1s considerable confuslon regarding many
details of the proverties of ALA synthetase, and the mechanism
of 1ts induction, there does seem to be general agreement on

several polnts:

(1) steroldes in some form are a necessary prerequisité
for the induction of ALA svnthetase,

(2) heme, at least in vivo, 1Is able to block the in-
duction of ALA syvnthetase.

(3) the activitv of ALA syvnthetase 1s in some way
counled to the induction of cytochrome P-450.

(u) protein svnthesis, and probablv RNA synthesis
i1s necessary for the induction of ALA synthetase.

(%) ALA synthetase exists as part of a stable high

molecular weight complex.

There would probably also be general agreement that there

is as yet no comprehensive theory capable of explaining

the regulation of ALA synthetase.
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IITI. Materials and Methods

A. Treatment of Animals.

Male Sprague-Dawley rats weighing between 75g and 125g
were used throughout. Chemical porphyria was induced by
injecting 8 hour or 24 hour fasted rats with either DDC or
AIA. When porphyria was induced with AIA, the drug was dissolved
in 0.9% NaCl at a concentration of 15 mg/ml and administered
by subcutaneous infection at a dose of 40 mg per 100g body
welght. Controls received an equal volume of 0.9% NaCl. When
DDC was the inducer, the drug was suspended in corn oill at
a concentration of 25 mg/ml and administered by intsdperitoneal
Injection at a dose of 25 mg of DDC per 100 g body weight.
Controls recleved an eaual volume of corn oll. The rats were
continued fasting until sacrifice after 16-17 hours or as
indicated. When indicated, cycloheximide (5 mg/ml in 0.9%
saline) was administered by intygperitoneal injection at 5mg/100g
body weight just prior to the administration of the porphyria
inducing agent.

Ethanol (50%) was administered by gastric intubation at
a dose of 600 mg/100 g body welght. Control rats recieved
isocaloric glucose. Pyrazole (30 mg/ml in 0.9% NaCl) was
administered by intvdperitoneal injection at a dose of 30mg/l1l00g
hody welght one hour before ethanol administration. The

rats were continued fasting until sacrifice after 4 hours.
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B. Preparation of Tissue

Rats were sacrificed by decapitation, and the livers
were removed. Mitochondrla were prepared by the method of
Beattie et al. (90 ) in a medium containing 0.25 M sucrose,
n.001 M EDTA and 0.01 M Tris-HC1 (pH 7.€). The postmitochondrial
supernatant was centrifuged at 30,000 X g for 10 minutes,
and the resulting supernatant was further centrifuged at
108,000 X g for 50 minutes. The pellet was resuspended in
the 1solatlon medium and used as the microsomal fraction.
The sunernatant was used directly or, alternatively, was
treated with 2 volumes of saturated (NHu)stu after the method
of Hayashi et al. (65 ). The resulting precipitate was
dissolved in 0.01 M Tris-HC1l (pH 7.5) and used as the soluble

fraction.
C. Fractionation of Mitochondria

Mitochondrlia, washed four times, were resuspended in the
isolation medium to a concentration of 1 mg/ml and sonicated
for 10 seconds at full power ﬁith a Bronson Sonifier (model
W 185n). Alternatelv, mitochondria were resuspended to a
concentration of 10 mg/ml and frozen and thawed three times
in a dry ice-acetone bath. Sonlcated or frozen mitochondria
were centrifuged at 30,000 X g for 10 minutes and the pellet was
resuspended in the isolation medium.

Inner and outer membranes and matrix fractlions were prepared
bv the digitonin-Lubrol method of Schnaitman and Greenawalt (91 ).

Mitochondria at 70 mg/ml were treated with digitonin (20 mg/ml
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+ 2 mp BSA) in the ratio 1.1 mg digitonin per 10 mg mitochondrial
protein. After 15 minutes the mitochondria were diluted with
four volumes of isolation medium and centrifugated at 9500 X g
for 15 minutes. The supernatant was recentrifuged at 104,000 X g
for 60 minutes to sediment the outer membranes. The 9500 X g
nellet (inner membrane-matrix fraction) was suspended in

10 mM Tris-HC1 (pH 7.5) 1 mM EDTA, 0.1 mM DTE to a concentration
of 10 mg/ml, and 1 mg of Lubrol was added for 10 mg protein.
After gently stirring for 15 minutes, the suspension was
centrifuged at 165,000 X ¢ for €6 minutes. The resulting

pellet (inner membrane) was resuspended in isolation medium,

while the supernatant was used directly as the matrix fractilon.

D. Preparation of Succinvl CoA-Synthetase

Sucecinyl-CoA synthetase was prepared from an ALA re-

culring mutant of Rhodovnsuedomonas Spheroides. The bacteria

were grown aerobically in the light at 30°C after the method

of Lascelles (9€). The culture was centrifuged at 9000 X g

for 10 minutes and washed in one tenth the culture volume

of 0.05 M Tris-HC1l (pH 6.8). The cells were resuspended in

one twentieth the culture volume of 0.05 M Tris-HC1l (pH 6.8)

and sonicated three times for 20 seconds at full power with

a Bronson Sonifer (model W 1850), and centrifuged at 165,000 X g
for €0 minutes. The supernatant was used as the succinyl-

CoA synthetase preparation.
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E. Purification of ALA Synthetase

The 165,000 X g supernatant from the lLubrol extracted
inner membrane was used for the further purification of ALA
synthetase. All purification procedures were performed at
0-5° C. Solid (NHy)pSO), was added until 40% saturation and
the precipitate (FRACTION I) was dissolved in Buffer A
containing 10 mM Tris-HC1 (pH 7.5), 1 mM EDTA, 0.1 mM DTE,
to a concentration of 5-10 mg/ml. Solid (NHy),SOy was added
to the supernatant until 60% saturation and the precipltate
was removed bv centrifugation and discarded. Solid (NHy),SOy
was added to the supernatant until saturation. The precipltate
(FRACTION TIII) was collected by centrifugation and dissolved
in Buffer A to a concentration of 3-5 mg/ml. FRACTION I and
FRACTION III were dialyzed against fresh Buffer A to remove
(NHM)2SOM'

FRACTION I was diluted five fold with Buffer A and
anplied to a 0.5 em X 5 c¢m DEAE cellulose column previously
equilibrated with Buffer A. The column was washed with one
half the sample volume of Buffer A and eluted with twice the
void volume of 0.25 M NaCl in Buffer A. The eluate was repre-
cipitated with (NHu)gsou, dialysed, diluted and applied to
the DEAE cellulose column as described above. The column was
washed with 3 times the vold volume of 0.1 M NaCl in Buffer A.
The column was then eluted with 3 times the voild volume of
N.15 M NaCl 1n Buffer A.

The eluate was concentrated with carbowax (polyethylene
glycol = 30-50,000 m.w.), and applied to a sephadex G-200

column (1 X 50 cm) previously equilibrated with Buffer A.
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The ALA svnthetase elutes at the vold volume with an apparent
molecular welght greater than 200,000. If the enzyme 1s not
ecuallv distributed in the leading protein peak, the actlve fractions
are reconcentrated and avplied to the G-200 column again.

FRACTION III was dissolved in 2 ml of Buffer A and chromatographed
on a senhadex G-200 column (1 X 50 cm), previously equilibrated
with Buffer A. The active fractions were pooled and applled to

a DEAE cellulose column (7.5 X & cm). The material which

vassed through the column was applied to a carboxylmethyl
cellulose column (0.5 X & ecm) and the material which passed
through the column was saved and frozen. Upon thawing, a
nrecipitate formed which was collected by centrifugation in

a clinical centrifuge, and prepared for SDS polyacrylamide
electrophoresis as described below.

FRACTION III used for assavs was dissolved 1n Buffer A

and frozen until use.

¥. Enzvme Assavs

1. ALA Svnthetase.

ALA svnthetase was assayed elther by the colorimetric
method of Granick (33) or the radiochemical method of Ebert
et al. (29). For the colorimetric assay, unless otherwise
noted, 10 meg of mitochondria were incubated for 30 minutes at
30° C in an incubatlon mixture containing 100 mM glycine,

10 mM Tris-HCl, 20 mM MgCl2, 10 mM EDTA, 0.1 mM pyridoxal
phosphate, 1 mM ATP and 50 mM citrate, succinate, or K-keto

glutarate in a final volume of 4.0.ml at pH 7.3. The reaction
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was stopped with 2 ml of 15% TCA and centrifuged in a clinical
centrifuge. To 5 ml of the supernatant were added 1 ml of

2 M sodium acetate (oH 4.6) and 0.1 ml of acetyl acetone.

After bolling for 10 minutes a 1.5 ml allauot was reserved,

and a 2.0 ml allquot was extracted with 5 ml of ether previously
eauilibrated with a solution containing 7.7 mM trichloro-
acetic acid (TCA), 15 mM sodium acetate, 0.68 mM NaOH, and

1.1 mM potassium phosphate, 1.5 ml of modified Ehrlich's reagent
( 92) was added to both the reserved aliquot and to 1.5 ml of
the ether extracted aliauot. After 15 minutes the optical
densitv was read at 552 nm. The moles of ALA were determined

by the following eaquation:

Moles of ALA = 1.7 X 10=7 (2-0.045 w)
where z = optical density of the ether extracted aliquot

w = optlcal density of the original aliquot.

