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ABBREVIATIONS

Thege are, in genersl, as recommended in the Instructions

to Authors of the Biochemical Journal; 1972, with the following

additions &=

ATA
ATA
ALA-S
AA
BSS

Bisacrylamide

- CMF

dpm
EC
RNasge

SDS

2~gllyl=2-1isopropylacetamide

d~aminolaevulinic ascid

O~gminolaevulinic acid synthetase

aminoacetone

balanced saline solution

NNt-methylene bisacrylamide

ca't ana Mg"" free balanced saline solution + glucose
disintegrations/minute

Tagle's minimal essential medium
ribonuclease

sodium dodecyl sulphate
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TIWIRODUCTION
1. Porphyrin Melabolism in Human and Experimental Porphyrias.
1. 1. Clasgification of Human Porphyrias and Relationship to

Ixperimental Porphvrias.

The hepatic porphyrias are a group of'disorders characterized
by excessive levels of porphyrins and their precursors in the liver.
Certain types of porphyrias ave geneticaelly transmitted diseases, often
vrecipitated by therapeutic dosages of drugs of diverse structure.
Classification of the porphyrias based on the modehof inheritance, the
pattern of haem precursor accumulatbtion and excretion have been presented
(Bales, 1961; Goldberg & Rimington, 1962: Tschudy, 1965; Schmid, 1966).
_ Table 1 summarizes certain human porphyrias which may be simulated

experimentally in animals.

le 2. The Haem Biosynthetic Pathway and Localization of Tts

Enzymes in the Liver Cell,

The steps of the haem biosynthetic pathway are presented in
Figs 1; including those intermediates of the pathway that are excessively

excreted during acute attacks of each of fhe porphyrias.

The initial step involves the condensation of succinyl-CoA
with glycine which has been activated by pyridoxal-5t-~phosphate, and.
results in the formation of d~aminolaevulinic acid (ALA). This reaction

is catalysed by the mitochondrial enzyme, d-aminolaevilinic acid



Table 1

Classification of Various Types of Human Porphyrias and Possible

Resemblance to Clinical BExperimental Animal Porphyria

Animal Porphyria

Type of Human Porphyria
Resembled Biochemically

Comments

Erythropoietic
porphyria in cattle,
pigs, and cats
(Goldberg & Rimington,
1962; Kaneko &
Cornelivs, 1970)

Congenital erythropoietic
porphyria (erythropoietic
uroporphyria)

Inherited as an auto—
somal. recesgive trait;
uvroporphyrin I and co=
proporphyrin 1 excreted
in vrine and faeces:
decreased level of uro-
porphyrinogen III co-
synthetase (E4 in Pig 1

Rabbits given
phenylhydrazine, lead,
and ultraviolet light
(Schwartz et al.,

1952)

Congenital erythropoietic
porphyria (erythropoietic
uroporphyria)

Liver porphyrin content
is normal: excess uros
porphyrin I excreted ir
urine by animals;
rabbits excreted
increased amounts of
porphobilinogen which
is not observed in huma
congenital exrythro-
poietic porphyria

Animals given ATA,
(rabbits, rats, and
mice)

(Goldberg & Rimington,
1962)

Acute intermittent
porphyria (AIP)

ALA and porphebilinogen
excreted during
remission as well as
during an acutve attack;
inherited as a
Mendelian avtosomal
dominant trait

Animals given DDC
rabbits and mice)
Nakao et al., 1967)

Porphyria variegata
during acute attack (VP)

ALA and porphobilinogen
excreted in urine only

. during an acute attack;

protoporphyrin I and
coproporphyrin I
excreted in faeces

Mice given griseofulvin
(De Matteis, 1967)

Yorphyria variegata
during acute attack (VP)

ALA and porphobilinogen
in urine during acute
attack; protoporphyrin
I and coproporphyrin I
excreted in faeces

Rats given hexg-
chlorobenzene
(De Matteis, 1967)

Hereditary coproporphyria
during acute attack (HCP)

ALA, porphobilinogen,
uroporphyrin and copro
porphyrin excreted in
urine




Table 1 (cont'd)

AN

Comments

Animal Porphyria Type of Human Porphyria
Resembled Biochemically

Rabbits given Porphyria cutanea tarda

hexachlorobenzene symptomatica (PCT)

(De Matteis, 1L967)

Increased amounts of
vroporphyrin and copro-
porphyrin excreted in
rabbit urine; no
increase of ALA or
porphobilinogen
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Fig. 1. . Distribution of the enzymes of the haem biogynthetic chain
between mitochondrion and cytosol, Intermediates of the pathway
excessively excreted during acute phases of each of the hepatic porphyrias
are within the respective brackets: AIP - acute intermittent porphyria,

PCT - porphyria cutanea tarda, HCP - hereditary coproporphyria,

VP - variegate porphyria. (A1A - § ~aminolaevulinic acid, PBG -~
porphobilinogen, Uro-gen - uroporphyrinogen, Copro=-gen - coproporphyrinogen,
Uro - uroporphyrin, Copro - coproporphyrin, Proto - protoporphyrinogen,

E2 -~ ALA dehydratase, E5 -~ PBG deaminase, E4 ~ Uro~gen co-synthetase,

E5 =~ Uro-gen decarboxylase, E6 - Copro-gen decarboxylase, E7 - Proto-gen

dehydratase, E8 ~ Ferrochelatase, u-KG oxidase - o-ketoglutarate oxidase).



synthetase (suceinyl-CoA:glycine succinyltransferase) (ALA-S), the
rete~limiting enzyme in the biosynthesis of haem (Granick, 1966). The
transfer of ALA out of the mitochondrion may occur rapidly because, at
leést in a molecular model, ALA can take on a head-to-tail-~loop
configuration which is electrically neuwtral. After leaving the mito-
chondrion, ALA is converted to porphobilinogen (PBG) by d-aminolaevulinic
acid dehydratase (ALA-D; E2)' Porphobilincgen deaminase (uroporphyrinogen
I synthetase; E3) cavges polymerization of PBG to an unknown polypyrrole
structure. At this point two possible pathways arise, (i) A heat
labile engyme, uroporphyrinogen III co-gynthetase (E4) mgy cyclize the
intermediate polypyrrole to form the uvroporphyrinogen IIL igomer. This

is followed by a decarboxylation by uroporphyrinogen decarboxylase (u5)

to yield coproperphyrinogen IIT.  (ii) Alternatively, if uroporphyrinogen
ITT synthétase'(E4) is absent then uroporphyrinogen I synthetase (E3)
converis the polypyrrolé to uroporphyrinogen I which in turn is
decarboxylated by uroporphyrinogen decarboxylase (E5) to give
coprophyrinogen L. . The movement of co§r0porphyrinogen II1 from the
cytosol back into fthe mitochondrion must be rather slow if it occurs merely
by diffusion and not by an active process, bscause the molecule has four
ionized propionic acid groups. Once coprophyrinogen III has rementeréd
the mitochondrion, coprophyrinogen oxidative dccarboxylase (E6) catalyzes
the decarboxylation of coproporphyrinogen IIX to protophorphyrinogen TIil.
Six hydrogen atoms are removed from the protoporphyrinogen III by
prgtophorphyrinogen dehydratase (E7) and the newly formed protoporphyrin
chelates ferrous iron to yield haem, the chelation being catalyged by

ferrochelatase (haem synthetase; Ea)h



Recent studies have attempted to localize the regions within
the mitochondrion where the specific enzymes ofAfhe haem biosynthetic
chain reside. Mitochondris from animal livers induced with allyliso-
propylacetamide (ATA), when fractionated, revealed that AlA-S was both
in the matrix space and on the cristae membranes because the properiies
of localimation were similar to the marker enzymes glutamate dehydrogenase
(for matrix enzyme) and cytochrome oxidase (for cristae membrane) (McKaey
et ale, 1969; Zuyderhoudt, 1969). It is obvious that the localization
of ALA-S within the imnner mitochondrial membrane, adjacent to the enzyme
complex of a~ketoglutarste oxidase (Shnaitman & Greenawalt, 1968), would
make it ideal for activity because succinyl-Cod, which is a subs%rate of
ALA-S, is produced by the oxidase action.  Succinyl-CoA, once made, must
be utilized before it is hydrolyzed by a highly active deacylase or
before it is reacted to yield ATP, In the liver the only source of
suceinyl—CoA is in the mitochondrion, so that only in the mitochondrion
can ALA-S function to synthesize ALA from succinyl-CoA and glycine, The
iron fexrrochelatase enzyme (EB) is considered to reside on the cristae
membranes (Jones & Jones, 1969; Zuyderhoudt, 1969) while the iocation
of the coproporphyrincegen II1 decarboxylase (EB) and protoporphyrinogen
dehydratase (E7) is within the matrix space. The four cytosol enzymes,
ALA=D (Eg), porphobilinogen deaminase (133), uroporphyrinogen III
comsynthetase (E4), and vroporphyrinogen decarboxylase (E5) are localized
in the cytosol possibly as a means of preventing the oxidation of the

porphyrinogens vie the electron trensport system of the mitochondrion.



2. Some Properties of the Inducing System of ALA-S in Liver.

2. 1. Specificity of Tisgue Response to Induction.

Response 1o inducing compounds depends on the tissue. It
appears that in drug-induced experimentasl porphyria, those chemicals
which in whole animals induce the formation of AlLA-S or increase the
porphyrin and haem production axe the same ones which induce excessive
porphyrin formation in chick embryo liver cells in vitro (Granick, 1966).
In the whole animal only liver, and no other tissue appears to be
induced by porphyrinogenic agents such as the barbiturates or the
dihydrocollidines (Granick & Urata, 1963).  Similarly, in in vitro
cultures of various chick embryo tissues (liver, kidney, spleen, and
brain tissue) only the liver appears to respond to these chemicals, as

determined by fluorescence microscopy (Granick, 1966).

It should be emphasized that there is a spectrum of
sengitivity in the wvariocus systems employed in the study of induction of
porphyria by chemical agents. The chick embryo liver cell system is
probably the most sensitive of all. Whether this is related to species
differences or the fact that embryonic tissuve igs employed or whether it
is because the cells are bathed in a sclution of the compound tested
with no excfetory mechanism to lower its concentration is not known. It
is probably not a high sensitivity of embryonic liver in genersl to
induction of hepatic ALA~S, since no induction could be demonstrated in
embryonic rat livex in vivo (song et al., 1968), or iﬁgﬁiﬁEﬂ (Tschudy,
unpublished results, cited from Tschudy & Bonkowsky, 1972). The

‘the
advlt mammalian liver appears to be less sensitive thanAchick embryo



liver system and the sensitivity in rat declines as the rat increases

in weight from 100 g to 200 g. Furthermore, even among different

types of rats there is a variable sensitivity of induction of hepatic

ALA~S to compounds like AIA. Buffalo rats, for example, are significantly

less sensitive than Sprague~Dawley rats.

2 2o Advantage of Culiture Technique Gver Whole Animal IExperiments,

The production of porphyrins in chick embryo liver cells
grown in primary culiture provides a uwseful technique for studying the
mode of getion and struetural basis for the porphyrogenic action of
chemicals, drugs, and steroids. In the whole animal a disgstinction
cannot bg drawn between the effect of structural variations at the site
of action and on the dynamic phenomena (absorption, distribution,
metabolic deslruction, and excretion) that control drug concentration at
that site. The use of primary chick embryo cultures in vitro as
contrasted to induction in the whole animal permitted the inference that
the inducing drug acted directly on the hepatic cells and not via other

stimuli generated from other organs.

The liver cell culture sgystem was originally developed by
Granick (1966).  Briefly, using certain conditions of culture, liver
cells from 16 to 17 day-old chick embryos are grown in vials containing
a small cover slip. Following an initial period of incubation during
which the liver cells form a monolayer on the cover slip, the cultures
are treated with chemicals belicved to enhance porphyrin-haem formeltion.

The effect of drug trealment iz determined by use of either fluorescence



microscopy or spectrofluorimetry. In cultures with optimal growth
the cover slips will be largely covered with confluent colonies of cells

of which 80 ~ 90% are hepatic parenchymal cells (Granick, 1966).

The importance of the in vitro cell system is two fold.
First, it has been used to study the factoré controlling haem bhicsynthesis
and the effect of numerous compounds on the haem biosynthetic pathway
(Granick, 19663 Graniclk & Kappas, 1967; Levere & CGranick, 1967;
Levere et al., 1967a; Kappas & Granick, 1968a; Xappas et al., 19683
Sassa & Granick, 1970). Second, the liver cell system may permit the
screening of drugs that could prove harmful when administered to patients
with hepatic porphyria. Granick has ghown that a number of drugs

produce significant degrees of porphyria in the chick embryo liver cells,
These include bemegride, tolbutamide (Orinase), meprobamate (Miltown),
Sulfonal, glutethimide (Doriden), the hydantoin drugs Mesantoin, Celontin,
and Milontin, methyprylon (Woludar), chloramphenical (Chloromycetin),

sodium phenobzrbital, griseofulvin, and methol (Granick, 1966).

The induced response can be prevented or, subsequently
promptly terminated by the addition to the cultures of inhibitors of
nucleic acid and protein synthesis, such as actinomycin D, purcomycin, or
cycloheximide. These findings support the inference that increased
porphyrin>synthesis in the cuvltures is due to ennanced de novo formation
of ALA«S, the rate~limiting enzyme in the pathwéy (Granick, 1966). For
these reagons, the tigsue culture system is utilized to examine the
effects chemicals, drugs and natural steroids have on porphyrin synthesis

in the liver.
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D Propexrties of ALA~S.

3. L. Kinetics with Respect to Substrates, Cofactors, and pH,

An zbgolute requirement for the substrates, glycine and
succinyl--CoA, and for the cofactor, pyridoxal-S5'-phosphate is exhibited
by AIA~S in its purified foxm (Scholnick et al., 1972a).  Vhen any of
thege substances is omitted from the assay media, no formation of ALA
is detectable. Other investigators have attempted to characterize the
substrate and cofactor wequirements of ALA-S using crude enzyme or
partially purified ALA-S (Table 2). These studies have shown that
ALA-S required pyridoxal-~5'-phosphate as a cofactor and utilized glycine
and succinyl-CoA as substrates (Freshney & Paul, 1970; Acki et al., 1971;

Vhiting & Elliott, 1972).

The purificd enzyme showed a pH optimum between T.4 and T.6
when assayed in either Tris-HCl or potassium phosphate (Table 2) (Aoki
et al., 1971; Scholnick et al., 1972 Vhiting & Elliott, 1972).  'The
enzyme became unstable at pH values below 6.8 and above 8.0 with iy

reversible loss of activity (Scholnick et al., 1972a).

The amino acid reguirement for enzyme action of purified
ALA~-S dis specific for glycine; neither alanine nor serine forms an
aminoketone or is decarboxylated by the enzyme (Scholnick et al., 1972a.),
The specific acyl-CoA reguirements indicated that acetyl—CoA but not
propionyl-CoA can be used in addition to succinyl-CoA. However, the
rate of this reaction with acetyl-CoA is less than 1% that of succinyl-Cohi

(Scholnick et al., 1972a).



Substrate

Table 2

11

and Cofactor Reguirements for Optimal ATA-S Activity

Source of Drug {Purifis-~ i pH | References }
ALA-S cation |glycine sucor~CoA PLP opte.
(ro1a) |(10-2m) | (1o~Bm)  |(10-6M)

rat livexr, ATA |150-200 1.1 T.0 30 175 [Scholnick et al.,
cytosol (1972a)
rat liver, | DDC 40 1.9 2.0 Oel~ | To4 |Whiting & Elliott
mitochond. ‘ 1.0 (1972)
rabbit re- T 4400 1.0 6.0 - 7.6 | Aoki et al.,
ticulocyte (1971)
mouse - e 0e4 - - T.0 [Freshney & Psul

liver (1970)

Abbreviationsy

PH - phenylhydrazine, pH opts ~ optimum pH of assay
medium, PLP - pyridoxal=~hHt-phosphate, mitochond. =~ mitochondria

Teble 5

Reported Molecular Weights of Partially Purified ALA~S

Hayashi et al., Scholnick et al.,l Ohashi & Whiting &
(1970Y (1972a) Kikuchi Elliott
(1972) (1972)
Source rat liver rat liver coclk liver rat liver
Porifi.-
cation (folda) - 80 - 40
Drug ATA ATA ATA npc
M.W. of cyt.| 600,000 178,000 | 300,000 (.3M 250,000 178,000
ALA-S NaCl)
500,000 (no
NaCl)
Mo¥Wo OFf
mitoch, 115,000 113%,000 170,000 77,000
ALA=-S 110,000
Method for gel file sucrose| gel fil- gel fil- gel file
M.W. Deter- tration density | tration tration tration
mination (G 200)  centri~| (G 200) (G 200) (G 150)
fugation

Abbreviations:
weight

cyte = cytosol, mitoch. -~ mitochondrial, M.W., - molecular
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3. 2, Activation of ALA~S by Cations.

Purified rat liver cytosol ALA-S requires metal cations for
maximum activily and stabilization; either monovalent cations at
relatively high concentrations (0.25 M) or divalent cations at low
concentrations (0,05 M). The latter had a paradoxical effect on ALA-S;
that ig, they activated the enzyme at low concentrations and inhibited
it at high concentrations. The extent of the stimuvlation is similax
regardless of whether monovalent, divalent or both cations were used
(Scholnick et al., 1972&). Morcover, the addition of either mercapto-
ethanol or dithiothreitol did not enhance the stabilizing effect of
these cations. The specific nature of this stabilization and activation
effected by cations is nol known.  Scholnick et al., (1972a, b) suggested
the following two possibilities : (i) the activation of the enzyme by
metal cations may be a reflection of the ionic strength of the assay
nixture and cou;d result from hydration changes in the enzyme,

(i1) alternatively, the electrophilic nature of succinyl-CoA could be
increased by divalent cations thus rendering it more susceptible to the
nucleophilic attack by the glycine~pyridoxal-5'~phosphate complex. This

vould result in enhancement of the condensation of these substrates.