For the radiochemical assay, the tissue sample was incubated
for 15 minutes at 30° C in an incubation medium containing

100 mM glycine, 50 mM Tris-HCl, 20 mM MgCl 10 mM EDTA, 0.1 mM

2
pyridoxal phosphate and 1 uCi of either [luC] succlnate,

[luC] citrate, or [lic] o-ketoglutarate in a final volume of

2 ml at pH 7.3. When the microsomal fraction, supernatant
fraction, sonicated mitochondria, or submitochondrial fractions
were assayed, the incubation medium contd ined, in addition to
the above, 1 mM ATP, 0.1 mM reduced coenzyme A, and 250 ug of

a succinvl coenzyme A synthetase preparation. Assays of the
microsomal fraction also contained 5 ug of pyruvate kinase and

10 mM phosphoenolpyruvate.

The incubation was stopped by the addition of 0.5 ml
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of 25% TCA and centrifuged in a clinical centrifuge, the
precipitate was washed with 5 ml of 1% TCA. The TCA extracts
were nooled and 3 ml of 1 M sodium acetate (pH 4.8) was added,
the volume was taken to 20 ml and the pH was adjusted to

pH 3.9 t 0.2. The samples were applied to a 2-3 ml column

of Dowex AG 50- X 8 (100 - 200 mesh) and washed successively
with 20 ml of 0.1 M sodium acetate (pH 3.9), 20 ml 0.1 M acetate
methanol (1 : 2 v/v, pH 3.9), and 10 ml 0.01 M HCl. The

ALA was eluted with 4 ml of 1 M NHuOH and a 0.5 ml aliquot was

counted in a Packard 1liauid scintillation counter.

2. Succlinate Dehydrogenase

Succlnate dehydrogenase was assayed at room temperature
bv the method of Bachman et al. ( 93) in a reaction mixture
containing 10 mM potassium phosphate (pH 7.6), 10 mM succinate,
1 mM KCN, and 20 pug of dichloroindolphenol in a volume of
1 ml. The reactlion was initlated by the addition of succinate
and the reaction was followed by the decrease in optical

density at 600 nm.

3. isccitrate Dehvdrogenase

Isocitrate dehydrogenase was assayed at room temperature
bv the method of Bachmann et al. (.94) in a reaction mixture
containing 50 mM Tris-HCl (pH 7.5), 0.3 mM MgCl,, 0.4 mM
NADP+, 5 ug of antimycin A, and 0.5 mM lsocltrate in a volume
of 1 ml. The reaction was initiated by the addition of NADP+,

and the reaction was followed by the increase in optical density

at 340 .
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b, Glutamic Dehydrogenase

Glutamic dehydrogenase was assayed by the method of
Beaufav et al.(94 ) in a reaction mixture containing 20 mM
potass{um phogphate (pH 7.7), 0.4 mM KCN, 1% Triton X - 100,
1 mM EDTA, 50 mM NHuCl, 10 mM o-ketoglutarate and 0.28 mM
NADH. The incubation mixture minus -ketoglutarate was in-
cubated for 15 minutes at room temperature after which time
the reaction was initiated by the addition of «-ketoglutarate
and the oprogress of the reaction was followed by the increase

in ontical densitv at 340 nm.

5. Sucecinvl-CoA Synthetase

Succinyl-.CoA synthetase was assayed by the method of
Kaufman (95) in a reaction mixture containing 5 mM ATP,
50 mM succinate, 0.13 mM reduced CoA, 2.5 mM reduced glutathione,
50 mM Tris-HCL (pH 7.4), 5 mM MgCl2, and 0.5 M hydroxylamine
in a volume of 2 ml. The reaction mixture was incubated for
30 minutes at 37° C, after which 2 ml of a 1 : 1 : 1 mixture

of 5% FeCl 12% TCA : 3N HCL was added. After 15 minutes

3

the reaction mixture was centrifuged in a clinical centrifuge

and the optical density was determined at 540 nm.

G. Chromatography of ALA

Samples were prepared for chromatography by lyophili-

zation of the Dowex AG-50 eluate (4 ml). The dried sample was
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redissolved in 0.5 ml of 1 M NHuOH. Descending paper chro-
matography was verformed on 50 cm strips of Whatman
No. 1 paper with l-butanol : acetlic acid : water (25 : 4 : 10)
as solvent. The chromatograms were cut into 1 c¢m strips and
counted in a Packard liauid scintillation counter.

Thin layer chroumatography was performed on Eastman Silica
Gel Cplates with l:nutanol:acetlc acid:water (4 : 1 : 5)
as solvent. The chromatograms were either cut into 0.5 cm
slices and counted, or the spots were scraped directly from
the plate into a vial and counted. All chromatograms were
developed both with ninhydrin svray and exposure to lodine
vapor.

Standard &aminolevulinic acid and S-aminolevulinic
acid isolated from the Dowex columns were converted to the
pyvrrole by the method of Mauzerall and Granick ( 97 ) and
chromatographed on Eastman Silica Gel G plates with 1l-butanol
acetic acid : water (4 : 5 : 1). The chromatograms were

developed with Ehrlich's reagent and counted as described above.

H. Gel Electroohoresis

Samples for electrophoresis were dissolved in a solvent
system containing 10% glycerol (w/v), 1% SDS, 1% mercapto-
ethanol, 0.01 M phosphate buffer (pH 7.1), and .002% bromphenol
blue at a protein concentration of 1-2 mg/ml (98.). The
samples were then heated at 70° C for 20 minutes. 50-100 ug
of proteln were applied to 7 cm, 10% acrylamide gels and
electrophoresis was performed at room temperature according
to the method of Weber and Osborn (99 ) at 3 mA per gel for

17-24 hours.
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Gels were stained overnight with 1% Coomassie Blue and
17 Napthol Blue Black in methanol : acetlc acid : water
(5 : 1 : 5) and were destained electrophoretically with 7.5%

acetlc acid 1n 5% methanol.
1. Liquid Scintillation Counting

Radiocactivity was determined in a Packard liguld egecint-
ilation counter with an efficiencv of 68% when counting l“C
samples contalning 0.5 ml of 1 M NHyOH 1n 10 ml of Bray's
counting solution (100), or 73% efficlency with 0.5 ml of

1 ! NEyOH in 5 ml of toluene-triton X 100 counting solution (101).
J. Protein Determination

Proteln concentrations were determined by the Folin method
of Lowrv et al.(102), or bv the Bluret method of Gornall

et al. (103) with bovine serum albumin as standard.
K. Materials

{-amino [u-luc] levulinic acid (11.4 mCi per m mole)
and [2,3—1uC] succinate (10 mCi per m mole) were obtained from
New England Nuclear: [1—1uC] citrate (11.4 mCi/m mole) was ob-
tained from Schwartz-Mann; uniformly labeled [luC] l-glutamate
(10 mCi/m mole), [5-1“03 «-ketoglutarate (10 mCi/m mole),
and [2,3—1uC] succinate (10 mCi/m mole) were obtained from
Amersham-Searle. Nucleotides, pyrazole, Coenzyme A, ALA,

phosphoenolpyruvate, pvrdoxal phosphate, pyruvate kinase,

oligomycin, antimycin A, cycloheximide were obtained from
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Sigma. Valinomvcin was obtained from Pfizer; acrylamide,
bisacrvlamide, tetramethylethylenediamine, and DDC from
Eastman:; allylisopropylacetamide from Hoffman-La Roche;
Triton X 1N0 from Rohm and Haas, Diglitonin, obtained from
Sigma, was recrystallized from ethanol. Lubrol was a gift
of ICI American, Inc. The f-aminolevulinic acld requiring

mutant of Rhodopsuedomonas Spheroides was a gift from Dr.

June Lascelles, University of California, Los Angeles.
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IV. Results
A Verification of the Column Assay for ALA

Studlies on ALA synthetase 1in this laboratory and others
have been hilndered by the lack of a specific and sensitive
assay for ALA. Previous assays ( 33,104,73 ) have relied on
the condensation of ALA with acetyl acetone to form a pyrrole
which subsequently forms a colored complex with Ehrlich's
reagent. The condensation with acetyl acetone 1s not specific
for ALA, nor 1s Ehrlich's reagent specific for the pyrrole
formed from ALA. The radiochemical assay of Ebert et al. (10%),
which 1s used throughout, overcomes these objectionable aspects
of the previous assays, by isolating ALA specifically on a
Dowex AG-50 resin. Moreover, the radiochemical assay, using
[luC] succinate detects only the ALA formed during the assay
incubation, since ALA present in the tissue preparation or
ALA formed by a pathway not dependent on succinyl-CoA would
not be radioactive,

The greatest potentlial source of error in the measurement
of ALA synthetase by the method of Ebert et al. (29 ) 1s the
specificlity of the ALA 1solation. On analysis by descending
paper chromatography, it was found that standard [luC] ALA
incubated with complete reaction mixture minus [14C] succinate
(Figure 1A), and the product formed from [luC] succinate in the
complete reaction mixture (Figure 1B) chromatographed exactly
as standard [luC] ALA. Recoveries 1in all cases were greater
than 90¢%. No contamination was seen when a ten fold excess of

14c was added to the column as radioactive succinate, leucine,
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Fipgure 1: Recovery of $-amino [luC] levulinic acid ([l“C] ALA)
from Dowex columns. A, 2 ml of an incubation
mixture containing 100 mM glvecine, 50 mM Tris-HC1,
pH 7.3, 20 mM MpgCl,, 10 mM EDTA, 0.1 mM pyridoxal
nhosphate, 1 mM ATP, 10lgg of mitochondrial
protein plus 1 uCi of [~'C] ALA were incubated
for 30 min at 30°. The reaction was terminated
hy preclonitation with trichloroacetic acid and
senarated on Dowex columns (16). The column
eluate (6—4) plus standard [14C] ALA (0---0)
were spotted on Whatman No. 1 paper and developed
bv descending chromatography with butanol-1-
acetic acid-water (25:4:10). The chromato-
grams were cut into l-cm strips and counted.

B, 2 ml of the incubatign mixture (A) were in-
cubated with 1 uCi of [1%C] succinate instead of
[14c] ALA and chromatographed as described above
(6—e). Standard [14C] ALA (0---0) was also
chromatographed. C, 2 ml of the incubation
medium described in A were incubated as described
in B. The product of the incubation mixture was
converted to the pyrrole, chromatographed on
sllica gel, developed with Ehglich's reagent, and
counted (0——8). Standard [1%C] ALA (0---0)

was also chromatographed. The shaded bar rep-
resents that part of the chromatogram which
formed a vink color with Ehrlich's reagent.
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histidine, glutamic acid, aspartic acid, adenine, or uridine.

That the ALA runs as two spots (Figures 1,A and B) is most likely
due to decomposltion after the isolation procedure.

The product of the incubation mixture was also converted
to the pyrrole by condensation with acetyl acetone (33), chroma-
tographed on sllica gel G plates, developed with Ehrlich's
reagent, and counted. The radioactivity was observed to co-
chromatograph with the material giving a color with Ehrlich's
reagent (Figure 1C). Furthermore, the color and the radio-
activity of the pyrrole formed from the incubatlion mixture
had the same Rf as the color and radicactivity of the pyrrole
formed from standard [luC] ALA.

In order to further verify the accuracy of the column
procedure, mitochondria were incubated in a complete reaction
mixture with citrate as substrate. Half of the product was
assayed by the method of Ebert et al. (29) and the other half
by the method of Granick (33). Table 1 shows that identical
results were obtained when the ALA was 1lsolated form the columns,
converted to the pyrrole and detected by reaction with Ehrlich's
reagent, as when 1t was assayed by the colorimetric method of
Granick. It should-be emphasized that the column procedure and
the colorimetric method yleld identical results when the enzyme
is assayed under identical conditions. The main advantage of
the column procedure is that it 1is more sensitive when coupled

to radiochemical analysis.



TABLE 1

Compnarison of §{-aminolevulinic acld svnthetase activity

.as. determined by colorimetric and

chromatographic procedures

Control Porphyric
Assay procedure 30 min 30 min
Zero 30 - zerol Zero 30 - Zero
time min time time min time
nmoles ALA nmoles ALA
Colorimetric method.{ 29.4 1| 91.4 6£2.0 35,6 171 | 135
Column nrocedure....| 19.1] 88.5 6a.4 24.5 160 135

Mitochondria (10 mg, either control or porphyric) were

incubated for 30 min at 30° in 4 ml of a mixture containing

100 mM glycine, 50 Tris-HC1l, 20 mM MgClE, 10 mM EDTA, 0.1

mM pyridoxal phosphate,

of T7.3.

trichloroacetic acid.

1 mM ATP,

50 mM citrate at a flnal pH

The reaction was stopped by addition of 1 ml of 30%

Half of the supernatant was assayed by

the method of Granick (33): the other half was assayed by the

column procedure of Ebert et al.(29),

The §-aminolevulinic

acid (ALA) isolated from the column was neutralized to pH 4.5

with acetlc acid and assayed (33).

43




B. Determination of Ootimal Conditlons for Assaying ALA Synthetase

Once the accuracy of the assay for ALA had been verified,
the experimental conditions for the assay of ALA synthetase
were examined. As can be seen In Figure 2, the amount of ALA
formed was linearlyv dependent on the amount of proteln in both
the mitochondrial and microsomal fractions over a wide range
of protein concentration. The activity in the supernatant
fraction was too low to allow for accurate evaluation.

Figure 3 shows that the synthesis of ALA is linear for
at least 15 minutes In all fractions. It should be noted that
a linear time relationshlp could be obtained only at temperatures
below 33°C and at a pH of approximately 7.0. It was also observed
that with the mliecrosomal fraction, the reaction was linear with
time only if an ATP-generating system consisting of phosphoenol-
pyruvate and oyvruvate kinase was employed. Thils requirement
may reflect the extremely active ATPase actlvity present in the
microsomal fraction. Attempts to Inhibit the ATPase activity
with ouabain resulted in nearly total inhibition of ALA synthetase
activity.

At sufficiently low levels of tissue (100 pg of sonicated
mitochondria, 1 mg of intact mitochondria, 1 mg of microsomes),
the rate of ALA formation was appreciably independent of [luC]
succinate concentration (Figure 4). An apparent dependence of
ALA formation on succinate concentration was observed with sonicated
mitochondria: 1.e. a two fold 1Increase in activity with an

elght fold increase 1In succlinate concentration. Several ob-
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Plgure 2: FEffect of increasing protein concentration
on rate of §-aminolevulinic acid (ALA) syn-
thetase in sonicated mitochondria (e—0),
intact mitochondria (0-——0), and microsomes
(A a). ALA synthetase was assayed in 2 ml
of incubation mixture containing 100 mM
glvcine, 50 mM Tris-lICl, pH 7.3, 20 mi MgCl-,,
10 mM EDTA, 0.1 mM nyridoxal phosphate, 1 pgi
of 2, 3 —[i“C] succinate (10 mCi per mmole),
1 mM ATP, and 100 puM CoA. The reaction was
stonned by addition of trichloroacetic acid
as described in legend to Table I. The suc-~
cinv1l-CoA synthetase preparation (250 pg)
was added to both the sonicated mitochondria
and the microsomes. Phosphoenolpyruvate (10 mM)
and pvruvate kinase (5 pg) were also added
to the microsomes.
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servations suggest that the effect 1s not a simple substrate
concentration dependence. First, the amount of ALA formed was
linear with both time and protein concentration, which would not
be the case 1f succlnate was limiting. In addition, the succinyl-
CoA generating system (consisting of succinyl-CoA synthetase,

CoA, and ATP) was added in excess which should drive the reaction
toward succlinyl-CoA, scavengling even low levels of succlnate

while generating high levels of succinyl-CoA,

In order to clarify the succlnate dependence with sonicated
mitochondria, the [luC] succinate was diluted with varying amounts
of non-radloactive succinate over a wlde range and assayed at
two different proteiln concentrations, (100 ug and 500 ug). As
seen in Table 2 the specific activity of ALA synthetase remained
constant over the entire range of succinate concentrations
tested and had the same activity on a "per mg protein" basis with
either 100 ug or 500 ug of sonicated mitochondria. The values
obtained with 5mM succinate are subjJect to considerable error
as very low counts were obtained when 1 uCi of [luC] succinate
was diluted with such a large amount of unlabeled succinate.

When sonlcated mitochondria were used as the source of
enzyme, there was a marked dependence on the addition of
exogenous coenzyme A (Figure 5). In addition, as can be seen in
Table 3, both ATP and a complete succinyl-CoA gererating system
were required for activity. An ATP-generating system cannot
substitute for ATP, and in fact, additlion of the ATP-generating
system caused a slight inhibitlon of ALA synthetase activity
when ATP was present.

The addition of glyclne was necessary for the formation of ALA
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TABLE 2

Fffect of succinate concentration on S—amjnolevulinic

acid svnthetase getivity in gonicated mitochondria.

Control Porphyric

Succinate Protein
Concentration 100up 500ug 100ug 500ug

ALA nmoles/mg protein

8 m 1.2 1.051 3.3 1.4

1 mM n.92 0.95 3.04 7,83
n.25 mM n0.85 0.77 1.03 0.65
.05 mM 1.0 0.62 1.05 0.57

Rats were treated with 3, 5-dicarbethoxy-1, 4-di-
hvdrocollidine as described in "Materials and Methods."
8—amjnolevulinic acid synthetase activity was assayed as
described in legend to Flgure 2 with additional succinate

added as Indicated.
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TABLE 3

Effects of ATP and succinyl-CoA-generating systems on

§-aminolevulinic acid synthetase activity

Additions and omissilons cpm/mg
Comnlete Incubation MIXEUPE. . ittt in ittt eeeneneennenn 18,000
+PEPA 4+ pUrUVAte KINASE . v ittt it it tneeeroeeneonnnas 12,800
~ATP + PEP + pvruvate Kinase.....iioi ittt inenennnnn 5,200
-fuccinvl-CoA-generating svstem.. ...ttt ennennn 4,570
A D it it e st osenenaessonensonsssossssstoensonans 3,260
AP 4 succlinyl-CoA-generating system......... Gt e 3,200
-CoA + Succinyl-CoA-generating system..... e 2,950
a

PEP . nhoasnrhoecnolnvruvate

§~Aminolevulinic acid svnthetase was assayed as described

In the legend to Wig. 2 with 100 Mg of sonicated mitochondria.
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as determined by either the colorimetric or radlochemical assay
(Table 4), Moreover, at each concentration of glycine tested
the amount of ALA formed was ldentical as measured by both assay
procedures. To calculate the amount of ALA formed by the radio-
chemlcal assay, 1t was assumed that endogenous substrates caused

negligible dilution of the [1%

C] succinate added to the incubation
mixture. Attempts to show radiocactive glycine incorporation

into ALA were frustrated by the high concentration of glycine
required for maximal activity, and because glycine 1s incompletely
separated from ALA by the column procedure. Hence, the few

counts incorporated into the ALA were masked by the high and

variable background.
C. Intracellular Localization of ALA Synthetase.