Recent data has shown that 0.3 M NaCl prevented the
conversion of the partially purified enzyme from a highly active,
relatively small molecule to a larger, less active form (Scholnick et al.,
19723). Experimental evidence has been presented by Ohashi & Xikuchi
(1972) in esgreement with this finding of Scholnick et al., (1972b).  The

large molecvlar size of ALA~S from the hepatic cytosol of ATA-induced cock



vas converted to smaller sizes of the enzyme when treated with 0.4 M
NaCl. In addition, several large molecular forms of ALA-S existed in
the hepatic cytosol of AlA-treated éock, which when transferred into the
mitochondrial matrix, were converted to two smaller molecuvlar sizes
(Ohashi & Kikuchi, 1972}, This association of a more active ALA~S with
a smaller molecular size may be of physiological importance since
Hayashi et al., (1970) and Chashi & Kikuchi (1972) found sufficient
evidence suggesting that the enzyme in the mitochondrion, its apparent
site of physiological actlon, is smaller in size than that identified in

the cytosol.,

The Half--Life of ALA-S and Its mRNA.

AN

-
N
)

Revell & Hiatt (1964) have suggested that the bulk of rat
Liver mRNA is stable for at least 40 hours. In contrast, most of the
mammalian mitochondrial proteins have been reported to have a half-life
of approximately 8 days (Beattie et al., 1967). Rat liver ALA-S has
one of the shortest half-lives (20 to 70 minutes; Tschudy et al., 1965;
Marver et al., 1966a; MNatsuoka et al., 1968; Hayashi et al., 1969), yet
reported for any memmalisn liver enzyme, even the inducible ones. This
suggests that there i1g a rapid steédy rate of synthesis of ALA-S and of
its hreak%down, In contrast, the half-lives of two other mitochondrial
enzymes, alanine~ and ornithine-aminotransferases, inducible by the
cortico-steroid prednisolone acetate were about 17 to 24 hours (Swick

et ale, 1969).

The methods for estimation of the half-lives of ALA-S are

based on the use of inhibitors for blocking RNA or protein synthesis in
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the whole animal and in tissue culture. The rat liver mitochondrial
ALA-S formed by induction has been shown to be very unstable and turns
over very rapidly with a half«life of 60 to 70 minutes (Tschudy et ale,
1965a; Marver et al., 1966a; Hayashi et al., 1969; Beattie & Stuchell,
1970). Bowever, the decay of ALA-S in the cytosol of rat liver was
much faster than that in the mitochondrigl fraction. Its half-life

was found to be as short as 20 minutes (Hayashilgi ale, 1969)., Since
the half-life of ALA was found to be independent of the level of enzyme,
it was suggested that the degradation of the induced enzyme is a first

order process (Merver et al., 1966a).

In chick embryo liver in culture, the half-life of the
mRNA for the ALA-S is about double that of the enzyme itself (Sassa &
Granick, 1970). These workers studied the effect of inducing chemicals
on the accumulation of mRNA while protein syntheéisvwas inhibited with
cycloheximide, aﬁd on the synthesis of the enzyme from accumulated mRNA
while RNA was inhibited with actinomycin D. The ALA=S activity in
AIA-treated and control tissue culture decayed at a first-order rate with
a half-life of 3% hours. Furthermore, inducing chemicals did not act to
enhance or decrease the rate of degradation of preformed ALA-S in chick
the chemical inducers ATA, DDC, aetiocholanclone, and y-hexachlorocyclo~-

hexane (Lindane) had no effect on the half-life of ALA-S,

3¢ 4o Distribution of ALA~S in the Liver Cell and Multiple

Molecular Torms.

Until recently, ALA-S has been considered generally to exist
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exclusively in the mitcchondria, but the site of thisg enzyme has

remained unclear,

Hayashi et al., (1969), reported that high activities of
ALA-S occurred not only in the mitochondrial fraction but in the soluble
fraction of rat liver when the enzyme was induced by ATIA. On the other
hand, the soluble fraction from control rats without AIA had no activity
of AlA-S. As much as 30 -~ 50% of the total ALA-S activity in AIA treated
animals accumulated in the soluble fraction. Studies on the kinetics
and effect of inhibitors of protein and nucleic acid synthesis on the
induction process indicated that ALA-S in the soluble fraction may be a
precursor of that in the mitochondria (Hayashi et al., 1969). These
investigators suggested that ALA~S was synthesised originally on the
ribosomes of the rough endoplasmic reticulum and modified to some extent
either before or after entry into the mitochondria. Beattie & Stuchell
(1970) observed substantial inhibition of ALA-S (50 - 60%) by chloramphen-
icol (as well as cycloheximide) in the mitochondrial fraction but very
little effect on ALA-S induction in the postmitochondrial fraction.
This finding was not in agreement with the report of Hayashi et al., (1969},
They found that chloramphenicol had no inhihitory effect on the ATA~

induction of soluble or mitochondrial ALA~S in rat liver.

This observation of ALA-S activity in the soluble fraction of
AlA~treated rat liver was ratified by other investigators (Scholnick
et al., 1969; Hayashi et al., 1970 3 Barnes et al., 1971), who also
found the substrate and co-factor requirements for thé soluble and

mitochondrial enzyme to be similar.  Subsequent study by Hayashi et al.,

(1970), uweing ammonium sulphate and gel filtration showed the molecular
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size of the mitochondrial ALA~S to be considerably smaller (115,000)
than that of the soluble ALA-S (600,000; in the absence of NaCl)

(Table 3), and suggested the possibility of soluble ALA-S as a precursor
of the mitochondrial enzyme. Recently Scholnick et al., (1972a, b)
have purified the soluble ALA-S from porphyric rat livers 150~ to 200
fold. In the presence of NaCl the molecular weight was approximately
300,000 whereas when determined in the absence of NaCl the apparent
weight was in excess of 500,000, Ohashi & Kikuchi (1972) added
Turther evidence to the view that cytosol ALA-S may be a precursor of
mitochondrial ALA-S, Soluble ALA-S from liver of ATA-induced cock
exhibited multiple size heterogeneity. Moreover, as the durabtion of
the induction increased the initial, relatively smaller molecular formsg
of soluble ALA-S changed and the enzyme of the largest size became
predominant, Mitochondrial ALA-S of ATA-treated and untreated cock
showed %the same two molecular sizes 170,000 and 110,000 when estimated
by Sephadex G 200 gel filtration. Cytosol ALA-S ilsolated from ATA-
.treated rat liver gave moleculzr weight of approximately‘QS0,000i In
conclusion, Ohashi & Kikuchi (1972) proposed the following hypothesis:
(1) ALA-S is synthesized originally in the cytoribosomal protein
synthesis system, (ii) the large molecular size of cytosol ALA-S is

due to aggregation of smaller sizes of the enzyme, (iii) this aggregate
is disrupled by some means to yield intermedizte size enzymes, (iv) the
enzyme which has been made small enough in the cytosol is transferred
into the mitochondria, (v) once inside the mitochondria the enzyme is

further converted to a smaller enzyme of molecular weight 110,000,
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3a B Assay Methods for ALA-S Activity.

Two assay procedures are used depending on the source and
amount of tissue available agnd also the level of ALA-3 activity. One
is colourimetric, ALA=S getivity is assayed by determining the amount
of ALA formed. Two different procedures may be used. The first
involves separation of ALA from AA by resin chromatography, its conversion
to a pyrrole by condensation with acetylaceltone and the production of
coloured devivative of the pyrrole with Ehrlichs reagent containing Hg++
to remove interfering SH groups (Fales, 1961; Goldberg & Rimington, 1962),
The alternative proaedure'involves the separation of the ALA~pyrrole
frrom AA-pyrrole by chromatography and the concentration of ALA-pyrrole
by chromatography (Marver et al., 1966b, c). To avoid chromatography
which limits seﬂéitivity, Granick (1966) developed a method for the
separation of ALA-pyrrole from AA-pyrrole by exiraction of the latter
from an agueous neutral mixture using ethyl ether, This method is
capable of detecting ALA in the range of lOm8 M. The use of semi-
microcuveltes of 50 mm length by Levere et al., (1970), has made possible

the colourimetric determination of ALA in the range of 10"10 mole,

The other general method for determination of ALA-S is by
the formation and determination of isotopically labelled ALA. Irving &
Elliott (1969) have described a sensitive tracer method based on the
incorporation of l},4ml4cﬂ succinate into ALA. To prevent the incor-
poration of the [},4ml4é] succinate into other products that might move
with ALA on the chromatographic column inhibitors of the citrie acid cycle
and the regpiratory chain were included in the reaction mixture. A

gimpler prcecedure involved a diluted aliquot of whole homogenate as a
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source of the enzyme, and labelled succinate or a~ketoglutarate as a
substrate (Ebert et al., 1970). A method of successive washing on
Dowex 50 (H+) column permitted tﬁe isolation of ALA uncontaminated with
other labelled metabolic products. Freshney & Paul (1970) used an |
isotopic method for estimation of ALA-S which involved[2m14élglycine as
a precursor, wnfractionated homogenate as the source of enzyme and
electrophoresis to separate ALA, AA and glycine, These methods are

sensitive in the range of 1070 mole ALA.

4o Induction of ALA-S by Chemicals, Drugs, and Steroids.

Certain chemicals are capable of inducing clinical and
experimental manifestations (in animals and chick embryo liver cells in
oulture) gimilar to those of human hepatic porphyria. These inducers
congist of a wide variety of organic compounds that differ in physio-
Jogical activity, They include, for example, the central nervous
system depressants such as the barbiturates, sulformethanes and
glutethimides; the anticonvulsant methsuximide; Tthe central nexrvous
stimulant bemegrides; the fungicides griseofulvin and hexachlorobenzene;
some chlorinated insecticides; and the isoprencids terpenes and steroids
(Granick, 1963; De Matteis, 1967; Felsher & Redeker, 1967; Marks, 1969;
Racz & Marks, 1972b). The inducing compounds may be divided into four
classes on the basis of their subseguent groups - barbiturate, collidine,

stercid, and miscellaneous (Granick, 1966) (Fig. 2).

Numerous studies have confirmed the fact that ATA (Marver

et al., 1966a; Nerisawa & Kikushi, 1966; Nakao el al., 19673
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Matsuoka et al., 1968; Hayashi et al., 1969; Beattie & Studhell, 19703
De Matteis, 19705 Hayashi et al., 1970; Kaufman et al., 19703
Kurishima et al., 1970; Abbritti & De Matteis, 1971/1972), 10C (Granick
& Urata, 196%; De Matteis, 1964; De Matteis, 1967; Nakao et al., 1967;
Hutton & Gross, 1970; De Matteis & Gibbs, 1972) griseofulvin (Nakao

et als, 1967; De Matteis, 1972), ¥~hexachlorobenzenc (De Matteis, 1964;

P At

1964a; Marver et

ale, 1966d; Granick & Kappas, 1967; Keppes & Granick,
1968a, 1968b) and alterations in diet (Rose et al., 1961; De Matteis,
196453 Tschudy et al., 1964; Welland et al., 1964b; Toitsfeldt & labbe,
1965; Telsher & Redeker, 1967), cauvse markedlincreases in the level of
hepatic ALA-S in intact animals and isolated cell systems. ATA and DDC
are the compounds most frequently used to produce experimental hepatic
porphyria, hence most of the present discussion will relate to studies of
the effects of these compounds.

4o L. Allylisopropylacetamide (ATA), a Member of the

Barbiturates, and Induction of ALA=-S,

The induction of experimental porphyria by AIA is accompanied
by a sequence of complex changes. Livers of starved rals treated with
ATIA for three days showed a marked hepatomegsly when compared to those
of starved controls (Lottsfeldt & Labbe, 1965), Microscopic examination
of these enlarged livers showed primarily cellular hypertrophy and to a
lesser extent cellular hyperplasia (Lottsfeldt & Labbe, 1965), Chemical
analysis found the RNA content per cell significantly increased (44%) in

the porphyric liver, but RNA per unit wel weight was similar in both

o e
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porphyric and cbntrol animals (Lottsfel@t & Laebbe, 1965). The DNA
content per cell remained unchanged although DNA per gram of wet weight
of liver decreased by 36% (Lottsfeldt & Labbe, 1965). Marver et al.,
(1966a) reported that twenty four hours after the second of two daily
injections to fasted rats, the liver size and liver protein are both
increased by 65%. The protein concentrations of the various subcellular
fractions were not altered significantly, with the possible exception of
15% increase in the mitochondrial fraction. Electron microscopy of the
livers from fed rats given a single dose of ATA (400 mg/kg) revealed a
progressive increase in number and size of lipid droplets, which were
evident as early as 90 minutes after ATA administration, reached a peak
between 12 to 24 hours and decreased to normal by 72 hours (Biempica

et al., 1967). Other investigators reported that twelve hours after ATA
adninistration %o starved rats, there was an increase in cytoplasmic,
nuclear and nucleolar volumes of 349%, 21%, and 122% respectively when
compared with the liver céils of starved control rats (Moses et al., 1970).
In addition to this, electron microscopy showed tubular hypertrophy of the

smooth endoplasmic reticulum (Stein et al., 1970).

Administration of ATA to animals appeared to have a marked
effect on certain hepatic enzymes and metabolic pathways : increases of
tyrosine aminotransferase (Moses et al., 1970; Stein et al., 19703
Wetterberg et al., 1970), NADP-cytochrome ¢ reductase (Narisawa & Kikuchi,
1966), and glucose~6-phosphate dehydrogenase (Narisawa & Kikuchi, 1966);
changes in hemoproteins including decreases of liver catalase (Price et al.,
1962; Tschudy et al., 1962), increases of tryptophan pyrrolase (Fiegelson
& Greengard, 196l; Marver et al., 1966e),; and hepatic mitochondrial

cytochromes a~-a., b, GGy (Bzattie & Stuchell, 1970), and changes in

3
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microsomal cytochrome P=450 (Wadda et al., 1968; Meyer & Marver, 1971)°
ATA (as well as DDC-) ~treated rabbits-developed increased serum levels
of total lipids and phospholipids (Taddeini et al., 1964). In mice
given ATA, cholesterol gsynthesis is increased whereas DDC, decreases

cholesterol synthesis,

Several studies have been made of the relationship between
the chemical structure and porphyria~inducing activities of a variety of
drugs related to AIA. These drugs were injected into the yolk sac of
8~day o0ld chick embryos, and the porphyrin concentration of the allantoic
fiuid measured (f&llman.gg‘gl., 1957). The molecular structure
reguired to produce porphyria in these chick embryos was identified as
a dialkylesubstituted acetamide or acetamide derivative (as illustrated
in Fig, 2~I) vhere one substituent is an alkyl group (denoted a), and the
other contains at least three carbon atoms, preferably in a branched

chain (denoted b) (Tallmen et al., 1957).

The studies of Hirsch et al., (1966) have shown that the
2llyl group is not essential for porphyria~induced activity in the chick
embﬁyo liver cell sjstem and can be replaced by a propyl group. Hirsch
et al., (1967%) suggested that the underlying critical feature for activity
in the ATA is an amide group which is sterically hindered from hydrolysis.
In an attémpt to predict the porphyria-inducing activity of a drug,
Schneck & Marks (1972) emnployed the empﬁrical rule of six, This
hypothesis, developed by Newman (Wewman, 1956), enabled research workers
to cstimate the degree of steric hindrance of an amide or ester to
chemical hydrolysis by a base or acid. 'The rule of gix states that

in reactions involving addition to an unsaturated function. containing a



double bond, the greater the number of atomé in the six position the
greater will be the steric effect'. The hydrolysis of a series of
aliphatic amides by chick embryo liver amidases was studied by Schneck

& Marks (1972) and it was found that the gliphatic amide with a high six
numbexr (i.ec ATA's six number ; 83 demonstrﬁted in fMig. 2~II) had
greater resistance to hydrolysis by chick embryo liver amidase and, as
well, a parallel larger porphyrinogen effect in cultured chick embryo
liver cells than those drugs with a low six number. They concluded that
the degree of steric hindrance to enzyme hydrolysis as assessed in the
series of aliphatic amides appeared to parallel the degree of steric
hindrance to chemical hydrolysis as assessed by the six-number, It has
been shown that for a chemical o induce porphyris it must remain in
contact with liver cells for a period of at least several hours in order
to induce and maintain high levels of ALA-S (Racz & Marks, 1972b). Drugs
that may be metabolized b& a hydrolytic mechanism do not give rise to
increased haem produciion in liver cells (Hirsch et al., 1967b). However,
where hydrolysis is prevented by steric factors (as mentioned above), the
drugs are oxidatively metabolized and increased haem and porphyrin
formation takes place (Hirsch et al., 1967b). Thus, the potency of ATIA
as a porpﬁyriauinduoing drug may be partially explained on the basis of
its registance to hydrolysis to the inactive free acid by liver amidase

(Schneck & Marks, 1972).

4e 24 %, 5-Dicarbethoxy~l,4-dihydrocollidine (DDC), a lMember

of the Collidines, and Induction of ALA~S,

Granick & Urata (1965) showed that acute poisoning of

guinea pigs with DDC caused an increase of ATA-S ( > 40 fold) in the liver
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parenchymal cells, In addition, the synthesis of protoporphyrin was
greatly enhanced, although there was no major change in any of the
engymatic activities of the porphyrin bicsynthetic chain, Histologiecally,
the livers of acutely poisoned animals did not appear abnormal.

Ilectron microscope studies indicated that during the first two days of
DDC treatment, the mitochondria increased in diameter approximately 15%

and the cristae appeared to increase in area,

Investigators have reported that administration of DDC (or
AIA or griseofulvin) to mice, rabbits and rats caused a reduction in
‘ cytochrome .P450 and hagem content, coincidental with the rise in activity
of ALA-S (Wada et al., 1968; Waterfield et al., 1969; De Matteis, 1970;
Meyer & Marver, 1971; De Matteis & Gibbs, 1972). In addition, DDC and
the other porphyrogenic drugs mentioned above have all been reported to
lower the activity of liver catalase (De Matteis, 1967: Abbritti & De
Matteis, 1971/72), a finding which may indicate that they decrease the
concentration of more than one pool of haem in the liver. Tephly et al.,
(1971) have described an inhibition of the ferrochelatase in the liver of
rats 24 hours after a single dose of DDC. ~ As early as one hour after
administration of DDC to rats there was an inhibition of mitochondrial
ferrochelatase althqugh the ALA-S activity was still normal or just

starting to rise (De Matteis & Gibbs, 1972).

Marks and co-workers have investigaled the relationship
between chemical siructure of DDC (and its analogues) and porphyria
inducing activity in cultured primary cells of chick embryo liver (Marks
et al., 1965; Iirsch et al., 1967b; Schneck et al., 1968; Racz &

Marks, 1972a; Racz & Marks, 1972b; Schneck & Marks, 1972). The



following are essential for optimal porphyrogenic activity (a) A study
of the JFisher-Hirschfelder-Taylor models of DDC and its analogues
indicated that the 2w, 4~, and 6-methyl substituents cause a twisting

of the 3=~ and S-ethoxycarbonyl substituents out of the plane of the ring.
This nonplanar relationship between the ethoxycarbonyl substituents and
the pyridine or dihydropyridine ring appears to be necessary for activity
(Marks et al., 1965), (b) An ethoxycarbonyl function on a pyridine,
dihydropyridine or benzene ring with two ortho - alkyl substituents, in
which one of the alkyl groups must be in the 4 position of the ring is
required. In addition, a second ethoxycarbonyl group in the molecule
with two ortho -~ methyl substituents reinforces the inducing power
(Hirsch et al., 1967b). (c) These ortho - alkyl groups sterically
hindered the two ethoxyecarbonyls from enzymic Hydrolysis (Hirsch et al.,
1967b) . (d) Replacement of the %~ and 5-ethoxycarbonyls functions of
DDC with acetyl substituents led to loss of inducing power (Schneck et al.,
1968). (¢} 1In aromatic (and aliphatic) esters, a sterically hindered

ester group is a requirement for porphyria inducing activity (Schneck

[

de 3 Steroids and Induction of ALA-S,

Intensive investigations of steroids as possible porphyrogenic
agents in liver cells have been performed for two reasons: (a) of all
inducing chemicals studied, only the steroids are derived from physio-
logical sources, and (b) a number of clinical and experimental
observations (Goldberg & Rimington, 1962; Welland et al., 1964a;s

Zimmerman et al., 1966; Kottra & Kappas, 1967), suggested that endocrine
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secretions - particularly steroids - represent one class of natural
agents which, in appropriate circumstances, may exacerbate the chemical
and sympltomatic abnormaslities of hepatic porphyria. Certain clinical
observations suggested that during puberty, pregnancy, and menstruation -
that is; vhen steroid production is altered markedly —~ the sympioms of
hepatic porphyris in patients with this disease were eXacerbated or

diminished (De Matteis, 1967).

When triiodothyronine or hydrocortisone were administered to
rats simultaneously with ATA, there was a marked increase of mitochondrial
ALA~S activity (Matsuoka et al., 1968) . In contrast, the enzyme level
was not increased when the rats were treated by the hormons slone. There
appeared to be a marked synergistic action of AIA and these hormones to
bring about the gtimulation of the induction. Hovever, AIA appeared 1o
play the priﬁary role in induction while the function of hormones was only
auvxiliary. It was also suggeslbed that administration of AIA caused an
initial intensive induction phase which was followed by an unreactive or
relfractory phase. In this period, when enzyme synthesis appeared to be
extremely small as judged by the very rapid decline in enzyme activity,
the induction machinery of the rat liver does not respond 1o either ATA ox
hormones., The cause of this refractory phase is possibly due to the
treapment with these hormones. I% vas suggested that intensive synthesis
of ALA-S may subsequently stimulate the synthesis of an inhibitor which

interferes with the synthesis or function of miNA for ALA=-S (Matsuoka

e anacvarie

Ceritain natural steroids, like drugs and foreign chemicals,

markedly enhanced porphyrin formation in (i) cultured chick embryo liver
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tissue as determined by fluorescence microscopy (Granick, 1966; Granick
& Kappas, 1967; Xappas & Granick, 1968a), (ii) the de novo formation

of ALA-S in the intact chick embryoc, detected directly by the increase

of ALA-S activity (Kappas et al., 1968), and (iii) haemoglobin
gynthesis in the blood islands of the cultured chick blastoderm (Levere &
Granick, 1965 3 Levere et al., 1967a) . The same steroids, mainly
pregnana lone, pregnandiol, L7u-hydroxypregnanolone, pregnandione,

11 - ketopregnanolone, aetiocholanolone, aetiocholandione, aetiocholanolone~
178, which induced enhanced porphyrin synthesis in chick embryo liver cells
in vitro and in vivo also induced & more rapid synthesis of haemoglobin
in the erythroblasts of the chick blastoderm (Levere et al., 1967a). In
all three experimental designs, the increased porphyrin formation oxr
AlA-S activity can be prevented or terminated by addition of inhibitors
of nucleic acld and protein synthesis, such ag actinomycin D, mitomycin,
puromycin o£ cycloheximide. This suggests that the mechanism of steroid
action involves the formation of ALA-S,; the rate-limiting enzyme in the
haem biosynthetic pathway. However, intensive administration of these
steroids to guinea pigs or rats failed to stimulate ALA-S activity,
although the enzyme in these animals is readily induced by drugs and
foreign chemicals (Granick & Urata, 196%; Marver et al., 1966a). This
lack of response in these animals to the 58-H stercid induction of ALA-S
may indicate the presence of an additional mechanism for controlling haen
formation which may be a property of only the maemmalian liver' (Kappas

et al., 1968¢). In contrast, foreign chemicals, such as AIA and DDC,
which are potent inducers of hepatic porphyrin production in chick embryo
liver cells in vitro and in vivo (Granick, 1966; Kappas & Granick, 1968D)

and in animals (Granick, 1966), failed to increase hacmoglobin synthesis
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in the erythroblasts of the chick blastoderm (Levere et al., 1967d).
Levere et al., (19672) proposed that regulation of haem synthesis in these
erythroid cells, as compared to that of the liver cells, may reside in a
more restricted control mechanism which is responsive only to certain
types of physiclogical substances such as thege 58~H steroids. The
structural reguirements for potent inducing activity by the stercids

have been summarized as follows: (i) a 5B~H configuration, (ii) a fully
saturated steroid of the C-19 or C-21 series, (iii) alcohol and carbonyl
substituents at C-3%, C-17, C~20, and possibly C-1l. In addition, the
steroids induce porphyrogenesis in concentrations at least as low as

107 40 1078 u (Sassa & Kappas, 1967). The structure of some

representative ALA-S inducing steroids are illustrated in Tig. 2.

Evidence has been presented that steroid induction of
porphyrogenesis in liver requires synthesis of mRHA for ALA-S and that
haem and other metalloporphyrins inhibited this steroid-induection process
(Kappas & Granick, 1968b). This suggested that natural steroids and
foreign chemicals or drugs acted at the same cellular site, that is, they
competed for a binding site on a repressor protein, as has been stated

for ATA and DDC (Granick, 1966).

Once the steroid is inside the cell, it may exist in the free,
active form or be converted to the inactive glucuronic conjugate by
uridine diphosphate glucuronic acid (UDP-glucuronic acid). In the
reaction involving the inactivation of steroids, UDP-glucuronic acid
donates glucuronic acid with the aid of the enzyme, UDP-glucuronyl-
transferase. When the intermediates of the glucose-~glucuronic acid

pathway were tested for possible inhibitory effect on steroid induction



in cultured cells, only UDP-glucuronic acid showed significant
inhibition (Ksppas & Granick, 1968b). Chick embryo liver synthesizes
small amounts of UDP-glucuronic acid and has detectable levels of UDP--

glucuronyltransferase activity (Skea & Nemeth, 1969)°

Kappas et al., (1968b) suggested that inducing steroids
control the synthesis of ALA-S at the transcriptional level in the same
fashion ag the barbiturates or dihydrocollidines (Fig. %). However,
the concentration of active steroid inducers in the hepatic cell would
depend on the rate of their conversion to the inactive glucuronides by
UDP=glucuronyltranslferase and on the rate of hydrolysis of the glucuronide

back to the active free gteroids by B-~glucuronidase.

The administration of glucose to animals is known to prevent
the induction of porphyria by certain chemicals (De Matteis, 1964;
Tschudy et al., 1964). This has been referred to as tﬁe "glucose effect"
and ig thought t0 have no relation to the phenomenon of "eatabolite
repression', that is, the ability of glucose in bacteria to repress
formation of certlain inducible enwymes. The glucose repression may result
from the metzbolism of glucose to yield high levels of UDP-glucuronic
acid. This would result in glucuronidation of the active steroids and,

possibly, other inducing substances thus converting them to the inactive

form.
5e Posgible Mechanism for the Induction of ALA~S in Liver.
56 1o Transcriptional and Translational Levels.

Two general mechanisms for the control of the first enzyme,



ALA~S, and haem synthesis in the liver cell have been proposed (Granick,

19663 Sassa & Granick, 1970; Tyrrell & Marks,.1972).

Granick (1966) hypothesised that the inducing action of
chemicals which caused increased ALA~S, interfered with a repressor
mechanism in which a specific repressor (consisting of a protein,
aporepressor, to which is attached the haem, corepressor) is considered
to block a specific DNA region (operator gene). The function of an
operator gene is to control the transcription of the operon (a short
length of DHA) into mitNA. Vhen the operator gene is blocked, nc mRNA
will form that can be translated into the polypeptide chain of ALA-S,

A summary of this hypothesis on induction of chemical perphyria in the
liver cell is preseﬁted in Fige. 3. There appears to be only one site

te which the inducing chemicals can attach (i.e. the corepressor site).
This inducing site or corepressor site is relatively large, has different
regions, each more or less specific for one of the five inducing groups
(Granick, 1966). These groups can attach reversibly to the site and

thus bleck the attachment of haem. In Pig. 4, a hypothetical corepressor
site is picltured which illustrates how the corepressor site might be
occupied by a barbiturate or collidine type molecule, According to this
hypothesis, all inducing drugs would act indirectly atl the transcriptional

level (Granick, 1966).

In the human metabolic disease of acute intermittent hepatic
porphyria, which is inherited as a Mendelian dominant trait, the
defective gene is probably an operator gene (Op VII, Fig. 3) which is
muiated g0 that it is repressed with difficulty by the repressor. Thus,

small amounts of drugs, such as barbiturates, which would. cause no



detectable porphyria in normal individuals, brings aboult a hepatic

porphyria in individuels with this defective gene.

Granick has subseguently revised his theory on the mechanism
of the induction of ALA~S in liver (Sassa & Granick, 1970). While
naturally occurring 5f-H steroids (i.e. aetiocholanolone) and some
inducers such as DDC may act at the transcriptional level as already
described (Fig. 33 Tig. 5, Reaction 1), in contrast, inducing chemicals
like AIA and y-hexachlorocyclohexane appear to act primarily at the
translational level (Fig. 5, Reaction 2). At this level a haemoprotein
as repressor is assumed, with haem serving as corepressor, This haemo-
protein would prevent the mRNA of ALA-S from being activated or trang-
lated. Inducers like ATA or y-hexachlorocyclohexane would act indirectly
to derepress the haemoprotein, perhaps by causing the destruction of the
haem, Thus, the "silent" mRNA, conceived as a éomplex of the haemo~
protein repressor with the specific mRNA, might be converted to active
RNA (Fig. 5; Reaction 2). Tyrrell & Marks (1972) reported that treatment
of chick embryo liver cell cultures with DDC and AIA resultbed in the
increased levels of "inductionw-specific" RNA for ALA~S. This induction
inducing compounds is divided into two phases; a transcriptional phase
independent of translation; and a translation phase independent of
transeription (these induction phases are described in more detail in

INTRODUCTION, 5. 3%).
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Fige 3. Hypothetical schema for the detoxification of chemical
inducers in liver by derepression of the repressor control on the
synthesls of ALA~S. The control of haem biosynthesis in the liverx
is pictured as a competition between haem and a chemical inducer,
such as a barbiturate, for a site on the aporepressor that governs
the synthesis of ALA-S, The effect of haem is then used for

oxygenase reactions to “detoxify" the chemical.

The schema shows the interaction of the nucleus,
mitochondrion, and endoplasmic reticulumn in this control. In the
nuclevs at I, there is a structural gene (S.G.) that codes for ALA-S.
This code is transcribed into an mRNA at IT. The mRNA is translated
into the polypeptide chain of ALA-S which comes to reside in the

mitochondrion at III.

The ALA-S is the limiting enzyme in haem
biogynthesis. When it is increased, more ALA is formed. The ALA
is converted to haem by enzymes of the biosynthetic chain, The
haem thus formed can enter the endoplasmic reticulum to become part
of the oxygenase enzyne (IX) that detoxicate chemical inducers with
the aid of NADPH and 02, or the haem may be converted to bile
pigment (V), or the haem may enter the nmucleus to form part of the
repressor (V1) that controls the synthesis of ALA-S. When haem sits
on the aporepressor, then the operator gene (Op) (VII) is inactive
and no mRNA can be formed. VWhen the chemical inducer (VIII) displaces
haem from the aporepressor (VI), the operator (VII) becomes active,

ALA-S can now be made, and porphyrins and haem are formed.
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repression mechanism thought to control hepatic ALA-S

levels

(Granick, 1966).
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5. 2. Role of Ribonucleic Acid in lixperimental Porphyrisg.

Hickman et al., (1967, 1968) heve provided direct evidence
supporting the theory that chemical induction of ALA-S regults from an
increase of nRNA for AlA-S.  RNA was isolated from the livers of
ATA-treated and control rats by the method of Parish & Kirby (1966).

The RNA frection contained ribosomal RNA and rapidly labelled components
as indicated by the sedimentation profile in a linear sucrose gradient.
The RNA was added to cultured medium containing chick embryo liver
fragrents and after a period of incubation (usually 16 to 18 hours) the
cultured liver tissue was assayed for production of porphyring (uro-
porphyrins and coproporphyrins). The hepatic RNA.from livers of
porphyric rats as compared to RNA from control ra&s, caused a 1.5— to
13=fold increase in porphyrin content. A negative diphenylamine reaction,
the absence of contaminating protein, the negative experiments with
added ATA to control rat-liver preparations and the abolition of the
ALA-S inducing effect by purified pancreatic ribonuclease indicated that
RNA was responsible for the induction and not DNA, or ALA-S or ATA that
may have been carried over by the extraction procedure. Evidence that
exogenous RNA may be incorporated by chick embryo liver cells in tissue

culture has been presented by Amos & Kearns (1963) and Amos et al., (1964).

Previous studies have shown that the increase of porphyrin
precursors in acute intermittent porphyria ig reciprocally related to
carbohydrate inteke in the diet (Welland et al., 1964c), and that this
increase results from markedly elevated levels of ALA-S (Tschudy et al.,

1965b).  Marver et al., (1966a) and Hiclman et al., (1968) found that
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carbohydrate (in particular, glucose) and actinomycin D inhibited the
induction of hepatic ALA-S by ATIA and swggested that these compounds may
offect the induvction process by a similar mechanism, i.e. this effect
night be related to the degradation of ALA~Z and its mRNA., Hickman

et al., (1968) have tested this bypothesis. Porphyrin synthesis was
greatly increased when RNA, extracted from livers of rats made porphyric
with AIA, was added to embryonic chick liver cells in tissue culture.

In contrast, vhen RNA extracted from the livers of animals given AIA and
fed on glucose was added to the liver cells in tissue culture, the

increase in porphyrin production was significantly smaller.

Other investigators found the induction of ALA-S activity
in cultured chick embryo liver cells to be ribonucleic acid dependent
(Skea et al., 1970). Porphyric~rat liver was fractionated on Sephadex
G-100 into three fractions of which the first contained 90% of the RNA
excluded from the column (285 and 18S ribosomal RNA) and the other two
fractions contained smaller molecular weight RNA. Although all three
RNA fractions showed significant inducing activity, the greatest effect
wvas shown by the two lower molecular weight fractions. Similar fractions

of normal rat Lliver RNA showed no significant increase in enzyme activity.

50 3 Mechanisms of Regulation by Haemin of the Level of

ALA~S in Mammalian and Avian Liver Cells.,

L

Theoretically, the end preduct of a biosynthetic chain may
control the first enzyme either by feedback inhibition (i.e. haem
inhibiting the activity of ALA~S) or by repression (i.e. haem inhibiting

the synthesis of ALA-S).
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Ttilizing primary cultures of embryonic avian hepatocytes
as a system for porphyrin biosynthesis in experimental porphyria it was
reported that increased synthesis'of ALA~S by ATA could be overcome by
addition of protohaemin (Granick, 1966). Granick suggested that haemin

might function at the transcriptional level (Fig. 3).