Once the optimal conditions for the assay of ALA synthetase
were determined, the distribution of the enzyme within the cell
was examined. Table 5 shows the intracellular distribution of
ALA synthetase as compared to the specific marker enzymes succinate
dehydrogenase, a marker for the mitochondrial inner membrane,
and glutamic dehydrogenase, a marker for the mitochondrial
matrix (93). Only 40% of the total ALA synthetase activity in the
homogenate was recovered in elther the mitochondrial, microsomal,
or supernatant fractions. The majority of the missing ALA
synthetase was lost during the four mitochondrial washes. Agailn
the lack of significant activity in the supernatant fraction was
observed. It has been suggested (65) that the supernatant fraction
contains an inhibilitor of ALA synthetase which can be removed by

ammonium sulphate precipitation of the supernatant fraction.
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TABLE U

Dependence of

on

glveine concentration

d-aminoclevulinic acid synthetase

Control Porphyric
flvcine concentration| Radio- Colori- Radio- Colori-
chemical |metric chemical | metric
nmoles ALA/mg
30 mM 13.1 0 90.7 98.6
6 mM 11.9 0 73.1 83.0
0 4.8 0 3.1 0

Rats were treated with 3,5-dicarbethoxy-1, 4-dihydrocol-~

13dine as described under "Materials and Methods."

§-Amino-

levulinic acid (ALA) synthetase activity was assayed as

described in Table I with 10 mg of intact mitochondria.

ALA was determined elther colorimetrically by the method of

Granick (33) or radiochemically by the method of Ebert et al (29).
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TABLE §

Subecellular distribution of f-aminolevulinic acid synthetase

ALA Succinic | Glutamic
Fraction Protein |synthetase dehydro- | dehydro-
genase genase
mg total cpm total total
nmoles/min| nmoles/min
Homogenate@.........| 702 1,610,000 279 678
"{tochondria........ 69 631,000 198 389
Supernatant......... 503 0 0 156
M CrOSOMES . vuuuvsann 114 86,000 68 84
Percentage of recov-
€PV.evr e .. - 98 by 95 92
aHomogenate refers to the 600 X g supernatant.
f-Aminolevulinic acid (ALA) synthetase was assayed as

described in the legend to Fig.

2 with 1 mg of homogenate,

1 mg of microsomes, 3 mg of supernatant, and 100 Mg of

sonicated mitochondria.
fraction.
2s described under '"Materials and Methods."

nanomoles per min per fraction.
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Even after this treatment, however, there 1s no detectable

ALA synthetase activity in the supernatant fraction with the
radiochemical assay. The activity of ALA synthetase in the
microsomal fraction is extremely low and probably represents
contamination of the mlicrosomes with mlitochondrial fragments,

as indicated by the activity of succinate and glutamic dehydrogenases
in this fraction.

As ALA synthetase appears to be an exclusively mitochondrial
enzyme, the submitochondrial distribution of the enzyme was
examlned. The mitochondria were fractionated into inner and
outer membrane and matrix fractions, and compared with the inner
membrane marker succinate dehydrogenase and the matrix marker
isocitrate dehydrogenase. As can be seen in Table 6, the dis-
tribution of ALA synthetase closely resembles the distribution
of the matrix enzyme isocitrate dehydrogenase, especially with
respect to the solubillization of the lnner membrane fraction with
Lubrol. The 1nital treatment of the mitochondria with digitonin,
however, releases significantly more isocitrate dehydrogenase
activity than ALA synthetase actlivity into the 9500 X g supernatant,
In an attempt to further elucldate the partition of ALA synthetase
between the inner membrane and matrix, mitochondria were dis-
rupted either by sonication or freezing and thawing three
times, and the distribution of the enzyme was compared to the
marker enzyme succinate and 1isocitrate dehydrogenase (Table 7).
After freezlng and thawling, a gentle procedure for disrupting the
mitochondria, ALA synthetase segregated as the lnner membrane
marker succlinate dehydrogenase; while after sonication, a
more vigorous procedure, ALA synthetase 8egregated as the matrix

marker 1soclitrate dehydrogenase. These results indicate
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TABLE 6

Submitochondrial distribution of §-aminolevulinic acid synthetasc

Succinic Isacitric

Fraction Proteln ALA synthetase |dehydro- dehydro-
genase genase
mg|{ % [total cpm % % %

Mitcohondria.........[]215 1001,820,000 100 121 {100 {220 100
9,500 X g superna-
tant...eveenen., 72 74,300 3 78

140,000 X g super-

natant........... 541 25 2,300 0.1 o | 81 37
140,000 X g pellet| 23| 12 34,900 2 3 2 1.5| 0.6
9,500 X g pellet....p39| 65L,730,000| 95 7€ | 63 142 Gl
9,500 X g pellet with
Lubrol...... ... |134[100,760,000]100 119 |100 |240 | 10C
Supernatant after
Tuhre? Lo Lo 37h, 240,000 o0 ] 0.8 12t oy

Pellet after Lubrol 85| 63 900,000| 33 150 {126 88 37

Mitochondrla were fractionated by the digitonin-Lubrol method
of Schnaltman and Greenawalt (g91). The 9,500 X g pellet contains the
inner membrane-matrix fraction. After treatment with Lubrol and
centrifugation, the Lubrol vellet contains the inner membrane while
the supernatant fraction contalns the matrix. The 9,500 X g super-
natant was centrifuged at 100,000 X g for 1 hour to yield a pellet
containing the outer memhbrane. FEnzymes were assayed as described in
the legend to Table § and under 'lMaterials and HMethods.  ALA,

8—aminolevulinic acid. Units of succinic and 1socitric dehydrogenase
are total nanomoles per min. 56



TABLE 7

Distribution of f-aminolevulinic acid synthetase activity

after sonication or freezing and thawing

Succinic Iso~

ALA de-~ citric
Fraction Protein|synthetase hydro- de-

genase hydro-

genase

mg, total c¢pm

Mitochondria............. 60 400,000 56.3 9.9
Frozen mitochondria...... €0 469,000 22.3 13.4
30,000 X ¢ supernatant.. 0.3 67,000 0.1 25.2
30,000 X g pnellet....... 4.5 390,000 23.7 16.5
Sonicated mitochondria... €0 563,000 21.2 25.1
30,000 X g supernatant.. 17.8 566,000 1.2 35.0
30,000 X ¢ pellet....... 39.2 360,000 22.0 8.4

§-Aminolevulinic acid (ALA) synthetase, succinic, and iso-

citric dehvdrogenases were assayed as described in the legends

to Tables 5 and 6.

Units of succinic and 1socitric dehydro-

Fgenases are total nanomoles per min.
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that the enzyme 1is closely assoclated with the inner membrane

but 1s easily dissociated from 1it.
D. ALA Synthetase Activity 1n Chemical Porphyria.

Having characterized ALA synthetase in normal rats, an
attempt was made to study the mechanism by which ALA synthetase
activity 1s increased during chemical porphyria. Table 8 shows
a comparison of the activity of ALA synthetase in the livers
obtained from control and AIA-treated rats. A five fold increase
in enzymatic activity was observed in mitochondria obtained from
AIA-treated rats when ALA was determined by the colorimetric
method of Granick (33). In contrast, no significant increase
in enzymatic activity was observed 1in either the microsomal
or supernatant fractions obtained from rats treated with AIA
using the colorimetric assay. Rats treated with cycloheximide
immediately before AIA administration showed a slight decrease
in ALA synthetase activity in all fractions compared to control
rats., When ALA was determined by the radiochemical assay,
different results were obtained. ALA synthetase activity was
increased better than four fold in both intact mitochondria and
the supernatant fraction from porphyric animals; whereas no
increase in activity was observed with sonicated mitochondria
or in the microsomal fraction. Cyclohexlimide blocked the in-
crease 1n activity in all fractions.

Since the colorimetric assay was performed with citrate
as substrate and the radiochemical assay with [luC] succinate
as substrate, 1t was decided to reinvestigate the ALA synthetase

activity in the mitochondrial fraction by both analytical methods
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TABLE 8

Effects of Allylisopropyvlacetamide on hepatic

8-aminolevu11nic aclid synthetase activity

A. Colorimetric assay

Porphyric plus
Fraction Control [Porphyric |cycloheximide

nmoles ALA/min

Mitochondria..eeeeeeess 1.25 6.65 0.84
MiCcrosomesS. ........ e 0.64 0.4q 0.09
Supernatant.....ccce0e.e 0.51 0.09 0.03

F. Radlochemlical assay

Fraction Control [|Porphyric {[Porphyric plus
cycloheximlide
cpm/mg
I"itochondria....coveuvene 926 4,020 437
Sonicated mitochondria.| 27,400 29,300 19,000
Microsomes...... e 3,730 3,830 1,890
Surernatant....eeoece.. 221 1,030 383

Rats fasted for 24 hours were injected with sdline (control),
allvlisopropylacetamide, or cycloheximede and then allylisopro-
nvlacetamide and sacrificed after 4 hours. The colorimetric
assays were performed as described in the legend to Table I with
10 mg of protein. The radiochemical assay was performed as
described in the legends to Flig. 2 and 3. ALA, §-aminolevulinic

acid.
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using citrate, ck~ketoglutarate and succinate as substrates for
both assays (Table 9). Regardless of the substrate used, ALA
synthetase activity assayed by the colorimetric procedure was
increased nearly six-fold in animals treated with AIA. When

ALA was determined by the radiochemical method after incubation
with sonicated mitochondria, a two-fold increase 1n activity

was observed with [1uC] citrate as substrate, a six-fold increase
with [luC]<X~ketoglutarate as substrate and no increase with
[luC] succinate as substrate. When ALA synthetase was assayed
with intact mitochondria, there was a small increase (almost
two-fold) with [luc] cltrate as substrate, a six-fold increase
with [l“C]cx—ketoglutarate as substrate, and a nine-fold increase
with [1“C] succinate as substrate.

It has been suggested by Sassa and Granick (105) that there
are at least two different classes of inducers for ALA synthetase
with different mechanlsms of activation. It was possible that
the effects observed in AIA-treated animals were only valid for
one class of inducer. Therefore, the experiments in Table §
were repeated with DDC as the inducer. As can be seen in Table 10,
identical results were obtained with both inducers.

It should be noted, that under optimal conditions for the
assay of ALA synthetase (dilute, sonicated mitochondria with
[luC] succinate and a succinyl-CoA generating system) there is
no increase in the activity of ALA synthetase in rats treated
with either of the porphyria inducing drugs tested. Attempts
to confirm this observation with the colorimetric assay were
frustrated because the large amount of tissue required for the
colorimetric assay did not permit the enzyme to be assayed

under the same conditions (dilute sonicated mitochondria) as

was used for the more sensitive radiochemical assay.
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Effect of various substrates on anrnarent

TABLE 9

"induction" of

§-aminolevulinic acid svnthetase 1in allylisopro-

nylacetamide.-treated rats

Colorimetric
Radiochemical assay assay
Substrate Sonicated
mitochondriaMitochondrig Mitochondria
Contro} Por- Contm] Por-(|Control| Por-
phyric phyric phyric
com/mg nmoles ALA/mg
Succinate. . .cieiie.n 20800 17,800 242 [2,190] 0.82 5.02
X -Ketoglutarate..... 5651 3190 | €14 |3,730] 0.69 4.23
Cltrate...veeenevens 2880 | 42401 522 [1,050} 0.80 3.69

Twentv-four hour fasted rats were injJected with either

saline (control) or allylisonropylacetamide and sacrificed

after 1€ hours. The colorimetric determination of f-aminolevulinic

acid (ALA) svnthetase was performed as in Tatle I except that

where indicated 50 mM succlinate or 50 mM X -ketoglutarate was

substituted for cltrate (50 ml).

Likewlse, the radiochemical

assav was nerformed as in Fig. 2 with 1 uCi ofOL—keto[5~luC]

glutarate, (10 mCi per mmole) or 1 uCi of [1—1“C]citrate (21.7

mCi per mmole) substituted for 1 uCi of [2,3—luC]succinate (10

mCi per mmole) and elther 1 mg of intact mitochondria or 100 ug

of sonicated mitochondria.
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TABLE 10

Effect of various substrates on apparent "induction" of
§-aminolevulinic acid synthetase in 3, 5-dicar-

bethoxy-1, U-dihydrocollidine-treated rats

Radiochemical assay Colorimetric
assay
Substrate Sonlcated [Mitochondria|Mitochondria
mitochondriqg

Por- J Por- Por-
ControlphvriciControlphyricfontrolphyric

cpm/mg nmoles ALA/mg
Succinate.........|13,00017,500| 600 [2,780 | 1.47| 15.3
-Ketoglutarate...| 1,23 3,230f 630 (3,700 1.70] 16.9
Citrate........ ‘o 574 2,200 500 {1,350 1.521 13.1

A1l procedures were the same as in Table ¢ except the
rats were injected with either corn oill (control) or 3,
5-dicarbethoxyv-1, 4-dihydrocollidine and sacrificed 4 hours

later. ALA, g-aminolevulinic acid.
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E. Effects of Acute Ethanol Intoxication and Pyrazole on the

Activity of ALA Synthetase.

Since there was no increase in ALA synthetaée activity in
mitochondria from porphyric rats when the enzyme was assayed
under optimal conditions with sonicated mitochondria, and since
there was an Increase 1n activity when the enzyme was assayed in
whole mitochondria from porphyric rats, 1t appeared that the
increase in ALA synthetase activity observed in chemical porphyria
resulted from an activatlon of the enzyme already present within
the mitochondria rather than from an increase in the amount of
enzyme 1n the mltochondria. Rubln et al. (106) had previously
reported that acute or chronic ethanol intoxication also resulted
in increased ALA synthetase activity in rat liver homogenates.
In an attempt to galn some understanding of the control of ALA
synthetase activity in intact mltochondria the effect of acute
ethanol intoxication on the activity of the enzyme was investlgated.
Studies with ethanol have the advantage that the metabolic
conseqgquences of ethanol intoxication have been extensively
studied, while 1little 1s known about the metabolism or metabolic
consequences of either AIA or DDC. As can be seen in Table 11,
ALA synthetase activity was 1increased six-fold 1in intact 1liver
mitochondria four hours after ethanol administratlion. Adminis-
tration of pyrazole, an inhibitor of ethanol metabolism in vivo (67)
which acts by inhibiting alcohol dehydrogenase (107), blocked the
ethanol-induced 1ncrease 1n ALA synthetase activity in intact
mitochondria by 75%. Moreover, the administration of pyrazole
caused a similar inhibition of the DDC~-stimulated increase in

ALA synthetase activity. The effects of pyrazole do not result
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TABLE 11

Iffect of pvrazole on the apparent 'induction' of ALA

svnthetase in DDC or ethanol-treated rats

ALA synthetase activity
Treatment cpm/mg
Control 970
Pvrazole 1,090
Ethanol 6,700
I'thanol and pvrazole 2,370
DDC 6,300
DDC and nvrszole ”.130

§f -aminolevulinic acid synthetase was assayed .as described
In the legend to Figure 2 with 1 mg of intact mitochondria.
Animals were treated as described in "Materials and "Methods.

Fach value 1s the average of six different animals.
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from an inhibition of ALA svnthetase. Addition of 3-10 mM
pvrazole to the incubation mixture did not result in any change
in ALA svnthetase activity in elther intact or sonicated mito-
chondria obtalned from control, pyrazole treated, ethanol

treated, or DDC treated rats.

F. Effect of Intramitochondrial Redox Potentlal and Engery

Charge on the Activity of ALA Synthetase.

Since ethanol, which causes a six fold increase in the
activity of ALA svnthetase in intact mitochondria, 1s known to
alter the intracellular redox state (108) and thereby affect the
regulation of energy metabolism, the effects of various respiratory
inhihitors were examined to see i1f the redox state [(NAD¥)/(NADH)
ratio] or the phosphate potential [(ATP)/(ADP)(Pi)] had any
effect on the activity of ALA synthetase 1n intact mltochondria.

As can be seen in Table 12, rotenone, a respiratory inhibitor
which causes an accumulation of NADH by blocking its oxidation
via the respiratory chain, severely inhibited ALA synthetase
activity. Both valinomycin, a potassium specific ionophore
which allows potassium to equilibrate across the mitochondrial
membrane in response to a charge gradlient, and carbonyl cyanide
m-chlorophenyl hydrazone (CCP) or 2, 4 dinitrophenol (DNP),
classical uncouplers of oxidative phosphorylation, significantly
stimulated ALA synthetase activity. The action of all of these
compounds results in lower levels of both ATP and NADH. O01l1-
gomycin, which blocks ATP synthesis without uncoupling respiration,

thereby leading to lower ATP and higher NADH levels had no effect
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TABLE 12

Fffect of respiratorv inhibitors and uncouplers on

ALA svnthetase activity in intact mitochondria

Additions Control Porphvric
% Control [Range’ % Control
+ Rotenone (6) -61% [406% - 777] -637%
(10 ug) i
+ Valinomycin (5) +51% [20% - 110%C +647
(10 ug)
*+ Dinitrophenol (5) +70% [40% - 110%. +90%
(20 ug)
+ Oligomvein (U4) -10% [ 0 --20%] No effect
Control Porphyric
value = 720 cpmymp | value = 3800 cpm/mg

&—amjn olevulinic acid synthetase was assaved as described
in the lerend to Table 11. Rats were treated with 3, 5-dicarb-
ethoxyv -1, 4-dihydrocollidine as described in "Materials and

Methods." Numbers in parenthesls indicate number of experiments.



on the activity of ALA synthetase. Mltochondria from both control
and porphyric rats responded identically to the inhibitors.

Similar experiments using ®-ketoglutarate or glutamate as substrate
vielded appreciably identical results. It should be noted that
none of the inhibitors tested had any effect on the activity

of ALA synthetase with sonicated mitochondria, indicating that

they do not affect the enzyme directly.

Since valinomycin causes the equilibration of potassium
across the mitochondrial membrane, it causes the loss of potas-
slum from mitochondria suspended in a potassium free medium.

An experiment was performed to determline whether the stimulation
of ALA synthetase activity observed with valinomycin was due to
the uncoupler effect of vallnomycin or due to the decrease in
intramitochondrial potassium concentration. As can be seen in
Table 13, maximal stimulation of ALA synthetase by valinomycin was
observed in the absence of potassium in the external medium.
Increasing concentrations of potassium caused increasing inhibition
of the activity of ALA synthetase activity with [luC] succinate
or [luC]cx—ketoglutarate as substrate in mitochondria from
control rats, and with [1uC] succinate in mitochondria from
porphvric rats. No stimulation in ALA synthetase activity was
observed with [1“0] glutamate as substrate in mitochondria from
either control or porphyric rats, although increasing con-
centrations of potassium showed lncreasing inhibition of ALA
synthetase.