There are geveral conflicting reports as to the mechanism

of regulation by haemin of the level of ALA=S in mammalian liver cells,

Schneck et al., (1971) reported that protohaemin exerted an
inhibitoxry effect on porphyrin biosynthesis similar to that observed with
actinomycin D and cycloheximide when added at the same time as AIA.
However, when added 9 hours after the porphyrin in&ucing drug, proiochaemin
exerted no inhibitory effect. As a regult of these experiments they
were unable to demonstrate protohaemin inhibition of transcription. In
addition, protchaemin inhibition did not exert an effect similer to that
of cycloheximide and thus it was not considered to inhibit at the trans-

lation level.

Contrary to this, evidence has been presented that protchaemin
irhibits ALA~S induction atl the level of tranglation on the basis of the
following experiment in which primary cultures of chick embryo liver cells
were utilized (Sassa & Granick, 1970). The half-life of ATA~induced
ALA-S gctivity in the presence of actinomycin D is 5.2 hours and 3 hours
for cycloheximide. The half~life of the engyme decreased to 3.6 hours
upon addition of haemin and actinomycin D, and remzined uwnchanged, i.e. 3

“hours for cycloheximide plus haemin. Tyrrell & Marks (1972) have

interpreted these results as follows. Granick's assay procedure (1966)
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measures both mitochondrial and cytosol ALA-S activity. When the
half-life of the enzyme decreased from 5.2 hours to 3.6 hours for
actinomycin D and actinomycin D plus haemin respectively, haemin may
have interfered with the movement of newly synthesised ALA~-S in the
cytosol into the mitochondria as has been suggested by Kurashima et glgg
(1970).  If protohaemin inhibits ALA=-S movement into the mitochondria,
formation of ALA~S and consequently of porphyrins would decrease in the
absence of the mitochondrial succinyl-CoA generating system and pyridoxal
phosphate. This would account for the decrease in the half-life of the

enzyme in the presence of haemin,

Using a slightly different experimental design from the
method of Sassa and Granick (1970), Tyrrell and Marks (1972) found the
induction process of ALA~S activity in primsry cultures of chick embryo
liver cells by the porphyrin inducing compounds, DDC and AIL, to be
divided into two phases. Phase one involved the sccumulation of
induction—specific RNA in the presence of ATA or DDC, and was classified
as a transcriptional phase, independent'of translation, Then, the cells
were washed, and the increased ALA-S activity normally observed after
vashing was inhibited by cycloheximide but not actinomycin D. It was
concluded that this second translation phase was independent of trans—
cription. Granick's model for haem control of porphyrin biogsynthesis
would result in haem repression of ALA~S synthesis (i.e. transcription).
That is, if cells were treated with AIA or DDC plus protohaemin for 5
hours (transcriptional phase), washed and fresh medium added (translational
phase), the ALA~S activity should not increase because the protohaemin

would repress formation of mRNA for ALA-S synthesis. Thus, haem should
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cause repression of the initial phase of induetion (transcription) and
bear no interference on the second phase of induction (translation).
However, these investigators found that when cells, treated with AIA or
DDC plus cycloheximide for 5 hours (i.e. transcriptional phase), were
washed, and reincubated with fresh medium plus protohaemin (translational
phase), no increase in ALA-S activity was observed (Tyrrell & Marks, 1972)°
This indicated that protohaemin inhibited at the translational level.

In another experiment cells were treated with ATA or DDC plus (i) cyclo-
heximide or (ii) cycloheximide and protohaemin for 5 hours (transcription-
al phase), washed, and reincubated with fresh medium (translational phase).
The increase in ALA=S activity for (i) and (ii) was identical. It was
concluded that the inhibitory effect of protohaemin resembled that

exerted by cycloheximide, and protohaemin appeared to act at the trans-
lational level. Tyrrell and Marks (1972) were unable to rule out the
possibility that protohaemin inhibits the transcriptional process because
of 1the following finding. When cells were exposed to protohaemin for

5 hours, washed, and reincubated with DDC, the protohaemin pretreatment
appeared to decrease the ability of cells to produce increased ALA~S

when exposed to DDC. It was suggested that protohaemin was not completely
removed by washing as some of the protochaemin may be irreversibly bound

to protein in the cytosol of the liver cell.

Scholnick et al., (1969, 1972b) vere able to demonstrate
that protohaemin (5 x 1072 1) inhibited the activity of partially
purified ALA-S (150 = 200-fold) from male Wistar rats by 67% (Table 3)
but did not inhibit crude preparations ol this enzyme at this concentration.

Both rat and human albumin and cell sap from a normal ralt liver prevented
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the haem inhibition of partially purified ALA-S, probably by binding
haem and thus rendering it less effective as an inhibitor.  This may
partially explain why wnpurified preparations of mitochondrial ALA=S

are not inhibited by haemin. Moreover, there may be incomplete
penetration of the mitochondrial membranes by haemin due to the fact
that haem possibly binds cytosol proteins, including ALA-S (Scholnick
et al., 1969, 1972b). Kurashima et al., (1970) have found that hsemin
caused inhibition of the conversion of the soluble form of ALA-3 into
mitochondrial ALA~S. They observed in wrats that when haen wés
administered at 2, 4 and 10 hours after AIA, a marked reduction in

mitochondrial ALA-S was balanced by an increase in activity in the

soluble fraction.
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L, Introduction.

Two general assay methods are used for measuring
d-aminolaevulinic acid synthetase (ALA~S) activity. One is the
conventional colourimetric technique (Marver et al., 1966¢c; Dowdle
et al., 1967), and the other invelves the formation and isolation of
isotopically labelled d~aminolazevulinic acid (ALA) (Irving & Elliott,

1969; Ebert et al., 1970; Freshney & Paul, 1970).

My initial investigation involved an attempt to isolate
miRNA for ALA-S from porphyric rat livers and test its biological activity
in cultured chick embryo liver cells. Although the results from the
colourimetric assay indicated some evidence for induction of ALA-S
by RNA, the actual optical density difference for RNA~treated cultured
cells was extremely lov (i.e. maximum = 0.05) and thus the colourimetric
assay method was found to be inadequate. In addition,; 2 x 10 cm petri
dishes with approximately 150 to 180 mg wet weight of cultured liver
tissue per dish were required to obtain a reasonable homogenate strength
for the colourimetric assay method. This meant that 2.0 mg RNA (since
the concentration used by Skea et al., (1970) was O.2 mg RNA per ml
Eagles medium, 10 ml of Eagles per dish) was essential for each experiment.
In order to conserve on time and amount of tissue required for each
experiment I decided that a more sensitive assay for measurement of
ALA-S activity which would utilize smaller amounts of RNA and cultured

liver tissue was imperative.
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1. 1. "~ Qolourimetric Assay of ALA~S Activity in Liver Homogenates.

Many studies on ALA~S have used the colourimetric assay
method since the measurement has been made on induced levels of enzyme
at which the procedure proves adequate. However, levels of this
engyme in normal tissuves are extremely low and the amount of material
available in chick embryo culture systems (Graniclk, 1966) and blood cells
(Takaku et al., 1968) is limited. This is of importance in assessing
the work of Hickman et al., (1967, 1968) and Skea et al., (1970) who
reasoned that since the ALA-S activity increased in livers of rats
rendered porphyric by allylisopropylacetamide (AIA), there would be a
corresponding rise in synthesis of mRNA for this enzyme. Both research
groups isolated RNA from porphyric rat livers by the method of Parish &
Kirby (1966) and incubated the RWA with cultured chick embryo liver
cells, a culture system in which the ALA-S activity is negligible when

measured by the conventional colourimetric assay method (Granick, 1966).

ALA-S activity is measured by converting the ALA to
2-methyl-3~acetyl—4~-propionic acid pyrrole by condensation with acetyl-
acetone, the ALA~pyrrole then being megsured colourimetrically by the use
of Bhrlich reagent. Unfortunately, the assay is complicated by the fact
that the liver synthesizes aminoacetone (AA). AA, like ALA, is an
amincketone of physiological importance. It serves as a source of
l=carbon fragments (Levere & Granick, 1965),

The AA reacts with acetylacetone to give 2,4~dimethyl-3=-acetyl pyrrole
which in turn combines with Bhrlich reagent and thus interferes with the

guantitative estimation of ALA. However, ALA and AA are usually
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separated on resin columns before (Urata & Granick, 1963) or after
(Marver et al., 1966b; Narisawa & Kikuchi, 1966; Hayeshi et al., 1969)
conversion to pyrrole, a technique that is not readily adapted to small
volumes. Furthermore, ALA-dehydratase (ALA-D) in liver homogenates
converts ALA to porphobilinogen (PBG). Therefore, the egtimate of ALA-S
may be in error by the amount of ALA cohverted to PBG during the course
of incubation. Marver et al., (1966c) found that EDTA (10 mM) enhanced
ALA production snd reduced AA synthesis by about 70% or 90% in porphyric
liver homogenate containing 75 mM Tris-HCL (pH 702) or 75 mM sodium
potassium phosphate (pH 7.0) as buffer, respectively. This increase of
ALA production appears to be the resuvult of noncompetitive inhibition of

ALA-D by EDTA (Gibson et al., 1955; Granick & Mauzerall, 1958).

The method of Dowdle et al., (1967), slightly modified, vas
used for the determination of enzymatically formed ALA. Ixcept vhere
otherwise stated, the incubation mixture contained in umoles per ml:
glycine, 100; sodium citrate, 50 (pH T.4); Tris-HCLl, 75 (pH 7.2);

EDTA, 10; the total incubastion wvolume being 200 ul. Incubations were
carried out in polyethylene microfuge tubes (46 mn X 4.5 mm) for one hour
in a shaking water bath at 3700 and the reaction stopped by addition of
100 pl of 15% trichloroacetic acid. The AIA generated during the one
hour incubation was measured colourimetrically as described in MATERIALS

AND METHODS.
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e 2. Radiochemical Assay Method for ALA-S Activity

in Liver Homogenates.

Three radiochemical procedures for meagsvrement of ALA-S
activity have been described (Irving & Hlliott, 1969; Ibert et al.,
19703 Freshney & Paul, 1970)o These methods permit measurement of
the enzyme in minute guantities of normsl tissue. The isotopic method
for estimation of ALA-S activity, reported by ¥reshney & Paul (1970)
utilized uwnfractionated homogenate in a small incubation volume (30 pl
as compared to 200 ul for the colourimetric assay). An attempt to
reproduoé thelr assay procedure was unsuccessful. When a porphyric rat
liver homogenate was used as a sovrce of ALA-S activity, the colourimetric
assay method of Dowdle et al., (1967) gave a satisfactory optical density
difference, On the other hand, using the procedure of Freshney & Paul
(1970) only background dpm of [é_14é] glycine were found in ALA isolated
by electrophoresis from the trichlorovacetic acid treated supernatant of
the incubation mixture, Subsequent glteration of the various media to
those described for the colourimetric assay resulted in a large increase
in dpm of [é“14é] glycine incorporated into ALA, Electrophoresis of the
deproteinized supernatant on silica gel thinelayer sheets (Malinkrodt
"Chromar 1000" glass fibre mat, impregnated with silica gel; total
thickness 1 mm; Camlab, Cambridge) was difficult to perform. The
thin-layer sheets,; when moistened with 0,0% M phthalate buffer, tore very
eagily and thus had to be handled with extreme delicacy. Elution of the
incubation generated.[l4cﬂ ALA from the silica gel thin-layer sheets with
either L N HCLl or hyamine hydroxide (scintillation grade) yielded

inconsistent results and proved cumbersome and very time consuming.
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The radiochemical procedures of Irving & Elliott (1969)
and Ebert et al., (1970) utilized larger incubation volumes (2 ml) and
at least 4 to 5 times as much protein as the amount used by Freshney &
Paul (1970)n In addition, it appeared from their report that a Dowex
50 (H+) column per assay was used to isolate the newly synthesized [14é]’
ATA from'the incubation reaction mixture. This meant that numerous
Dowex 50 (H+) columng would be required along with several buffers of
various pH to elute the labelled ALA from the columns. As a result,
these two technigues did not appear to fulfill the requirements for assay
of pmole quantities of ALA in the chick embryo culture system. There-
fore I developed a sensitive radiochemical sssay method, independent of
the three existing procedures, which permits investiéation of control
mechanisms in minute amounts of normal tissues. A comparison of this
radiochemical assay with the conventional celourimetric method of Dowdle

et al., (1967) has been made.

In the radiochemical assay estimation of ALA-S activity,
[ém146] glycine acts as a precursor of ALA and unfractionated homogenate

as the source of enzyme.

Several advantages of my radiochemical assay when ccmpared
to the modified colourimetric assay procedure of Dowdle et al., (1967)
are as follows: (i) only 50 mg wet weight of cultvred chick embryo liver
per 5 cm petri dish is used as opposed to 2 x 10 cm dishes containing at
leagt 75 mg wet weight of tissue per dish for the colourimetric assay:
(ii) 10 pl of homogenate is required compared with 400 pl for the

colourimetric assay: (iii) as many as 100 assays may be performed in
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one day whereas any more than 30 assays using the colourimetric

technique provided problems: (iv) the polyester thinelayer sheets,
coated with silica gel ¥1500 (Camag) are much easier to handle than

the silica gel thinw-layer sheets used by Freshney & Paul (1970):

(v) once the trichloroacetic acid supernatant of the reaction mixture

im spotted and allowed to dry on the polyester thin~layer sheets the

[14é] ALA that was generated in the reaction does not appear to degrade
with time: (vi) the radiochemical assay requires less time for completion
than any of the previous isotopic assay procedures (Irving & Blliott,
1969; Ebert et al.,, 19703 Treshney & Paul, 1970): (vii) this extremely
sensitive assay is capable of detecting ALA produced in pmoles quantities.
The ALA-S activity in cultured chick embryc liver system, when assayed by
the radiochemical procedure, is negligible. Upon addition of the
porphyrincgenic chemical,; ATA, the increase in ALA-S is easily observed

14

from the large increase of dpm of 'C in ALA and may be measured in

pmoles ALA per ug of protein,

The.incubation mixture for the radiochemiceal assay contained
the following, unless otherwise stated, in umoles per ml: glycine, 10
1 uc [%m14@ glycine (specific activity 52 mC/mmol);  sodium citrate, 50
(pH 7.4); Tris-HCL, 75 (pH 7.2); EDTA, 10; in a total volume of 20 pl.
The polyethylene tubes (46 mn % 465 mm) were incubated at 5?00 in a
ghaking water bath for one hour. The reaction was stopped by addition
of 5 pl of 30% trichlorcacetic acid. The [14é1 ALA produced during the
incubation is separated by electrophoresis and estimated by scintillation

counting, as described in MATERTALS AND METHODS.
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1. 3. Resolution of [éw14é] glyeine and IB;S«;ﬁ] ALA by

Tlectrophoresis on Silica Gel Polyester Supported

Thin~layer Sheets,

The three existing radiochemical procedures for messuring
ATA-S activity involve either [1,4--140] succinate (Irving & Elliott,
1969; IEbert et al., 1970) or [2m]'4'c] glycine (Freshney & Paul, 1970)
incorporation into ALA generated by liver and spleen homogeunates.
However, the metheds for separation of 14Cmsubstrates from the newly

formed [l4¢] ALA differ for each of the three micro assays.

Irving & Elliott (1969) studied l},4wl4é] succinate
incorporation into ALA by mitochondrisl ALA~S from DDC-treated guinea
pig liver, Trichloroacetic acid supernatants of incubation mixtures
were applied 4o Dowex 50 (H') columns and the newly generated [14d] ALA
was eluted by 2 M pyridine acetate buffer, pH 6.0. The eluate was
dried, dissolved in water and counted on glass fibre discs by ligquid
scintillation. Alternatively, the [l4é] ALA in the elusate from the
Dowex coclumn was converted 4o [1401 ALA=pyrrole by the method of Urata &
Granick (1963) and chromatographed on thin-layer plates coated with
Kieselgel GT7731. This separated [14(ﬂ Ald-pyrrole from asny possible
[146} Ab-pyrrole contamination. ‘The [146] Ali-pyrrole was then eluted
and. counted. To ensure that [i,4ml4é} succinate was incorporaied solely
into ALA, antimycin A and malonate were added to inhibit suceinic
dehydrogenase activity while arsenite inhibited the a-oxoglutarate oxidase
system thus preventing succinyl-CoA formation from a~oxoglutarate. The

latter would be unlabelled and thus compete with [l4é] succinyl=-Coh.
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Ebert et al., (1970) reported a similar micro method for
direct determination of [l4d] ALA production in mouse spleen oOr liver
homogenates. [l4é] ALA generated in the reaction by homogenste of
spleen liver incubated with amketo‘:l4é] glutarate oxr I},4ml4é] succinate
substrates respectively, is selectively adsorbed on to a Dowex 50 (H4)
colum rvn at pH %,9. Mofeoverg labelled amino acids and unreacted
substrates are not retained by the column at this pH and thus contamination

of [1403 ATA by these substances did not occur,

P -

that involved electrophoretic separation of [14d] ALA from i§~l4C] glyeine
on silica gel thinelayer sheets, The distribution of radiocactivity
corresponded to the absorbance of glycine and added marker ALA, and

thus indicated no contamination by other metabolites which would interfere

with the specificity of the assay.