An attempt was made to regulate the NADY/ NADH and the
ATP/ADP ratios independently to determine what effect these

ratios have on ALA synthetase activity (Table 14). Oligomycin
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TABLE 13

Effect of K+ concentration on 8-aminolevu11nic acid

svnthetase activity from valinomvcin treated mitochondria.

Control Porphyric
< ~-Keto-
Additions Succinate |Flutarate|Glutamate |Succinate |Glutamate
cpm/mg protein
ilo additions 615 335 290 5,425 1,450
Valinomycin 890 440 275 6,500 1,320
Valinomycin
+ 25 mMm Kt 515 215 110 3,550 1,040
Valinomycin
+ 50 mM Kt 415 145 110 3,250 800
Valinomyvein +
+ 100 mM K 300 135 70 3,360 -

Mitochondria were incubated in a K+ free medium as des-

cribed in the legend to Figure 2 with 10 ug of valinomycin

and K+ added to the incubation mixture as indicated. Rats were

treated with 3, S5-dicarbethoxy -1, U4-dihydrocollidine as des-

cribted in "Materials and Methods."
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TABLE 14

Lffect of NADH/NADY and ATP/ADP ratios on ALA synthetase

activity in intact mitochondria

SUCCTINATE GLUTAMATE

Additions Control Porphyric Control Porphyrilc

cpm/mg protein
Mone £10 3900 886 1870

Nligo, DNP,
AP’ 540 3800 1886 1980

Oligo, DINP,
ATP 610 5280 1090 3090

0ligo, rot,
A%P 90 430 795 T45

0ligo, rot,
ATP 180 760 840 1050

Oliro = ollpomycin, Rot = rotenone, DNP = dinitrophenol

5-aminolevulinic acld synthetase was assayed as described
in the lepend to Figure 2. ATP and ADP (10 mM), oligomycin (20 ug),
rotenone (19 ug), and dinitrophenol (20 ug) were added as in-
dicated. Rats were treated with 3, 5-dicarbethoxy-1l, 4-di-

hydrocollidine as describhed in "Materials and Methods."
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was added so that the ATP/ADP ratio could be controlled in-

dependently of the NAD+/NADH ratio. Since the mitochondrial
membrane 1s Imnermeable to pyridine nucleotides, the NAD+/NADH
ratio can be adjusted by adding elther rotenone which raises
the NADH levels (thus lowering the NAD+ level), or an uncoupler
vhich lowers the NADH levels by stimulating respiration, thereby
raising the NADY levels. Since adenine nucleotides are trans-
ported across the mitochondrial membrane by an exchange carrier
mechanism (109), the intramitochondrial levels of ATP or ADP
can be altered bv adding either ATP (10 mM) or ADP (10 mM)

to the external medium. As can be seen 1n Table 14, ALA
svnthetase activitv in mitochondria from both control and por-
phvric rats 1s increased by hiegh energy charge [ (ATP)/(ADP)]
and decreased bv high redox potential [(NADH)/(NAD+)] when
either [1%C7] succinate or [1“C] glutamate was the substrate.
The addition of calcium, an ion which is actively accumulated
by mitochondria at hlgh energy charge, had no effect on ALA

svnthetase activityv in intact mitochondria.

G. Partial Purification of ALA Synthetase

Several groups have observed that the increase in ALA
svnthetase activity during experimental porphyria 1s prevented
bv inhibitors of cvtoplasmic RNA and protein synthesis (65,105,110).
However, the results obtained iIn this study have suggested that
the actual amount of ALA synthetase does not differ in control
and porphvric rats. These observations imply that some specific

nroduct or nroducts of cvtoplasmic proteiln synthesis are capable
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of altering the activity of ALA synthetase in the mitochondria.
Attempts to demonstrate such an activation by incubating mito-
chondrlia obtained from control rats with varlous cell fractions
obtained from porphvric rats or to demonstrate the reverse
process usineg mitochondrlia from porphyvric rats and various
fractions from control rats have been singularly unsuccessful.
Therefore, an attempt was made to vartlally purify ALA synthetase
from both control and norphyrilc rats to determine whether the
activation of ALA svnthetase causes any gross changes in the
phyvsical proagrties of the enzyme. The results 1In Table 15
revealed that when mitochondria from both control and porphyric
rats were fractionated into inner and outer membrane fractions,
all the detectable ALA synthetase activity 1s present 1in the
inner membrane fractlon. After treatment of the inner membrane
fraction with Lubrol (1 mg/10 mg protein) all the detectable

ALA synthetase activity 1s solubilized. Approximately 80%

of the ALA synthetase actlvity remains in solution when the Lubrol
treated inner membrane is centrifuged for two hours at 165,000 X g.
A1l further attempts to purlfy the enzyme from the Lubrol super-
natant resulted in an almost total loss of ALA synthetase
activity. This obstacle was overcome when 1t was discovered

that an activator, also present in the Lubrol supernatant, was
reaulired to measure ALA synthetase activity. Table 16 shows

how this effect was manifest when the enzyme was precipitated
from the Lubrol supernatant with (NHy),SOy. Although the

0 - 40¢% (NH,),S0, precipitate and the 60 - 100% (NHy),SOy
precipitate had wvery low actlvity by themselves, the comblination

of the two had appreciably the same specific activity as the

T1



TABLE 1%

Partial rurification of ALA synthetase

Control Porphyric
Specific Total Specific Total
Activity Activity Activity Activity
cpm/me ¢rn com/Ig cpnm
Intact € : 6
Mitochondria 1,370 0.6 X 10 16,400 7.8 X 10
Sonicated 6 6
Mitochondria 20,700 9.3 X 10 17,100 8.1 X 10
Inner 6 6
Membrane 23,800 8.2 X 10 27,000 9.7 X 10
Outer 6 6
Membrane €,800 0.5 X 10 850 0.1 X 10
Lubrol 6
Supernatant bo 100 9.3 X 10 43,300 9.0 X 106
Lubrol Pellet| 5,700 0.6 % 10° 5,200 .6 x 10°

Mitochondria were fractionated according to the digitonin/
Lubrol method of Schnaitman and Greenawalt (91) as described in
""aterials and Methods." §-aminolevulinic acid synthetase was

assayed as described 1in the legend to Figure 2.
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TABLE 16

s-aminolevulinic acid synthetase activity after

fractionation of Lubrol supernatant with (NHy)pS0,

Activity

Fraction(s) assayed cpm/mg
Lubrol supernatant 50,060

#1 (N - 40% ppt) 5,600
#2 (40 - 60% ppt) 11,900
#3 (0 - 100% ppt) 2,600
#1 4 42 25,000

#1 + #3 4Le,500

#2 + #3 15,100

Lubrol suvrernatant was fractionated with (NHM)QSOH as
described In "Materials and Methods." ALA synthetase was

assaved as descrlbed 1In the legend to Figure 2.
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Lubrol supernatant. Although the 40 - 60% (NHy),S0y precipitate
had appreciable activitv bv itself and was active in reconstitution
with both of the other fractions, 1t could be refractionated
bv repeating the (NHu)stu fractionation to yield a pattern
simlilar to that obtained when the Lubrol supernatant was
fractionated. Similar results were obtained when the Lubrol
supernatant was fractionated on a Sephadex G-200 column (Figure 6).
None of the fractions had significant activity by itself,
but the total ALA syhfhetase applied to the column was recovered
when the fractions were assayed in the presence of elther the
0 - 40% NHu)2SOu precinitate or the 60 - 1007 (NHu)ZSOM pre-
cinitate.

The 0 - 40% (NHu)QSOu precipitate (Fraction 1) from both
control and norphvric rats, was further purified by DEAE
Sevhadex chromatogranhy, (NH”)QSOI4 precipitation, and Sephadex
G-200 ch;omatography as described in Materials and Methods.
The results presented in Table 17 show that there 1s no detectable
difference in the behavior of ALA synthetase isolated from
control or norphyrlic rats by the purification procedure employed.
Furthermore, SDS disk electrophoresis on 10% polyacrylamide
gels of the more purified fractions falled to show any significant
difference between the enzyvme as purified from control or
nornhyric rats (Figure 7).

As can be seen from the gels of the most purified fraction
(Figure 7), the enzyme 1solated by the procedure employed is
far from pure. The enzyme appears to be part of a very stable
complex which cannot be dissociated without a total loss of
activity. Treatment with phospolipase A, a number of ionic and

nonionic deterpents, or salts dild not appear to yield any further

purlfication. T
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Sephadex G-200 fractionation of Lubrol supernatant.
Sufficient Lubrol supernatant to give 25,000 cpm
when assaved for §-aminolevulinic acid synthetase
was applled to a Sephadex G-200 column as described
in "Materials and Methods." f-aminolevulinic acid
synthetase was assayed as described 1n the legend
to Figure 2 with 500 ug of either Fraction 1 (e—e)
or Fraction 3 (0——0) as defined in Table 16, were
added to the incubation mixture. Fraction 1 and
Fraction 3 when assayed together had an activity of
27,000 cpm. (&~——aA) assay performed without either
Fractlion 1 or Fraction 3.
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TABLE 1

7

Purification of f-aminolevulinic acid synthetase from

control and porphyric rats

Fraction Control Porphyric
(NHu)stu Specific] Total |per cenfiSpecific Total |per cent
FractlonationActivity}l ActivityrecoveryActivityAictivity |recovery
com/mg cpm cpm/mg cpm
Lubrol A
Supernatant | 40,100 |20 X 107 - 43,300 20 X 10° -
#1 20,300 |16 x 103 78% | 27,200 7 X 10°| 87%
#2 L,4oo |27 X 1094 14% | 2,700 Q7 X 10°| 8.7%
#3 0 0 0 0 0 0
DEAE Column I :
Void 4,500 |10 x 109 s5.2% | 21,500 s x 105| 23%
Eluate 27,700 (15 X 107 737 | 47,400 |90 X 109 45%
DEAE Column II .
Void 2,400 o4 x 102 2.2% | 18,500 |08 X 109 3.8%
0.1 M NaCl 5 :
Eluate 92,220 |52 X 10 264% 70,700 | 64 X 104 32%
0.15 M NaC1l 5
Eluate 24,800 |11 x 10°| 5.3% |28,600 |15 x 109 7.3%
0.25 M NaC1 5 5
Fluate 23,000 {06 X 10 3.1 % |19,500 |09 X 104 4.3%
Pooled Senphadex 5 5
G-200 107,000 |14 X 10 7.2% 85,300 |15 X 107 7.7%

Lubrol supernatant was fractionated as described in

"Materials and Methods."