Pig. 6 shows the separation of EZMM'C] glycine and [5,5-~3H] -
ATA by high voltage electrophoresis on silica gel F1500 polyester
supported thin-layer sheets. A spray of the chromatogram with 0.1%
ninhydrin in absolute glcohol revealed only two spots: yellow for added
unlabelled ALA and purple for glycine. When the thin-layer sheet was
cut up into sections (1.5 x 2 cm) and counted by ligquid scintillation,
the distribution of radiocactivity corresponded to the ninhydrin stained
carrier ALA and glycine., Only background counts of‘[lAC] (i.e. below
50 dpm) from [éml4€l glycine were found in the ALA spot. However, a
small amount of tailing by ‘%'5”3é] ALA was observed in the glycine spot,
14C

Z
possibly due to overlap of -“H counts in the channel, VWhen this

electrophoretic method was used to isolatel-l4Q] ALA generated in a liver
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Tig. 6.  Identification of products by electrophoreti i

[5 45~ d~aminolaevalinic acid (ALA) asrgd [2~-l4c§ glyciiesiﬁaﬁiii‘é?«;iﬁ
sheets coated with silica gel. 5 pul of the incubation mixture was

spoti;ed onoi;he silica gel thin-layer sheet, electrophoresed for 30 minutes
eIa;t 130 mc‘l 9 )mA and 3% XV using 0.05 M phthalate buffer conisining 0.01 M
EDTA.  Sections (1.5 x 2.0 em) were cut out and counted as described in
mATERLALS AND MATHODS. The incubation contained 10 pl of 150 mM Tris-HCl
in 20 mM EDTA,.pg T.2; 10 pl of 20 mM glycine in 100 mM_sodium citrated,

SII Tody L p¢ [2-14C] glycine (52 mCi/mmol), 1 uC [3,5-7H] ALA (2 mCi/mmol)
5 ul of 30% trichloroacetic acid, and 5 pl of 15 mM unlabelled ALA. ’
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homogenaté, AA, synthesis of vhich is low in the presence of EDTA

(Marver et al., 1966c), appeared to migrate just in advance of glycine
and thug did not contaminate ALA. This AA spot was not always visible
when the nivhydrin was applied. Moreover, the distribution of radio-
activity in this experiment corresponded precisely to the ninhydrin
stained ALA and glycine with negligible tailing between the product and
substrate respectively. This indicated the absence of other metabolites
which would posgibly alter the specificity of the assay. However, if
greater than 1 pC of [éml4éJ glycine per assay ltube were used, then severe

tailing of counts occurred between the two separated components.

1. 4. Determination of Optimum Subsirate Concentration

for the Colourimetric and Radiochemical Assay of

ALA-S Activity in Crude Liver Homogenates.

Marver et al., (1966¢), using the colourimetric assay
procedure, reported maximal ALA synthesis and minimal AA synthesis with
100 mM glycine for porphyric liver homogenate. The Kﬁ values for ALA-S
and AA-3 in the assay system were approximately 5 mM and greater than

150 m}M, respectively.

Optimal substrate condition for ALA-S activity in crude
AIAwlivernhomogenates were determined with the colourimetric assay method
in order to devise a sultable incubation system for the radio-chemical
assay method, Omission of citrate and/or glycine resulted in negligible
ATA synthesis in porphyric or normal livexr homogenate. ALA formation in
crude liver homogenate was maximal with 100 to 200 mM glycine in 50 mM

sodium citrate (pH 7,4), Repetition of this experiment using both



assay procedures on the same liver homogenate ig illustrated in Fig. 7.
Although the rate of ALA synthesis is highest with 100 mM unlabelled
glycine for the radiochemical agsay, the total dpm of [;ml4é] glycine
converted to [140] ALA was greatest in the absence of unlabelled glycine.
It was decided that in future experiments the colourimetric assay
procedure would contain 100 mM glycine and 10 mM unlabelled glycine for
the radiochemical assay technique in order to ensure that substrate
concentration did net become limiting. The final numerical value of
mmoleg ALA produced per g protein per minute differed between the two
methods when measuring enzyme activity of the same homogenate because of
the initial glyecine concentrations. The radiochemical technique,
however, was more sensitive since a slight increase in ALA~S activity
caused a more noticeable increment of dpm in the incubation generated
[l4é] ATA. Unfortunately, increased specific activity of glycine caused
the assay to be more sensitive but led to other problems such as
cascading of the scintillation counter? cost of the isotope, and poor

resolution by electrophoresis due to trailing of counts.

1 5e Bffect of EDTA Concentration of ALA Production

in Crude Liver Homogenates.

Marver et al., (1966c) described a colourimetric method for
measurement of ALA=-S activity in crude liver homogenates of normal and
porphyric animals. EDTA was included in the incubations 1o minimize
ALA~dehydratase activity and also to reduce AA synthesis. The effect
of BDTA concentration upon ALA production is shown in Fig. 8. The

lowest production of ALA occurred in the absence of EDTA. ALA accuvmulation
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Fige T Comparison of radiochemical and colourimetric assay methods

for d~aminolaevulinic acid (AlA) production in porphyric rat liver
homogenate as a function of glycine concentrations, A fasted rat

received 2 doses of 400 mg ATA per kg body weight at 24 hour intervals

and was sacrificed % hours after the last dose. The liver was homogenised
in 2 volumes of 150 mM Trig-HCl and 20 mM EDTA, pH 7.2, 100 pl and 10 pl
samples of homogenate were iransferred to microfuge tubes containing 100 upl
and 10 pl of 100 mM sodium citrate and the appropriate glycine concentration
foxr the coclourimetric and radiochemical assay, respectively. Procedures
for measurement of ALA generated during the one hour incubation at 37°C by
the colourimetric and radiochemical assays are described in MATERIALS AND
METHODS . Numbers within the sguare brackets indicate dpm of @ml4d] glycine
incorporated into ALA formed during the incubation, The colourimetric
assay method measured ALA preduction in a porphyric rat liver homogenate
different from the homogenaste used in the radiochemical assay procedure.



53

o\

:':;

>~\j;“

= e

>. il frve

-‘!-‘:\5

u .2

< O

© IS 41

6 G

-cq»-;} 3_,

o

Ll 8

[e0d

A8 21

< g

RO
mﬂﬁﬁiﬁ | L I J
Ot b

-5 -4 -3 -2 -
LOG Molarity EDTA

Fig. 8. ALA production in porphyric ratl liver homogenate as a

function of EDTA concentration. 30% homogenate.was incubated in the
presence of 100 mM glycine in 50 mM sodium citrate, pH T.4, and 75 mM
Prig-HCl, pH 7.2, for the colourimetric assay (a), and in 10 mM glycine,
1 uc [é»l4é] glycine (52 mCi/mmol) in 50 mM sodium citrate, pH 7.4,

and 75 mM Tris-HCl, pH 7.2, for the radiochemical (b), and varying
concentrations of EDTA as indicated. The total volume for (a) was

200 pl and (b) 20 pl. The reaction mixtures were incubated for 40 minutes
with shaking at 3700 and the reaction stopped by addition of 100 ul of
15% trichloroacetic acid for (a) and 5 pl of 30% trichloroacetic acid
for (b). The generated ALA was isolated and determined as described in
MATERTALS AND METHODS section.

( 0—O0 , colourimetric assay; @—@ , radiochemical assay)
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was maximal at EDTA concentration of 10 mM which isg in agreement with
the data reported by Marver et al., (1.966¢). Although no experiment
was performed to detect AA producticn at 10 oM EDTA, it has been showm,
vwsing a gimilar colourimetric assay procedure to the one used in this
laboratory, that AA synthesis in liver homogenates is inhibited by about
70% and that 10 mM EDTA almost completely blocked the conversion of ALA
to porphobilinogen (Marver et al., 1966¢). Thus, future experiments
included EDTA at a final concentration of 10 mM to yield optimal ALA

synthesis,

1. 6. Lffect of Incubation Time on ALA synthesis in

Crude Liver Homogenstes.

Previous investigations (Merver et al., 1966c; Dowdle et al.,
1967) have shown that ALA synthesis was linear up to one hour as measured
by the colourimetric method of Marver et al., (1966c). Using their
radiochemical assay method, Freshney & Paul (1970) found the rate of
[14é] ATA synthesis in normal mouse liver homogenate linear up to four
hours while Ebert et al., (L970) reported a curvilinear response. In
the latter case, a plateau of [14d] ALA production was observed for

incubation greater than 90 minutes.

The response of ALA production in crude AlA~treated liver
homogenate is shown in Fig. 9. The resulls from the colourimetric assay
method showed a linear response of ALA synthesis up to 60 minutes. ATA
formation determined by both assays, plateaved for incubations above 60

minutes., The dpm of lé_l4¢] glycine incorporated into newly synthesized
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ALA Produced

Time @mme

Fige 9. ALA production in crude liver homogenate from an AIA-
treated rat as a function of time. Incubation conditions and
procedures for the colourimetric and radiochemical assay methods are
described in MATERIALS AND METHODS with the incubation time varied as
indicated. Values;‘“ sguare brackebts indicate dpm of [2«14()] glycine

incorporated into ALA.

( o TN o s colourimetric asgssay; o M—— s Tadiochemical assay)
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[1401 ALA-during the incubation reached a maximun after 40 minutes

while the absorbance of the ALA-~pyrrole ~ Fhrlich complex at 552 nm
appeared to level off after 60 minutes of incubation (Fige 9). As a
regult of this experiment if was decided that incubation time for the
colourimetric and radiéchemical assay methods would be 60 and 40 minufes,

respectively.

1. 7. Comparison of Colourimetric and Radiochemical Assay

Methods for Measurement of ALA as a Function of

Crude Liver Homogenstes.

Previous reports using either the colourimetric assay (Marver
et al., 1966c) or the radiochemical assay (Irving & Elliott, 1969;
Ebert et al., 1970; Freshney & Paul, 1970) have shown that the ratle of
ATLA synthesis is proportional to the amount of pro&ein added fo the

incubation nixture.

I'ig. 10 shows the effect of varying liver homogenaﬁe
concentration upon ALA production. A linear increase of ALA synthesis
with enzyme concentration was observed over the range of 3% mg(to 12 mg
protein per assay for the colourimetric method and linear from TO ug to

270 ug protein per assay tube for the radiochemical technique.
9

Marver et al., (1966c) used large amounts of homogenate so
that satisfactory optical densities were obtained for the ALA-~-pyrrole~
Ehrlich colour complex. The present results show that the radiochemical
method has the advantage of permitting use of much smaller amounts of

tissue. From Fig, 10 it is observed that only 70 to 100 ug protein were
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Fig. 10, Rate of d-aminolaevulinic acid (ALA) production by different
concentrations of porphyric rat liver homogenate as measured by the
colourimetric (a), and radiochemical (b) assay methods. Varying
concentrations of liver homogenate were incubated in 75 mM Tris~HCl, and
10 mM EDTA, pH 7.2, with the substrates 200 mM glycine and 100 mM sodium
citrate (pH 7.4), in a total volume of 200 ul for the colourimetric assay
(a), or 20 mM glycine, 1 uC [?ml4d1 glycine (52 mCi/mmol) and 100 mi
sodium citrate (pll 7.4), in a total volume of 20 pl for the radiochemical
assay (b). The 40 minute incubation at 37°C in a shaking water bath was
stopped by addition of 100 pl of 15% trichloroacetic acid to (a), or 5 pl
of 30% trichloroacetic acid to (b). The ALA generated in the reaction
mixture was isolated and determined according to procedures described in
MATERIALS AND METHODS. Total pmoles ALA produced per tube are plotted
as a function of total protein in the reaction mixture. Fach point is a
single obsexvation. Both assay methods were performed on the same
source of porphyric liver tissue.
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necegsary in order Lo measure ALA gynthesis in pmoles per minube.

In contrast, at least 2 mg protein is required for the colourimetric
assay in order to oblain an oplical density difference of 0.10., VWhen
both assay methods were performed on the same porphyric liver homogenate
104 dpm were obtained in ALA by the 140 method per mg of protein while
the colourimetric method gave an observed optical density difference of
0.053 for the same amount of protein. In normal chick embryo liver and
cultured chick embryo liver the actual optical density differences are
50 swall (i.e. maximum absorbance of colour complex is 0.0%) that it is

impossible to place significance on the colourimetric assay resulis.
1. 8. Conclugion.

A new sensitive method for measuring ALA-S activity has
been developed, based on the incorporation of [é~14é] glycine into ATA
and using crude homogenazte as the source of enzyme. Electrophoresis of

the trichloreacetic acld supernatants of the incubation mixture on silica

gel thin-~layer sheets separa%es the [14é] ALA from [?mlqd} glycine.,

2. - Physical Properties of ALA-S in Different Tigsues.

Sassa & Granick (1970) have proposed that DDC induction of
ATA~S in cultured chick embryo liver system occurs at the transcriptional
level and ATA induction at the translational level. It is possible
_that formation of different lsozymes of ALA~S may arise depending on

which drugs are used fo induce the enzyme, Thus, heterogenous molecular
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forms oflthe enzyme (as have been reported to exist for ATA-induced
ALA~S in cock liver by Ohashi & Kikuchi, 1972) induced by ATA may have
certain physical characteristics-(i.ea metal cation regquirements, pH
optimum, and heat stabilities) which differ from those of the DDC-induced

isozymes.

AlA=induced ALA~S, purified 150- to 200~fold from hepatic
cytosol of rat liver, requires metal cations from maximun activity and
stabilization (Scholnick et al., 1972a, b) (described in more detail in
INTRODUCTION, section 3.2)., NaCl (0.3 M = 0,4 M), results in conversion
of the larger, but less active form of the AIA-induced ALA~S to a smaller,
more active molecule (Ohashi & Kikuvchi, 1972; Scholnick et al., 1972a, b).
Tn comparison, Whiting & Elliott (1972) found that a high salt concen-
tration (0.8 M) and a reducing agent dithiocerythritol (L wM) was required
to convert the aggregated form of hepatic mitochondrial ATLA from DDC-
induced rats to its soluble form (molecular weight of 77,000) of greater
activity. Treatment of the cytosol enzyme (molecular weight of 178,000)
using the same conditiong did not convert its molecular weight to that

obtained for the solubilized mitochondrial enzyme.

The natuvre and physiological significance, if any, of NaCl
conversion of the hepatic cytosol ATA-induced ALA~S (Ohashi & Kikuchi,
19723 Scholnick et al., 1972a, b), but not the cytosol DDC-induced, is
not known, The different effect of NaCl may be due to an artefact
produced during the isolation procedures, but it is feasible that ALA-S
induced by AIA may have different metal cation requirements than the

engyme induced by DDC.
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2. 1, Effect of Cations on ALA-S Activity.

ALA~-S in crude homogenates from ATA and DDC-induced chick
. . . + . .
embryo livers appears to require similar Na  cation concentrations

" to the incubation

(0.1 M) (Pig. 11). In contrast, addition of Mg
mixtures decreased the enzyme activity for both drug induced enzymes
but between 0,02 M and 0.1 M Mg++ there was a significant increase of
the DDC-induced ALA~S but not for the AlA-induced enzyme. It is
impossible to compare these results with those of other investigators
pince the latter have studied cation reguirements of the partially
purified enzyme. It is of interest, however, that both radiochemical

assays devised by Trving and Elliott (1969) and Freshney & Paul (1970)

included 20 mM Mg++ in the assay incubation mediuvm,

20 2o Comparison of Heat Stability of ATA- and DDC-Induced
AlLA-S in Crude Homogenates of Rat and Chick Embryo

Liver and Cultured Liver Cells.

Heat inactivation experiments performed on the partially
purified mitochondrial and soluble ALA~S of porphyric rat liver
resulted in similar behaviour of both enzyme fractions (Hayashi et al.,

1969).

A compzrison of heat stability patterns at 4500 was made
on ATA- and DDC-induced ALA~S in rat and chick embryo liver and cultured
monolayer liver cells (Fig. 12). There was no apparent difference in
the inactivation pettern for either ATA- or DDC-induced enzyme in rat

liver (Fig. 12, a & b). Similar findings were observed for chick embryo
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liver and the cultured liver cells (Fig. 12, b & c). However, the
denaturation of induced enzyme activity for rat and chick embryo liver
differed from that of the cultured liver cells., After 10 minutes of
homogenate incubation at 45009 approximately 80% of the initial enzyme
activity had diséppeared for rat and chick embryo liver whereas there

was less than 75% of original activity for cultured liver cells. After
20 minutes of incubation at 4500 had elapsed, there was negligible enzyme
activity for both rat and chick embryo liver while even after 30 minutes
at 45°C 10% of original activity still remained in the homogenate of the

cultured liver ceclls.

2¢ 5 - Comparison of pH Optima of ATA-~ and DDC-Induced ALA-S

in Crude Homogenates of Rat and Chick Embryo Liver.

Recent studies on the dependence of the activity of the
four partially purified forms of hepatic tyrosine aminotransferase on
pH have shown that form I has a higher pH optimum (pH 8.4) than the

other three forms (IT, TII, IV) (pH 7.7) (Iwasaki et al., 1973).

Up to.the present time there have been no published reports
which compare the pH optima of ATA~ and DDC-induced ALA-S in orude

homogenates of rat and chick embryo liver.

The curves orf the dependeﬁce of the ATA~ and DDC-induced
engyme activities on the pH of the incubation mediuvm are illustrated in
Fig, 13. In chick embryo liver, there was only one pH optimum for the
DDC~induced enzyme, while the ATA~induced ALA~S appeared to have two pH

optima ¢ (i) one at pH 7.7, which was identical to that of the DDC-induced
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enzyme, and (ii) the other at a lower pH of 6.,7. In rat liver,
however, there was only one pH optimum for both ATA~ and DDC~-induced
ATA=S.  MNoteworthy was (i) he absence of a pH optimum at 7.7 for the
ATA~induced enzyme in rat liver, and (ii) the difference between the
observed pH optimum of the DDC~induced enzyme for rat liver (pH 6.7)
and chick embryo liver (pH 7,7)n These experiments were repeatable

and the importance of these observations is analysed in the DISCUSSION.