S—aminolevulinic acid synthetase

was assayed as described in the legend to Figure 6.
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Figure 7:

Pooled 0.25 M NaCl
Sephedex Eluate
G-200

Contrel DDC  Control BIC

SDS polyacrylamide-gel electrophoresis of
§-aminolevulinic acid synthetase 1isolated
from control and 3, 5-dicarbethoxy-1, 4-
dlihvdrocoeollidine treated rats. The samples
are derived from the purification shown in
Table 17. Electrophoresis was performed as
indicated in "Materials and Methods."



The most purified ALA synthetase preparations from both
control and norphvric rats show two major bands (MW = 175,000
and 48,000) and two minor bands (MW = 78,000 and (8,000).
The tand with a molecular welght of 175,000 is presumably an
undlssocliated complex contalning ALA synthetase and a number of
other components. It should be noted that the value of
175,000 MW aprees reasonable well with the minimum molecular
welght complex reported by several workers (72,86,115). The
major band at M.W. = 48,000 is assumed to be ALA synthetase
as 1t shows enrichment during the purification of the enzymatic
activityv, althoursh 1t 1is nossible that one of the minor bands
represents the enzvme. Whltineg and Elliott {72) have reported
a molecular welght of purified ALA svnthetase of M.W. = 77,000.
The factor in the €60 - 100% (NHH)ESOQ precipitate (Fraction 3)
which 1s responsible for the activation of ALA synthetase
was also further purified, as described in the materlals and
methods, from control and onrophyric rats, and the most purified
fractions were analyzed by SDS polyacrvlamide gel electrophoresis
(Figure 8). As was the case with ALA synthetase itself, there
were no significant differences observed between the activator
isolated from control rats and that isolated from porphyric rats.
It was observed during the purification of the activator
from the 60 - 100% (NHu)2SOn precipitate, that the activator had

several pecullar propertles, namely:

(1) it does not precipitate in 60% (NHu)2SOu;
(2). when chromatographed on Sephadex G-200 the activtiy
appears Iin many fractions;

(3) 1t does not bind to either DEAE or carboxymethyl

cellulose;
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Control Porphyric

Figure 8: SDS polvacrylamide gel electrophoresis of the
"Activator" of f-aminolevulinic acid synthetase
1solated from control and 3, 5-dicarbethoxy-1
h-dihydrocollidine treated rats. The "Activator"
was ourified from Fraction 3 as described 1n
"Materials and Methods." Electrophoresis was
vperformed as Indicated in "Materials and Methods."
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(4) 1t readily precipitates when any of the fractions
obtained beyond the initial (NHM)ZSOM fraction
are frozen;

(5) once precipitated by freezing it forms a spongy
precipitate which is nearly impossible to re-

dissolve.

These properties suggested that the activator may not be a

rrotein. However, the activator is non-dialysable, is heat
labile, and phospholinase resistant. Table 18 shows that a
sonicated membrane preparation from an ALA requiring mutant

of Rhodopseudomonas Spheroldes can serve as an alternative

source of the activator.
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TABLE 18

“ffect of a sonicated membrane fraction of R. Spheroides on

the activity of §-aminolevulinic acid synthetase

ALA synthetase activity
Additions
cpm cpm corrected

+ ALA svnthetase 600 -
+ ALA svnthetase,

Activator £,500 5,500
+ ALA svnthetase

Sonicated PR,

Spheroides 8,100 6,500
+ Activator 0 -
+ Sonicated B;

Spheroldes 1,000 -

[—aminolevulinic acid synthetase was assaved as described
in the legend to Table 1€. ji. Spheroides was extract was
prepared as described 1n "Materials and Methods" except that

sonication was performed for three minutes.
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V. Discussion

Prior to the publication of the radiochemical assays of
Irving and Elliot (111) and Ebert et al. (29), accurate
auantitative determination of ALA synthetase could be achleved
only with large amounts of tissue (3~10 mg depending upon the
fraction being assayed). As a conseguence, several potentially
interesting lines of experimentation were difficult to pursue,
notablv vpurification of the enzyme. Of the two published
radiochemical procedures availlable, the method of Ebert et al. (29)
appeared more reliable for routine assays as 1t was more specific
even though more time consuming. Before using the radiochemlcal
assay of Ebert et al., however, it was necessary to establish
that the analytical method was specific for ALA. All of the
radiocactivitv recovered from the Dowex column after an incubation
with [IuC] succinate chromatographed as standard ALA on paper
chromatography. Likewlise when the ALA isolated from the column
was converted to the pvrrole and chromatographed on silica

gel, the radiocactivity had the same R, as the pyrrole made from

f
standard ALA. When standard [luC] ALA was applied to the
column after lncubation under the assay condltions, more than
90% of the ALA was recovered from the columns. Furthermore,
our results and those of others (24,29,111,112) indicated that
the radiochemical and colorimetric assays ylelded ldentical
results when i1dentical samples of ALA synthetase are assayed
by both methods.

Since the sensitivity of the radiochemical assay for

ALA synthetase 1s largely determined by the specific activity



of the substrate used for the assay, relatively low concentrations
of [luC] succinate were used so as not to dllute the radio-
activity., It was therefore necessary to reexamine the conditions
under which the enzyme was assaved to be certain that it was
belng, assaved under optimal conditions with the level of
substrate empnloyved. In order to insure that the assay was
linear with both time and enzyme concentration, 1t was nec-
essary to use a relatively short incubation period (15 min),
and relatively low protein concentrations (1-3 mg of protein
for mitochondria and microsomes, and 100-250 ug of protein
for sonicated mitochondria). Although 1ntact mitochondria
are canable of generating succlnyl-CoA via the oo-ketoglutarate
dehvdrogenase complex or the reversal of succinyl thiokinase,
sonicated mitochondria and the other subcellular fractions
were dependent upon an exogenous succinyl-CoA generating
system (bacterial succinyl-CoA synthetase, CoA and ATP) for
maximal activity. Both succinate and glveine were present 1in
excess so that the assay was not substrate limited during the
incubation pneriod.

There has been some controversy regarding the distrilbution
of ALA svnthetase within the cell. Havashi et al. (65),
Scholnick et al. (71), and Beattie and Stuchell (66) using the
colorimetric assav of Granick, have demonstrated considerable
ALA synthetase activitv 1ln the post mitochondrial supernatant
as well as In the mitochondria. O©On the other hand, Barnes
et al. (24) using both the colorimetric assay of Granick and
~t®e radiochemical method of Irving and Elliot (111), were able

to demonstrate appreciable enzymatic activity only in the
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mitochondrial fraction of control animals. The present results
likewise 1ndicate that ALA synthetase 1s exclusively a mito-
chondrial enzyme. Although the total activity of ALA synthetase
In the microsomal and supernatant fractions of porphyric

animals 1s comparable to that observed in intact mitochondria,
this activity represents only a few per cent of the total activity
observed in sonicated mitochondria. The activity observed in

the microsomal and supernatant fractions 1s undoubtedly due

to contamlnation of these fractlions by mitochondria damaged

during preparation as judged by the amount of the mitochondrial
marker enzymes succinate and glutamic dehydrogenase in these
fractions. Discrepancles in the reported ratios of ALA synthetase
activity in the supernatant, microsomal, and mitechondrial
fractions may be due to differences in the amount of damage to

the mitochondria caused by the different tissue fractionation
procedures used in the respective laboratories.

McKay et al. (22), and Zuyderhoudt et al. (23) using
porphvric animals, attempted to determine the intramitochondrial
localizatlon of ALA synthetase. Although they concluded that it
was difficult to assign the enzyme exclusively to either the.
inner membrane or the matrix fraction, they tentatively decilded
that the enzyme was localized in the matrix. The present
study corroborates their findings with control animals. The
results obtained by elther sonication or freezing of the mito-
chondria indicate that ALA synthetase 1s loosely bound to the
inner membrane, but that 1t 1is easily dissociated by sonication
or treatment with detergents.

Numerous studies, as reviewed by Granick and Sassa (113)

have demonstrated an increase in porphyrin synthesis and in
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ALA synthetase activity in rats with experimental porphyria.