3 Kinetics of AJA--Induced Increase of ALA-S in

Rat Liver Mitochondria and Cyltosol.

Since attempts were to be made to isolate the hepatic mRUNA
for ALA-S, it was necessary to find the experimental conditions that

furnished optimal levelsg of ATA~induced enzyme activity.

There are several reports on the kinetics of AlA~induced
formation of ALA~S in rat liver mitochondrial and cytosol (Tschudy et al.,
1966c; Marver et gl., 1966a; Narisawa & Kikuchi, 19663 Hayashi et al.,
19683 Matsuoka et al., 1968; Hayashi et al., 1969; Beattie & Stuchell,
19703 Stein et al., 1970). The general procedure has been to administer
ATA (multiple doses were usually 12 hours apart) to fasted male rats,
sacrifice the animals at different periods of time, isolate the hepatic
mitochondria.and/or cytosol, and measure the ALA-S activity using the
conventional colourimetric assay. Tschudy et al., (1965¢c), Marver et al.,

(1966a), and Stein et al., (1970) reported a pronounced rise (L.5~ to
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Fig, 11. Effect of cations on AIlA~ and DDC-induced d-aminolaevulinic

acid synthetase (ALA~S) activity from chick embryo liver.

Assays of

ALA~S were performed by the radiochemical assay as described in the
MATERTALS AND METHODS section with the exception that the cation

concentration varied as indicated.

ATlA-treated livexr homogenate, @-—&

.l..}.
Mg ",

¥

fa Na+;

DDC~treated Liver homogenate, O=——-——0 Mg++,

PASme AN Na‘.{- D

and were sacrificed 9 hours later.

14 day~old chick embryo received 10 mg ATA or 4 mg DDC

. . X -
Experiments involving 1\ig"l vere

performed separately from the Na+ experiments.
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Fige. 12, Heat stability of ATA- and DDC-induced d—aminolaevulinice
acid synthetase (ALA~S) in crude homogenates of rat and chick enbryo
liver and cultured chick embryo liver cells, 300 liver homogenate
containing 75 mM Tris~HCl and 10 mM EDTA, pH 7.2, (80 pl total
volume) were incubated at 45°C in a shaking water bath. 10 pl
aliguots were removed at the times indicated and the ALA-S activity
determined by the radiochemical assay procedure as described in
MATERTALS AND METHODS. A 250 g fasted rat and a 14 day-old chick
embryo were rendered porphyric by an injection of AIA (450 mg per kg
body weight or 10 mg per egg, respectively) or DDC (200 mg DDC per kg
body weight or 4 mg per egg, respectively) for 9 hours. Cultured
liver cells from 14 day-old chick embryos were incubated with 200 pg
AIA/ml Bagles or 100 ug DDC/ml Eagles for 22 hours at 37°C.
Experimental results are expressed as percentage of ALA-S activity
at time 0 at 45°C ( O—o0 AlA-induced ALA-S; @———@ DDC-induced

ALA=S).
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Figs 13, Comparison of pH optima for the ATA~ and
DDC~induced ALA~S activity in crude liver homogenate
from rat and chick embryo liver. ALA~S activity was
induced in rat liver by ATA (400 mg/kg) DDC (200 mg/keg)
and in chick embryo liver by ATA (10 mg/egg) or DDC

(4 mg/egg). In general, the liver was homogenized in
an equal volume of normal saline. This homogenate
vas further diluted with an equal volume of 300 mlM
Tris~HCl containing 40 mM EDTA (pH was varied as
indicated). 100 pl of this homogenate was trensferred
t0o a polyethylene microfuge tube (46 nm x 4.5 mm)
containing 100 pl of 200 mM glycine in 100 mM sodium
citrate (pH varied as indicated). The ALA produced
during the one hour incubation at 3700 was determined
by the colourimetric assay procedure described in
MATERTALS AWD METHODS.

(SEE pp 136-137 FOR MORE DETAIL OF Fig I3 o,b)
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3 ,0--fold éreater than control levels) of ALA~S in unfractionated liver
homogenates one hour following a single injection of AIA (400 mg per kg);
Optimal enzyme activity, approximately 560~ 10 6.,0-fold above control
values, occurred between 8 to 16 hours after this single administration

of ATA and the enzyme activity returned to control levels within 48 hdurs.

Further studies of the induction process of AlA-S in rat
liver mitochondria have shown that sequential doses of ATA give increasing
levels of enzyme activity (Narisawa & Kikuchi, 1966; Hayashi et al.,
1969). The enzyme level increased immediately after the first dose of
ATA and reached meximum activity (3.0~ o 4.0-fold above control values)
within 6 hours. The second administration of this drug, 12 hours later,
gave rise to another rapid increase of enzyme activiiy. This second
induction phase took place earlier as larger doses of the drug (up to
250 mg per kg) were administered to the animals. It was also reported
that as the number of doses of AIA administered to rats increased, each
12 hours apart, so did the ALA-S activity in the unfractionated liver
homogenate (Warisawa & Kikuchi, 1966), in mwat Liver mitochondria
(Hayashi et al., 1968) and in the soluble and mitochondrial fraction of

rat liver (Heyashi et al., 1969).

A comparison between the ALA-S activity in rat liver
mitoohondfial and soluble fractions established that the level of enzyme
activity changed in close parallel and increased biphasically after AIA
administration (Hayashi et al., 1969; Beattiie & Stuchell, 1970). 1In
the early stages of induction after the first dose of AJA, maximum

enzyme activity was reached within 4 hours and the majority of ALA=S

activity was located in the mitochondrial fraction. However, after
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ancother dose of AIA, the enzyme activity was equally distributed

between the two igolated tissue fractions.

36 Ao Time Course of the ATA-Tnduced Increagse of ALA-S

Activity in Unfracticnated Rat Liver.

The data presented by Bock et al., (1971) showed that in
ATA~treated rats enzyme induction is reduced in fed as compared with
starved animals. This has been confirmed in this laboratoxry. In
addition, my resulis are in general agreement with those of Marver et al.,
(1966a) and Hayashi et al., (1969), who reported the dose response of
hepatic ALA~S activity following a single injection of AIA and showed
that maximum levels are attained with %00 to 450 mg per kg body weight,
Therefore, 450 mg AIA per kg was the dosage used in fasted animals that
recelved only a single injection. If 2 or more drug administrations
wvere made, then it became necessary 1o lower the ATA level to 400 ng per
kg otherwise the fatality rate was high, the animals generally became
wncongcious after the third dose of AIA, and also appeared to be suffering

while in their induced state of porphyria.

Studies on the ATA-induced increase in levels of ALA-S in
rat liver demonstrated the occurrence of distinct phases which commenced
after each ATA treatment (Fig. 14), Pasted rats received intraperitoneal
injection of 400 mg ATA per kg body weight at 12 and 24 hour intervals
for different periods of time. As shown, the maximum enzyme activity
was obtained about 3 hours following the first ATIA dose,afkvwhich time

the activity decreased slightly but was maintained at a fairly elevated
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level above control values. A second injection of ATA at 12 hours
after the first resulted in a second induction phase of ALA~S. This
is in good agreement with the data of Hayashi et al., (1968), Hayashi

et al., (1969) and Beattie & Stuchell (1.970).

Following each administration of AIA at 0, 12, 24, 48, and
72 hours, there was always a sharp increase in activity with maximum
levels reached at approximately 3 hours after each dose (Fig, 14).
However, the level of ATA~induced ATA-S in the experimental animals
varied drastically from one animal to the next, and this variation

increased with the number of drug administrations.

Several reports have indicated that in‘rat liver the half—
lives of mRNA for ALA~S and the enzyme itself may be about one hour,
(Tschudy et al., 1965c; Maxver et al., 1966a; Matsuoka et al., 1968;
Hayashi et al., 1969) and about 5 and 3 hours in chick embryo liver cells
in culture, respectively (Sassa & Granick, 1970). It should be
emphasized that thege reports are based on the asgumption that at the
dosage used puromycin specifically blocks the ability of mRNA to
stimulate protein synthesis and actinomycin D specifically inhibits the
synthegis of mRNA, Three hoursg aftexr the fourth administration of AIA
(ieee 75 hours of ATA exposure 10 the experimental animals, as shown in
Fige 1%4), the AlA-S activity in rat liver was approximately 10~ to 12~fold
above normal rat levels as opposed Lo a 3~ to 4-fold increase obhserved 3
houvrs after the first injection of AIA. Thereflore, taking into
congideration that the life span of mRWA for ALA-S in rat liver has been
reported to be about 3 hours (Tschudy et al., 1965¢; Marver et al.,

1966a; Matsuoka et al., 19683 Beattie & Stuchell, 1970), the higher
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levels of induced enzyme activity after four doses of AJA as oppesed

10 a single administration, and the sharp increase in AlA-induced ALA-S
activity up to % hours after eacﬂ drug treatment, I decided that
synthesis of wRNA for ALA-S may be maximal 3 hours after an ATA injection
since the pesk of induced enzyme activity occurred at this time. Thus,
RNA was isolated from rat livers 3% hours after either a single or

multiple doses of ATA,

4, Role of Ribonucleic Acid in Bxperimental Porphyria.

Previous investigations have shown that ATA induction of
ALA~S in rat liver is mediated by nucleic acids (Tschudy et al., 1965c;
Marver et al., 1966a; Matsucka et al., 1968; Stein et al., 1969),
Turthermore RNA, isolated from porphyric rat livers by the Parish &
Kirby (1966) procedure, was reported to stimulate porphyrin formation
(Hickman et al., 1967, 1968) or ALA-S activity in embryonic chick liver
cells in tissue culture. These latter investigators utilized rat
livers for the gource of mRNA for ALA~S and cultured chick embryo liver
cells to test for mANA translation of ALA-S for the following main
reasons: (i) the kinetics of the AIA-induced increase of ALA-S activity
in rat 1iverk§ell documented (Tschudy et al., 1965¢c; Marver et al.,
1966a; Narisaws & Kikuchi, 19665 Matsuoka et al., 1968; Hayashi et al.,
1969; Beattie & Stuchell, 19703 Stein et al., 1970), (ii) compounds
which inhibit the gynthesis or biological function of nucleic acids
also inhibit the induction of ALA-S in liver {Granick, 1966; WMarver
et al,, 1966a; MNarisawa & Kikuchi, 1966), (iii) a large yield

of RNA can be oblained due to the bulky size of rat liver,
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(iv) evidence that exogenous RNA may be incorporated into chick embryo
Jiver cellg in tissue culture has been presented by Amos & co~workers
(imos & Kearns, 19635 Amos & Moore, 196%; Amos et al., 1964), (v) in
animals the regulatlion of haem biosynthesis appears primarily to be a
control on the rate of biosynthesis of the enzyme, ALA~S, {(vi) the
advantage of studying cells growing in monolayers in culbure is that
they can be observed with the aid of a phase microscope and thus one may
establish whether the effect of an added chemical or RNA is specific ox
is merely the result of cell injury, (vii) the use of chick embryo
liver culture in vitro would permit the inference that the inducing
chemical or RNA acts directly on the hepatic cells and not via other
stimuli. generated from other organs as may happen in experiments
involving whole animals, (viii) the enzyme activity in cultured chick
embryo liver cells is negligible, so any increase in AlA-~S activity will

be easlily detected.

4o L. General Procedure Used for ITsolation and Identification

of mhkNA for ALA-S.

Rats, fasted after the last two doses of AIA (i.e. approx—
imately 48 hours), were rendered porphyric by four intraperitoneal
injections of ATA (400 mg per kg) in propylene glycol at 24 hour periods
and killed 3 hours after the last dose (as suggested in RESULTS, 3. 1).
Control rats received similar volumes of propylene glycol without ATA.
At the time of death, the livers were quickly removed and placed in
crushed ice., A small sample (0,1 ~ 0.2 g) of liver was removed and the

ALA-S activity determined using the Dowdle et 2l., (1967) colourimetric
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aggsay method. RNA was isoclated from the remaining liver using the

specified procedure.

14~ to 18 day-old chick embryc livers were cultured using
10 cm petri dishes (2 dishes per assay) and allowed 18 hours at 3700
to form complete monolayers. The old medium was discarded and the
cells were washed three times with warm (3700) Bagles to remove any calf
serun that may contain Rlase. Fagles plus the RNA to be tested was
added to 2 dishes and incubated at 3700 for 3.5 hours,. Cells were

harvested from the 2 dishes and assayed in duplicate for AlLA-S asctivity.

de 2, Increase of ALA-~S Activity in Cultured Chick Embryo
Liver Cells by Rat Liver Isolated by Different Methods.

Various cellular RNAs were isolated from porphyric and
normal rat livers and were tested for ability to increase ALA-S activity

in cultured embryonic chick liver.cells.

4e 2. 1, Ribosomsl BNA (Parish & Kirby, 1966).

Skea et al., (1970) reported that porphyric rat liver RNA
(P-RNA), isolated by the Parish & Kirby method (1966), caused a 2~ to
3=-fold increase in ALA-S activity in embryonic chick liver cells in
culture at a concentration of 0.2 mg RNA per ml Eagles medium. This
effect was not observed for cultures incubated with normal rat liver RNA
(NNRNA). Moreover, incubation of RN¥Nase with this PmRﬁA pricr to its
addition to the cultured cells, abolished the induction effect.

Fractionation of this P~RVA on Sephadex G-100 by the method of Xay &
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Cooper (1969) indicated that the biologically active RMA was of low
molecular weight. These studies used the colourimetric assay

procedure to measure ALA=S activity.

Isolation of P-RWA in this laboratory by the Parish & Kirby
(1966) procedure from the livers of porphyric rats (as described in
RESULTS 4. 1) failed to increase ALA~S activity in cultured chick embryo
liver cells above control levels. The enzyme activity was determined
using the colourimetric assay method of Dowdle et al., (1967)., An
active P-RNA which Skea et al., (1970) had isolated and was known to
cause induction of AILA~S in cultured cells was tested on 7.5% sodium
dodecyl sulphate (8DS) polyacrylamide gels for the. presence of loQ
molecular weight RNA. When the gels were scammed ai A26O’ only 4S was
present in their P-RNA preparation. However, all of my P-RNA
preparations, which were isolatéd by the same procedure, did not contain
4S as indicated by its absence on the 7.5% SDS polyacrylamide gels,
Although isolated by the same method (as described by Parish & Kirby,
1966) the difference in my TRNA preparation and that of Skea et al., may
be due to one critical step in the RNA preparative procedure. At one
stage during the Parish & Kirby (1966) prevaration of ribosomal RNA (rRNA)
and rapidly labelled RNA from rat liver, the ethanol precipitated total
cellular nucleic acids (DNA and RNA) were dissolved in 0.l M sodium
acetate. In order to separate DNA and transfer RNA from the desired
rRNA, solid NaCl is added to give a 3 M solution and left at m5OC for
about 15 hours. This allowed only the »RNA to precipitate leaving the
DNA and transfer RNA dissolved in 0,1 M sodium acetate. However, Skea

et al., (1970) did not remove all of the trensfer RNA whereas I had
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completely eliminated all traces of it,. This suvggested that the

active RNA was possibly of low molecular weight, that is, below 188 rRMA,

he 24 2. Polyribosomal RHA (Henshaw, 1968).

Rats were rendered porphyric by ATA injections (described
in RESULTS, 4. 1) and polyribosomal RNA was isolated from their livers
according to the method of Henshaw (1968), Primary cultures of chick
embryo livers were incubated with Eagles mediuwm containing the RNA to Dbe
tested for its inducibility of ALA-S, As shown in Table 4, only the
cultured cells exposed to P-RNA had a 2-fold increase in ALA-S activity
above the values obtained for cells incubated with H-RNA or without any
RENA, In addition, the ability of P~RWA to increase ALA-S activity in
chick embryo liver cells in culture was abolished by previous incubation
with purified pancreatic ribonuclease (RNase) (proportion 10 mg RMA -+
Ceb mg RNase at BTOC for 12 hours, pH 7,5). This induction effect was

repeatable from one preparation to another of porphyric polyribogomal RNA,

Ae 2¢ Ba Other MNA Species.

Other hepatic cellular RNAs, such as nuclear (modified
Henshaw method, 1968), transfer RNA (Henshaw method, 1968), whole
cytoplasmic (modified Henshaw method, 1968), ribosomal (Parish & Kirby,
1966), and polyribosomal (ienshaw method, 1968) were isolated from pooled
Liver of 4 rats that had been rendered porphyric by AIA treatment (as
described in RESULTS 4., 1) and from livers of normal rats. The AIA~

induced increase of ALA=S activity in the rat livers ranged from 20.% 1o



Table 4

Increase of ALA-~S Activity in Cultured Chick Embryo Livexr Cells

After Incubation with Polyribosomal RNA

ALA=S activity in rat Source of RNA
liver used as source
of RNA

(nmoles ALA/gprotein/min)

7

ALA~S activity in cultured

cells after incubation with

or without RNA

(nmoles ALA/gprotein/min)

- Control
(no RNA)
3.2 6.6 5.7 Polyribosomal
RNA from

normal rats

T0.5 88,8 1370 Polyribosomal
" RNA from ATA
injected rats

705 88.8 137,0 Polyribosomal
RNA from ATA
injected rats
incubated
with RNase

IX-

Polyribosgomal RNA was isolated from rat livers by the

by Henshaw (1968).

The colourimetric agsay was uvsed to measure the ALA~S activity.

™ 17*
744 10,2
7.0 11.1
8.6 12,3
Te6 -

1896 20!4
20,6 -

- Te3

s II%, ITI™ are three separate experiments.

T

Te9

9.0

17.1

-3
pNelxes)

method described
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43.6 nmoles ALA per g protein per minute at 3700 wvhile levels in control
rats were l.2 to 4.3 nmoleg ALA per g protein per minute at 570C, RNA,
both P-RNA and N-RFA at 0.2 mg per ml of Eagles, was incubated with the
primary cultures at BYOC for 3,5 hours after which the enzyme achtivity
was determined by the colourimetric assay method of Dowdle et al., (1967).
As shown in Table 5 the results in colum (a) and (b) indicated that the

active RNA exists solely in the polyribosomal RNA preparation.

bo 2¢ 4o ALA~S Activity in Cultured Cells After Incubation
with 285, 189S, and Below 18S Ribogomal RNA TFractions

From Biologically Active Polyribosomal RNA.

Hickman et al., (1967) reported that the ribosomal RNA,
isolated from the livers of AIA-treated rats by the Parish & Kirby (1966)
technique, contained a rapidly labelled component that sedimented
slightly above the 18S ribosomal RHNA in a linear sucrose gradient. In
this laboratory, polyribosomal porphyric RNA (¥P-RNA), which was
previously tested and known %o induce ALA~S in cultured cells, was
fractionated into 2835, 183, and below 185 ribosomal BNA fractions using
sucrose density centrifugation (see MATERIALS AND METHODS for detail).
As illustrated in Teble 6, columns 1 and 2, the fraction containing 18S
rR¥WA induced the greatest increase of ALA-S activity in the cultured cells,
although some increased activity was observed for the fraction containing
the 288 rRNA. Biologically active polyribosomal RNA, which was fraction-
ated and used in experiments 1 and 2 in Table 6, was again fractionated
by sucrose density centrifugation. However, the 183 rRNA peak was

divided into a left and right-hand fractions. When all fractions, that



Table 5

AlLb=S Activity in Imbryvonic Chick Liver Cells in Culture Incubated

with Different Hepatic Cellular RNAs

Treatment of cells with AldA~S activity in cultured cells after
Ingles medium pluss incubation with RNA
(a) (v)
Control (no RNA) 3.0 3.5
N-Ribogomal RNA 2.9 4.0
P~Ribosomal RHNA 5e4 %09
Ne-Cytoplasmic RNA ' 565 53
P-Cytoplasmic RNA 2.9 53
Ne-Transfer RNA 4.5 5.0
P-Transfer RNA 2.2 2.6
N-Nuclear RNA 2.2 1.9
P-Huclear RIA 2.1 1.8
N=Polyribosomal RNA 2.9 %48
P-Polyribosomal RNA | 8.2 9.1

(a) and (b) are separate incubations using the same RNA preparation.
ALA~-S activity, measured by the colourimetric assay, is expressed in
nmoles ALA/gprotein/min at 37°C.
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ig 288, unfractionated 1835, the left~ and right~hand fractions of 183
rRNA, were tested in cultured chick embrye liver cells for inducibility
of ALA~-S, there was no increase in enzyme activiiy for any fraction

except the unfractionated 183 rRNA (Table 6).

Ade 20 Ha Comparison of Colourimetric and Radiochemical Assayvs

for Measurement of RNA lediated Increase of ALA~S

Activity in Cultured Chick BEmbryo Liver Cells.

In the previous section (4. 2. 4), the experiments used the
colourimetric assay to measure the AlA=S activity in cultured chick
embryo liver cells after incubation with P-RNA and N-RNA of wvarious
molecular sizes.  Preparation of these RNA fractions, as well as the
amount of cultured liver tissue necessary for each experiment, proved
very laborious. 4t least 20 250 g rats (10 rats for normal polyribosomal
RHA and 10 for porphyric polyribosomal RNA) vere reguired to provide
encugh crude polyribosomal RNA in order that after fractionation by
sucrose density centrifugation, at least 8 mg of either 288, 185, or
below 185 rRNA fractions were obtained. This amount of each RNA fraction
enabled the gxperiments to be repeated uvusing three different sets of
cultured liver cells. To provide enough of this fractionated RNA for
testing in cultured cells, two centrifugetions of the crude polyribosomsl
RWA, each lasting %2 hours in length, wére required. Therefore, the
radiochemical assay method, described previously, which would regquire ug
guantities of RWNA, measure ALA production directly and use 1 x 5 cm petri
dish of cultured liver tissue per assay as opposed to 2 x 10 cm dishes,

was employed.
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ST v

ALb=8 Activity in Cultured Cells after Incubation with 283, 185,

asnd below 185 Ribosomsl RNA Fractions

Treatment of cells with ATA=S activity in cells afber incubation
Lagles medium plus: with RNA

(1) (2) (3)
Control (no RNA) 201 1.1 1.3
N 285 RNA 1.6 1.1 -
P 285 RNA 3e7 4.4 340
N 185 RNA 0,8 0.9 -
P 185 RNA 569 6.8 6.8
P IHS 185 RNA : - - 3.2
P RHS 185 RNA - - 2.2
N below 185 RNA L3 2.4 -
P below 185 RNA 1.6 4e?2 2.6
Unfractionated N-RNA 2.3 1.9 -
Unfractionated P-RNA 8.5 8.2 8.4

(1)s (@), & (3) are three separate experiments.

ATA~S activity, as measured by the colourimetric assay method, is
expressed in nmoles ALA/g protein/min at 37 C,

Orcincl estimations indicated approximately 0.2 mg RNA per ml
of Fagles medium except for the vnfractionated N-RNA and P-RWA which
were 0,36 and 0,29 mg RNA per ml Eagles, respectively.
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Polyribosomal RNA was isclated by the method described
by Henshaw (1968) from normal (N-RNA) and porphyric (P-RWA) rat livers.
REA (0.2 mg per ml Lagles medium, 5 ml per dish of cultured cells, 2
dishesg per assay) was dissolved in Bagles medium and incubated with
the cultured liver cells for 3,5 hours at 3700. The colourimetric and
radiochemical assay metbhods were performed on the same homogenate. As
shown in Teble 7, only the P-RNA mediated an increase of ALA-S activity
over control levels as detected by the colourimetric assay. In
contrast, and surprisingly, the results from the radiochemical assay
indicated no increase of enzyme activity for cultured cells incubated
with P-RNA (over control levels). Due to the oubcome of this experiment
the colourimetric assay was considered in detail. The actual
absorbances from the test and trichloroacetic acid incubsation mixtures
" (described in MATHRIALS AND METHODS), obtained from the colourimetric
measurement of ALA in homogenates of cultured liver cells incubated with
P-RNA, ranged from 0,150 to 0,080 respectively, and for N-RNA, 0.120 o
0,080, respectively. In a personal communication from Skea et al.,
they indicated that differences in absorbances from the colourimetric
assay of test and trichloroacetic acid incubation mixtures obitained were
similar to the above values from this laboratory.  Moreover, they stated
that duplicate determinations by the colourimetric assay using the same
homogenate (obtained from cultured liver tissue incubated with P-RNA)
rendered indecisive results. For example, a duplicate determination
gave absorbances of 0.150 and 0,130 for test incubation mixtures while the
trichloroacetic acid values were 0,080 to 0,090, These ambiguities in
the absorbance values made it vexry difficult to determine which ones were

a ‘true representation of ALA production.



Table 7

Comparison of Colourimetric and Radiocchemical Assays for Measurement

of Increased ALA=-S Activity in Cultured Chick Embryo Liver Cells by

Polyribosomal RNA

Incubation of cultured ALA=S activity in cultured cells after
cells with Bagles medium incubation with RNA
plus: Colourimetric assay Radiochemical assay
- Control (no RNA) 2.9 le4
Normal polyribosomal RNA 208 1.6

Porphyric polyribosomal
RNA 665 1.7

Allylisopropylacetamide
(200 pg/ml) 8.4 9.4

Polyribosomal RNA, isolated from the livers of normal and porphyric

24 doses of ATA at 400 mg per kg) by the method described by Henshaw
1968), was incubated with cultured chick embryo liver cells for

%.5 hours at 37°C. ATA-S activity was determined by the colourimetric

nethod (Dowdle et al., 1967) and my radiochemical assay. Orcinol
estimations indicated approximately 0.2 mg RNA per ml Eagles.

ALA-S activity is expressed as nmoles ALA/gprotein/min at 37°C.
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Previously, I reported in the RESULTS, section 4. 2. 4, that
only 188 rRNA fraction, as separated from porphyric polyribosomal REA by
sucrose density centrifugation, increased ALA-S activity in cultured
cells above control levels. However, in those experiments, the cclour-
imetric assay method was employed to measure the enzyme aclivity. Since
then it has been observed (Table 7, and as mentioned in the above para-
graph) that the colourimetric assay gave inconclusive results which were
not in agreement with thogse of the radiochemical assay, and it was
declided to test these same RNA fractions for inducibility in cultured
chick embryo liver cells and measure the enzyme activity using the radio-
chemical assay method. As illustrated in Table 8, none of the RNA
fractions from P-RNA increased the enzyme activity above values obtained
for cells incubated with the N~RNA fractions or without any RHWA (control).
There were no differences in the number of dpm of‘[é~14(ﬂ glycine
incorporated into the incubation generatedljl4q] ATLA for control, N~-RNA,
and P-RNA treated cells. In addition, AJA increased ALA-~S activity

which indicated that induction could occur in these cultured cells.

Because of the discrepancies in absorbances obtained from
the colourimetric assay determination in this laboratory, which are in
agreement with those of Skea et al., (1970}, and due to the failure by
the radiochemical assay to detect any RNA mediated increase of enzyme
activity, I considered that the previous reports by Hickman et al., (1967,

1968) and Skea et al., (1970), which indicated RNA induced ALA-S activity

in cultured liver cells, to be insignificant and invalid.



Iable 8

Meagurement of ALA-S Activity in Cultuvred Chick Embryoe ILiver Cellg

Incubated with RNA of Various Molecular Sizes

Incubation of cells with ALAmS'activity in cells after
Bagles medivm pluss incubation with RNA
Contrel (no RNA) 2.7

N 285 REA 2.9

P 285 RNA 1.4

N 18S RNA 1.5

P 185 RNA . 2.9

N below 183 RNA 1.7

P below 185 RNA 243
Unfractionated W RNA 2.7
Unfractionated P RNA 2.5

ATA (200 pg/ml) 8.6

ALA~S activity, as measured by the radiochemical assay method, is

expressed in nmoles ALA/g protein/min at 37°C
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The polyanion, dextran sulphate, and the cationic

diethylaminoethyl dextran (DEAE dextrén) have been used in whole animal
and cultured cell experiments to prevent degradation of added RNA by
extracellular and endogenous ribonucleases (Dianziani et al., 1970;
Deckers & Pilch, 1971). Up to the present time, it has been assumed
that the bond established hetween RNA and DEAE dextran occurs along the
nuclelce acid phosphate bhackbone and the bases are left free, The
result is that when this complex enters the susceptible cells the free
bases are able to perform their messenger function (Maes et al., 1967).
In this laboratory, addition of either DEAE dextran or dextran sulphate
to porphyric polyribosomal RNA just prior to incubation with cultured
chick embryo liver cells did not enhance ALA-S activity above control
levels, as measured by the radiochemical assay method.  The porphyric
polyribosomal RNA used in this experiment is from the same RNA preparation
which caused an increase of ALA-S activity which was measurable by the
colourimetric assay method but not detected by the radiochemical method
(RESULTS 4. 2. 5 and Table 7). This experiment involving the use of
ivhibitors of extracellular and endogenous Rlase suggested the two
following reasons for no RNA mediated increasse in enzyme activity:
(i) the translational machinery of the intact chick embryo liver cell in
cultﬁre is incapable of reading the mRNA for ALA-~S, that is, the code is
not universal between mammalian and non-mammalian tissuves, and (ii) ATA
may induce ALA-S at the translational level, which would result in no

increased synthesis of the miiNA.
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4e 20 6. Isolation of the Rat Liver mRNA for ALA-S by Binding

to Millipore Filters or Qligodeoxythymidylate=Cellulose.

A distinctive characteristic of the mRNAg from eukaryotic
or ﬁiral origin is the polyadenylic acid segment (poly(4)), approximately
150 to 200 nucleotides long (Darnell et al., 1971; Bdmonds et 2l.,
19715 Tee gt al., 1971; Adesnik et al., 1972) with the messenger for
histones being the only reported exception (Adesnik & Darnell, 1972).
RNAs containing this sequence have been separated from total cellular
RlAs by their selective adsorption at high ionic strength to millipore
filters (nitrocellulose membrane filters) or by binding to polyuridylate
(poly (U))or oligodeoxythymidylate (oligo d(T)) covelently linked to
cellulose. Isolation of the mRNA for ovelbumin and avidin (leans et al.,
1972; Rosenfeld et al., 1972) employed the millipore filter method.
Oligo d(T)~cellulose has been used for purification of the mRNA for
globin (Aviv & Leder, 1972), mouse light chains (Swan et al., 1972), and
mouse myeloma heavy and light immunoglobin chains (Stevens & Williamson,
1972). Chromatography on poly (U)=-cellulose columns was successfully
‘employed for the isolation and purification of the globin mRNA (Morrison
high ionic strength cellulose (nucleotide free, Sigmacell type 38)

selectively retain mRNA for globin and ovalbumin.

Since the mRNAs described above have been reported to
contain poly(A) rich regions it seemed likely that this feature may be

true for the mRNA for ALA-S.
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de 20 Te  ALA=S Activity in Cultured Chick Fmbryo Liver Cells

After Incubation with RNA Tsolated from Total Cellular

RNAs by Selective Binding to Millipore Filters.

Henshaw's method (1968) for isolation of polyribosomal RNA
involved a phenol extraction of the polyribosomes in the presence of
Tris-HCl, pH 7.6 at 400u Howewver, under these conditions Brawerman
et al., (1972) found that, during phencl extraction of RNA from poly-
ribosomes isolated from mouse carcinoms 180 Ascites cells, nearly all
the rRNA is removed in thelaqueous phase, but the majority of rapidlylaﬁ@ﬂe&,
non~rRNA remained behind in the nonagueous residue (interphase).

These investigators discovered thal the poly(A)mcontaining RNA molecule
bound to denatured proteins in the nonagueous phase under conditions

of phenol extlraction (400) in the presence of Trig-HCl, pH 7.6. Thig
unusual behaviour of these RNA molecules rich in poly(A) segments was
thought to be the result of the effects of the ionic strength and pH of
the water-phenol mixtures. Re~extraction of this nonagueous phase with
phenol and Tris buffer, pH 9.0 at 4°C (Brawerman et al., 1972) or sodium
acetate buffer, pH 5.1 at 60°C (Edmonds & Caramella, 1969) led to the
appearance of the poly(A)wcontaining molecules almost free of rRNA in

the agueous phase.

In this laboratory RWA was isolated from polyribosomes,
that were prepared by the Henshaw method (1968) and obtained from
porphyric and normal rat livers, by the methods described by Burdon et al.,
(1969) or Brawerman et gi., (1972),  RNA wes applied to millipore
filters (Millipore Filter Corp., 25 mm (0,22 p)) using the method

described by Lee et al., (1971) ox Hosenfeld et al., (1972).
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Unfractionated polyribosomal RWA, millipore filter bound and eluted RUA,
from N-RNA and P-RNA preparations were incubated with embryonic chick
liver cells in culture for 3.5 hours atb 37009 The ALA~S activity, as
measured by the sensitive radiochemical assay method, was not increased
above control levels, that is, the enzyme activity obtained for cells
incubated without BNA. This experimental design was repeated several
times using polyribosomal RBNA from individoal RNA preparations but none
of these RNA fractions (either unfractionated, millipore filter bound,
or eluled RNA) increased the ALA-S activity in cultured cells above

control. levels,

4 2, 8. Isolation of Rat Liver mRNA for ALA-S by
Chromabography on Oligodeoxythymidylate »Cellulose.

As has been mentiomed in RESULTS 5. 1, oligo d(T), covalently
linked to cellulose, has been used to bind poly(4)-rich RNA and thus
igolate and purify the mRNA of globin (Aviv & Leder, 1972) and myeloma
light chain (Swan et al., 1972). There are several advantages of this
method over the millipore filter technique. The oligo d{T) is chemically
stable and can be repeatedly used after treatment with alkali. Milli~-
pore filters can be used only once. These columns have a relatively
high capacity and can be used to bind several mg of poly({A)-mRNA from
several mg of crude polysomal RNA as compared to pg guantities adsorbed
to the millipore filters. The chromatography on oligo d(T) can be done
at room temperature when suitable precautions to avoid nuclease contamine-

ation are taken.
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Total cellular RNA, isolated by the method described by
Burdon et al., (1969) from porphyric (P~RNA) and normal (N-RNA) rat
livers, was applied to an oligo d(T)-cellulose column (purchased from
Collaborative Research Inc.). Over 9606 of the total NNA applied was
eluted with application in presence of a high salt (KCL) conoentratioﬁ.
When the column was washed with a low salt buffexr (no KCL) a small
amount of RNA (less than 4%) was released from the colum. However,
incubation of unfractionated RNA, RNA eluted in the high salt and low
salt (in Bagles) with cultured chick embryo liver cells did not increase
ALA-S activity (determined by the radiochemical assay method) above

control levels (Table 9).