In addition, the increase in ALA synthetase activity can be
blocked by 1nhibitors of cytoplasmic RNA or protein synthesis.
On the basis of such data, it has been concluded by most workers
that the 1increase in porphyrin synthesls 1s due to an increased
svnthesis of ALA synthetase. The results of the present

study also show an increase iIn ALA synthetase activity when
assaved in whole mitochondrlia. The 1increase in ALA synthetase
activityv assaved in the intact mitochondria 1s indeed blocked

by cvcloheximlde, a potent 1nhibitor of cytoplasmic protein
synthests. When ALA synthetase 1s assaved in sonicated mitochondria,
however, no increase in ALA synthetase was observed in porphyric
rats when [1“c] succinate was the substrate, although moderate
increases In ALA synthetase activity were observed in porphyric
rats when [luC] citrate or [luC]cx-ketoglutarate were used

as substrate. Since the maxlmum activity of ALA synthetase is
obtalned in sonicated mitochondrla with succinate as substrate,
the results of the present study imply that the increase in

ALA synthetase activity observed in chemical porphyria is a
result of enzyme activation rather than de novo synthesis of
enzvme. It must be emphasized that there 1is no significant
difference in ALA svnthetase actlvity between control and
pornhvric rats when the enzyme is assaved under optimal conditions
(1. e. with dilute sonicated mitochondria using succinate and

a succinyl-CoA generating svstem), and furthermore, that the
levels of maximallvy induced enzvme measured in whole mito-
chondria from vorphyric rats 1s always less than or equal to

but never greater than the actlvity observed with sonicated

mitochondria from either control or porphyric rats.
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On the other hand, when o~ketoglutarate or cltrate was
used as substrate, there was a demonstrable increase in ALA
svnthetase activity with sonicated mitochondria from porphyric
rats. Both of these substrates, however, must first be meta-
bolized by the-ketoglutarate dehvdrogenase complex, which
is under stringent metabolic regulation, and in the case of
citrate by several enzvmes which are also tightly regulated
1. e. isocitrate dehvdrogenase. Since both 1socitrate de-
hvdroeenase and ok-ketoglutarate dehvdrogenase are regulated
bv the intramitochondrial redox potential [ratio of (NAD+)/
(NADH)] and by the phosphate potential [(ATP)/(ADP) + (AMP) +
(P1)], these parameters were consldered likely control mechanisms
for ALA svnthetase. Further suppcrt for this concept came
from the observation that acute ethanol intoxication, which
drastically alters the cellular redox potential, also activated
ALA svnthetase (106). Furthermore, pyrazole, which blocks
ethanol metabolism, and as a conseguence the change in the
cellular redox notential, not only prevented the increase
in ALA svnthetase activity caused by ethanol, but also prevented
the increase in ALA synthetase activity caused by DDC, a potent
pornhvria inducing drug.

On the basis of these observatlons, a serlies of experiments
were nerformed to determine the effects the redox potential
and the nhosphate potential on the activity of ALA synthetase.
Although the actlivity of ALA synthetase varled over a four
to five fold range with changes in the intramitochondrial
redox and phosphate potentials, the maximum activity obtalned

was at most twice the control values, whlch 1s well below the
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ten fold or more increase in ALA synthetase activity observed

in porphyric rats. Moreover, the activity of ALA synthetase

in mitochondria from both porphyric and control rats responded
to changes in the redox and phosphate potentials in an ldentical
manner, indicating that these changes are not responsible for
the Increased activity observed in experimental porphyria.

In a further attempt to elucidate the mechanism by which
ALA svnthetase 1s actlvated during chemical porphyria, the
enzvme was vartlallyv purified from both DDC treated and control
rats. In 1its most ovurified form, the enzvme exists as part of
a larre apgregate with a molecular weight of over 200,000.

The complex shows at least six bands on SDS polyacrylamide
el electrophoresis Indicating that 1t 1s not a high molecular
welght agpgregate of smaller ALA synthetase monomers.

Several workers (114,115,116,117) have reported the
partial purification of ALA synthetase from porphyric rats.
Scholnick et al. (117), Kaplan (115), and Whiting and Elliot (116)
have renorted the purification of a high molecular weight
aggregate with ALA synthetase activity which dissociates into
smaller units in high concentrations of NaCl. Whiting and
Elliot were able to further purify the enzyme after salt
dissoclation of the aggregate and obtalned a molecular welght
of 77,000 for the enzyme. Hayashl et al. obtained a molecular
welght of 115,000 for ALA synthetase isolated from a salt
extract of an acetone powder of mitochondria. Attempts to
dissoclate the complex isolated In thils study with hligh con-

centrations of NaCl and other salts have been unsuccessful.

No significant auantitative or qualitative difference

was observed between the enzyme during purification from control

87



and porohyric rats. Moreover, no difference was observed in
the banding patterns on SDS gel electrophoresis. These results
stronglv suggest not only that there 1s no increase in the
amount of enzyme during experimental porphyria, but also, that
there 1s no gross alteration in the structure of the enzyme as
a result of the activation process.

These studies have indicated, however, that there is an
activator present in the mitochondria which 1s necessary for
maximal expression of ALA synthetase activity. Again, no
significant differences in either the amount or physical
oroperties of the activator could be seen, when it was purified
from the mitochondria of both control and porphyric rats.

The behavior of the actlvator durlng purification, however,
suggested that it may not be a protein. Further support for
this came from the observatlon that a sonicated membrane
preparation from an ALA reaquiring mutant of_ﬁ. Spheroides
could also activate ALA synthetase purified from rat liver,

Irving and Elliot (111) have observed a non-protein
effector of ALA svnthetase in a membrane fraction of mitochondria
in control rats which inhibits ALA synthetase activity when
added to mitochondria from porphyric rats. Their results,
together with the results of thls study suggest the possibility
that the activity of ALA svnthetase 1s controlled by its
assoclation with one of at least two different "factors" in
the mitochondrial membrane. According to this scheme, 1n
control rats the mitochondrial membrane exists in a form which
binds ALA synthetase such that the enzyme has low activity.

In control mitochondrla, the activator is buried 1n the membrane

such that ALA synthetase does not have access to the activator,
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while during experimental porphyria, the conformatlon of the
mitochondrial membrane is altered 1In such a way that the
activator is unmasked, and free to Interact with ALA synthetase.
Normal regulation of ALA synthetase could be achleved by
subtle changes 1n membrane conformation in response to salts,
redox and phosphate potential or hemin, which expose more or
less activator as requlred. ALA synthetase 1s activated by
sonicatlon or detergents because both ALA synthetase and the
actlivator, presumably a normal component of the mitochondrilal
inner membrane, are both released into sclution where they are
free to interact. Freezing and thawing the mitochondria,
which runtures the mitochondria but causes only slight damage
to the membrane, causes only a slight activation of ALA synthetase.
The 1ncrease 1n ALA synthetase actlvity observed in
experimental porphyria, 1s assumed to be a consequence of the
cellular adaption to the toxic effects of the induclng chemical.
Although it 1s clear that the 1nducing chemicals are not the
immediate cause of the alteration of the membrane (as addition
of the drugs to whole homogenates or mitochondria in vitro
does not result in an increase in ALA synthetase activity), it
should be noted that porphyria inducing chemicals are uniformly
lipophilic (104) and presumably interact directly with biological
membranes. It may be that 1t 1s the attempt by the cell to
correct dvsfunctions in the properties of the membrane which
are caused by the chemlcals that prompts the cell to alter
the composltion of the membrane which then results in the increase

in ALA svnthetase activity.
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If the cell 1s specifically altering the composition
of the membrane 1t must, presumably, make specific modifications
in the protein composition of the cell 1. e. changes in certain
enzvme levels, regulatory proteins cr membrane proteins. If
these snecific proteln adaptlions are prevented by inhibiting
cvtoplasmlc proteln synthesis, then the specific alterations
in the membrane would not occur, and there would be no increase
in ALA synthetase activity. Moreover, since the membrane
in question 1s the mitochondrial membrane, which synthesizes
some of 1ts own membrane proteins, inhibiting mitochondrial
proteln svnthesis could also prevent the 1increase in ALA

synthetase activity as was shown by Beattie and Stuchell (66).



ADP -

ATA -

ALA

Col -
Corro -
comr -
phe -
Deutero-
DNP -
DTF -
EDTS -

gm -

ABBREVIATIONS

adenosine dephosphate

allylisoprorlvacetamide

§-aminolevulinic acid

adenosine trinhosphate

3',5" cvelic adenosine monophosphate

carbonvl cvanide m-chlorophenyl hvdrazone

coenzyme A

coproporphvrinogen

counts rer minute

3,5-dicarbethoxyv-1, U-dihydrocollidine

deuteroporphvrinogen

?,4-dinitrophenol

dithioerythrotol

ethvlenedlamine tetraacetic acld

gram

hours

intraveritoneal

concentration of inhilbitor which causes 50% inhibition

1cheallis binding constant 1.e. concentration at which
507 1s bound

moler

nilligram

minutes

milliliter

millimoler
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m-RNA - Messenger Ribonuclelc acld

MW, - molecular weight

n - normal

Nant - nicotine adenine dinucleotide

NADH - reduced nicotinamide adenlne dinucleotide
NADPY - nicotinamide adinine dinuceotide nhosphate
nm - nanometer

NMliec - o0lipgomveln

PRG - norphobllinoegen

Proto - orotonorrhvrinogen

Rf - retardation factor

RNA - Ribonuclelc aciq

Rot - rotenone

s - seconds

SDS - sodium sosecyvl sulfate

SKP-525-A ?2-diethvlaminoethvl 3, 3-diphenylpropylacetate

TCA - trichloroacetic acid
TRIS - tris(hydroxymethyl)aminomethane
UppP - uridine dinhosphate
TRO - uropophyrinogen
Val - valinomvecin

°C - deprees centigrade

puCi - microcurie

pe - microgram

X g - times gravity
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