Table 9

s o

ALA-S Activity in Cultured Chick Imbryo Liver Cells After

Incubation with RYUA Practions Obtained by Chromatography

on Oligodeoxythymidylate~Cellulose

Incubation of cultured cells ALA=S activity in cultured cells after

with Eagles medium plus:

incubation with RNA

Control (no RNA)

BRNA eluted from column
by high salt buffer

BNA bound 1o column and
eluted by low salt buffer

Allylisopropylacetamide
(200 pg/ml)

Unfractionated RNA

243

2,0

543

9.0

2.0

ALA-3 activity, as measured by the radiochemical assay, is expressed

in nmoles ALA/g protein/min at 37°C.

The RNA used in this experiment was isolated from livers of rats
rendered porphyric by 4 doses of ATA (400 mg per kg).

dish of cultured cells was used per assay.

One 5 cm petrie
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DISCUSSION

O Y

the regulation of haem biosynthesis appears to be primarily a control

on the rate of biosynthesis of the enzyme, ALA~S, The activity of this
enzyme may be stimulated several fold above normal levels by such drugs
as barbiturates, dihydrocollidines, and certain 5B~H gteroids. Since
conflicting reports appear in the literature it was of interest to
determine vhether or not AIA (a barbiturate) and DDC (a dihydrocollidine)
have similar or different modes of inductions of ALA-S, In particular,
I explored the possibility that AIA~induced ATA-S activity was the
result of increased synthesis of mRNA for this enzyme. Since ALA-S
activity was found o be negligible in chick embryo liver cells in
culture, this system provided a means for translation of possible mREA
from livers of AJlA~treated rats. Thig assumed that the intact liver
cell in culiure could ingest the added macromolecules of RNA and that
these molecules could function in the host cell for at least a few hours.
Direct evidence that exogenous RNA from the liver of AIA-treated rats
can be translated by a heterologous species such as the chick embryo
liver cells in tissue culture has been presented by Hickmen et al., (1967,
1968) and Skea et al., (1970)5 RNA, isolated from livers of porphyric
rats»was incubated with cultured chick embrye liver cells. Only the
induced RMA, as compared with non-induced RNA, RNase~treated induced-RR4,
and non~induced RNA preparations contaminated with AXA prior to
purification, caused an increase in porphyrin formation (Hickman et al.,

1967, 1968) or ALA-S activity (Skea et al., 1970). Using the same
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experimental design as that employed by Skea et al., (1970), I was
unable to obtain any increased ALA-S activity (as measured by the
(colourimetric) assay method) in cultured chick embryo liver cells
incubated with RNA isolated from livers of AlA~treated rats. Even
polyribosomal RNA from porphyric rate and its fractionsted components
(288, 185, and low molecular veight RNA fractions) did not increase
ALA-S activity (measured by the sensitive wadiochemical assay method)

in the cultured liver cells. Recent investigations have shown that

the mRNAs for globin, avidin, ovalbumin, and the light and heavy chains
of immunoglobing contain poly(A) segments which bind to millipore
filters, poly (U)=, or oligo a(T)-cellulose at high ionic strength.
Attempts were made to purify the mRNA for ALA-S from hepatic polyribosomal
and total cellular RNAs of ATA-~treated rwats. The RNA fractions
isolated by the two procedures, however, did not increase ALA-S activitly
in cultured cells above control levels., The positive resulis reported
by Hickman et al., (1967, 1968) and Skea et al., (1970) were obtained in
spite of (a) the presence of extracellular and endogenous RNase asctivity
in cultured cells, (b) the short half-life of the mRNA for ALA-S, (c)
the use of a colourimetric assay method (only by Skea et al., 1970) (an
analytic procedure which is inadequate for accurabte measurement of control
and RNA mediated increases in ALA-S activity and is also limited by the
small amounts of tissue which can be obtained in experiments involving
cultured chick embryo liver cells), and (d) problems of permeability of

the intact cell membrane by RNA.

It is possible, therefore, that this porphyri wogenic drug,

ATA, does not increase or stimulate synthesis of the mRNA for ALA-S,
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and/or the cultured chick embryo liver cells was not a sensitive

enough system to detect changes in ALA-S activity due to added mRNA.
Currently there are two conflicting theories. Sassa & Granick (1970)
and subsequently Strand et al., (1972) have suggested that the control

of the enzyme occurs at the translational level if ATA is used and at

the transcriptional level for DDC. Yet, Strand et al., (1972), in the
same report, failed to discuss the finding that both 2-mercapto-l-{2-
(4mpyridyl)_ethyl)benzimadole (a purine analog inhibitor of RNA polymerase)
and cordycepin (3'-deoxyadenosine) (an inhibitor of mRNA maturation)
prevented AIA induction of ALA-S activity in primary cultures of avian
hepatocytes. These obgervations would give support to the theory
proposed by Tyrrell & Marks (1972), vho suggested that ATA and DDC caused
an accumulation of an induction-specific RNA (mRNA) which appeared to
mediate ALA-S activity by translation into either this enzyme or into
some other protein involved in ALA-S activation. It is possible to
reconcile the results of Tyrrell & Marks (1972) with those of Sassa &
Granick (1970) and Strand et al., (1972) in the following manner.  DDC
stimulates the mRNA for ALA-S by increasing the rate of its transcription.
On the other hand, ATA may retard the degradation of the mRNA, or
facilitate the mRNA transport threugh the nuclear membrane to the cyto-
plasm thus increasing the level of cytoplasmic mRNA. The results
described in this thesis indicating the failure of wvarious 1lypes of RNA
isolated from livers of AIA=-induced rats to increase ALA-S activity would
however add some support to the original proposal by Sassa & Granick (1970),
assuming that any mRNA for ALA~S added to cultured chick liver cells is
capable of penetrating the cell membrane and can be translated by the

heterologous systen.
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It was suggested by Skea et al., (1970) that the RNA gained
entry by pinocytosis. Contamination with extracellular RNase contributed
by the calf serum used in culiture procedure and elso by cell surfaces
probably conztitutes a major obstacle to the penetration of intact RHNA
molecules. In the experiments reported in this thesis involving
incubation of normal and porphyric RNA with the cultured cells, the
latter were washed % times with warm Eagles (5700) as a precaulionary
method to remove most of the calf serum and any dééd cells, both of which
act as a source of RNase activity. Even the addition of either DREAE-
dextran or dextran sulphate to porphyric polyribosomal RNA just prioxr to
incubation with culture cells did not enhance ALA-S activity as measured

by the radiochemical assay. This does not. appear to support the theory

that mRNA for ALA-S accumulates in ATA«~induced rat liver,

The translational efficlency of the added rat liver mRNA
for ALA-S to the cultured intact liver may be very low if the mBNAs of
rat (mammalian) liver are different from those of chick embryo (avian)
liver. This consider;tion seems unlikely because mouse mRNA for globin
is translated as well by a non-mammalian (duck) reticulocyte system as it
is by the mammalian rabbit system which indicates no evidence for species -
specific factors in the reticulocytes for the translation of globin mRNA
(Lockard & Lingrel, 1972). On the other hand differcnces have been
reported in translational efficiencies by a cell-~free extract of its
endogenous miNA as opposed to added mRNA. The translation efficiency of
mouse haemoglobin mRNA in rabbit and duck reticulocyite cell~free systems
is lowered compared with the respective endogenous miONA efficiency
(Lockard & Lingrel, l972)° Clearly, this is of importance in assessing

the validity of the findings reported here.
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The reported differences in molecular sizes of cytosol
ALA~S from ATA= and DDC-treated rat livers may be an indication of ALA-S
existing in isozymic forms (see INTRODUCTION 3.4, & Table 3)., Molecular
weight values for the ATA-induced enzyme in the rat liver cytosol ranged
from 150,000 to 600,000 as compared to the éingle observation of 178,000
for the DDCwinduced enzyme. These molecuvlar weight values should be
congidered with extreme caution since there are vast discrepancies
between values of the same AIA-induced ALA=S when applied to Sephadex
G 200 gel filtration (600,000) and sucrose density centrifugation (178,000)
(Hayashi et al., 1970). One may estimate the size of RNA responsible for
the cytosol ATA- and DDC-induced enzymes assuming the average weight of
an amino acid and a nucleotide o Dbe 120 and 330, respectively. From the
molecular weight values obtained from either gel filtration or sucrose
density centrifugation of AIA- and DDC-induced ALA=-S, assuming a single
protein chain and not subunits, the expected RNA size for the ATA-induced
enzyme (molecular weight value of 200~fold purified enzyme is 150,000 as
determined on sucrose density centrifugation by Scholnick et al., 1970)
is approximately 1.2 x 106, while for the DDC-induced enzyme (molecular
weight value of the 40-fold purified enzyme is 178,000 as determined by
sucrose density centrifugation) is about 1.5 x 106. Both these theoretical
molecular wgight values of the mRNA for ALA--S are larger than the masmalian
cell 188 rRNA (molecular weight of 0.7 x 106) while smaller than 285 rRNA
(molecular weight of 1.8 x 106). If the mRNA for AIA~induced ALA~S is
about the size of 283 rRNA then the observation by Skea et al., (1970)
that the biologically active RHNA was of low moleculariweight size further

casts doubt on the validity of their finding.



During the past decade investigation on the control and
synthegis of other hepatic enzymes such as tyrosine aminotransferase,
and serine dehydratase have been numerous. It has been demonstrated
that serine dehydratase exists in two distinet isozymic forms, each of
which is controlled by different hormones, such as cortisone and
glucagon (Inoue et al., 1971; Iwasaki & Pitot, 1971; Twasaki et al.,
1973). Similarly, isolatable forms, arbitrarily designated I (found
only in kidney, heart, and brain), II, IIT, IV (all three located in rat
liver), of soluble tyrosine aminotransferase have been demonstrated to
exigt in both crude extracts as well as in the partially purified form
(Iwasaki‘gg ales 197%). In view of the possibility that those four
enzymes were the result of mechanisms involved in énzyme induction, the
four purified forms have been characterized such that forms IT, TIL, IV
have similar molecular weights, identical heat stability curves at 6OOC,
the same Kﬁ and pH optimum (in the incubation medium). In contrast,
form I was very heat labile even in the presence of substlrate or cofactors,
reguired a higher pH in the incubation mixture and had a significantly
different Km' It was of particular interest that one or more of these
clogely related multiple forms of soluble tyrosine aminotransferase may
be regulated independently by various hormones. That is, adminlstration
of hydrocortisone to perfused rat liver resulted in a simultaneous and
virtually egual induction of forms I, TIY, and IV but not I. Stimulation
by adenosine-3!'~5t.monophosphate (cyclic AMP) was limited to forms II and
ITT as compared to an insulin increased level of form IV only. BExperiments
described in this thesis in the form of pH optimum and Mg++ cation
requirements of ALA-S may serve lto suggest 1that one or more multiple forms

of ALA-S may be regulated independently by barbiturates as opposed to
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dihydrocollidines. Hepatic ALA~3 activity from ATA and DDC treated

rats and chick embryo liver gave different pH optima. This suggested

that these experiments of Tyrrell & Marks (1972) and Sassa & Granick (1970),
vhich compared the mechanism of AIA- and DDC-induction of ALA~S, may be
detecting only one of several formg of ALA=S. That is, since the pH of
their incubation media was 7.2 =~ 7.4, then not all of the induced forms of
ALA=-S may have been measured., Moreover, further evidence for support

of multiple inducible forms of ALA-~S is that the actltivation of the ATA~

and DDC-induced ALA~S in chick embryo liver occcurred at different Mg++
concentrations, a finding which has also been observed by Beattie (D.S.

Beattie, personal communication).

On the basis of the results described in this thesis it would
appear that ATA and DDC possibly induce different forms of the enzyme,
ALA=S; even should both drugs act at a transcriptional level, as suggested
by Tyrrell & Merks (1972). Indeed, it is clear that failure to take
this into account requires a re-assessment of much of the previous work
in this field of work on drug induction of ALA-S, While no direct
evidence for increased levels of the mRNA for ALA-S in Alé-induced rat
liver was obtained the limitations of the cultbured chick embryo liver cell
system do not allow one to dismiss the possibility that AIA acts at the

transcriptional level.



29

SUMMARY

1. A new sensitive radiochemical assay method has been
desceribed for the measurement of pmole quantities of d-aminolaevulinic
acid (AIA) in minute amounts of noimal tissues, for which the existing

conventional colourimetric assay method is inadequate.

26 This isotopic procedure, based on the incoxporation of
[éml4é] glycine into ALA, utilized crude homogenate as the source of

enzyme.

3 Electrophoresis of the trichloroacetic acid supernatant of
the incubation mixture on silica gel thin-~layer sheet separates the

reaction generated.[ldtﬂ ATA from glycine and aminocacetone.

4 Maximallil4é] ALA production in liver homogenate was

obtained in the presence of glycine, citrate, Tris, and EDTA (pH 7.2-T.4).

5. A comparison of this radiochemical assay with conventional
colourimetric assay was made. Several advantages of my radiochemical
assay method when compared to the colourimetric assay procedure are as

follows i~

(i) Only 70 to 100 ug protein were reguired in order to measure
ALA synthegis in pmoles per min. In contrast, at least 2 mg protein is
required for the colourimetric assay in order to obtain an optical
density difference of 0.l. When both assay methods were performed on
the same porphyric liver homogenate, 104 dpm were oBtained in ALA by the

140 method per mg of probtein while the colourimetric method gave an

observed optical density diffcrence of 0.05% for the same amount of protein.
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d
(i1) As many as 100 assays may be performed in one day whereas
more than 30 assays using the colourimetric technique proved cumbersome

and laborious.

(iii) Once the trichloroacetic acid deproteinised supernatant of
the reaction mixture was spotted and allowed to dry on the silica gel
polyester thin-layer sheets, [l4é] ALA that was generated in the reaction

did not appear to degrade with time.

6. Certain chemical agents, allylisopropylacetamide (ATA), and
3,5=dicarbethoxy~l ,4~dihydrocollidine (DDC) are known to increase the
activity of d=aminolaevulinic acid synthetase (ALA~S), the rate-limiting
enzgyme in porphyrin biogynthesis, in rat and chick embryo livers and
cultured chick embryo Lliver cells. There is conflicling evidence on
the mode of action of these drugs. It has been suggested that AJA acts
at the transcripitional level. Initial investigations described in this
thegis involved an attempt to isolagte mRNA for ALA-S from porphyric rat
livers and test its biological activity in cultured chick embryo liver
cells., Although results from the colourimetric assay indicated some
evidence for induction of ALA-S by RNA, the actual optical differences
for RNA-treated cultured cells was extremely low (i.e. maximum = 0,05)

and thus colourimetric assay was found to be inadequate.

Te Attempts were made to purify the mRNA for ALA-S from poly—
ribosomal RNA and total hepatic cellular RNA, obtained from livers of
ATA~treated rats, by -such methods as sucrose density centrifugation,
adsorption to nitrocellulose filters, or oligodeoxythymidylate~cellulose.

However, the RHA fractions isolated by these methods did not increase
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ALA~-S activity, as measured by the radiochemical assay, in cultured
chiclk embryo liver cells above control levels. Iiven the addition of
either diethylamincethyl~dextran or dextran sulphate to porphyric poly-
ribosomal RNA prior to incubation with cells did not enhance ALA-S

activity, as measured by the radiochemical assay method.

8. The failure by the radiochemical assay to detect any RNA
mediated increase in ALA-S activity, contrary to previous reports by
Hickman et al., (1967, 1968) and Skea et al., (1970) which indicated
RNA induced ALA~S activity (measured by the colourimetric assay) in

cultured liver cells, suggested two feasible explanations sm

(i) The cultvred chick embryo liver cell system is not sensitive

enough to detect mRWA for ALA,

(ii) The porphyrogenic drug, AIA, does not increase or stimulate

synthesis of the mRNA for ALA=S.

9. The AILA= and DDC-induced ALA~S of rat and chick embryo
livers and cultured chick embryo liver cells have been compared physio-

chemically in vitro.

(1) ALA=5 in crude homogenates from ATA- and DDC~induced chick
embryo liver appeared to require similar Na' cation concentrations. In
contrast, addition of Mg++ to the incubation mixtures decreased the enzyme
activity for both drug induced enzymes bul between 0.02 M and 0.1 M Mg++

there was a significant increase of the DDC-induced ALA-S but not for the

ATA-S induced enzyme.
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(ii) The ATA= and DDC-induced ALA~S in rat liver had identical
pH optima (Pl 6.7). In contrast, the DNC~induced ALA=-S in chick embxyo
liver had a higher pH optimum.(pH 7.7), Moreover, the ATA~induced
ALA-S in chick embryo liver showed two distinet pH optima, one which
coincided with the AIA-induced enzyme in rat liver (pH 6.7), and the

other was identical to the DDC~induced ALA-S pH optimum (pH_7°7)o

(iii) Heat stability curves for the induced enzyme were examined.,
The results suggested that the enzyme having ALA-S aclivity in rat and
chick embryo liver may differ from the enzyme in cultured chick embryo

liver cells.
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MATERTALS AND METHODS

1, Biological Materials.

1. 1. Tissue Culture Material.

14-18 day o0ld chick embryos were obtained from John R. Todd
Ltd., Sidehead, Stewarton, Kilmarnock, Ayrshire KA3 5IN. Difco
Laboratories, P.0., Box No, 1413 Central Avenue, East Mollesey, Surrey

provided the trypsin.

Calf serum and penioillin/streptomycin vere purchased from

Flow Laboratories Inc., Irvine, Scotland.

1, 2. Compogition of Culture Media and Standard Solutions.

le 2. 1, Iagles Minimal Essential Medium (EG)

The Bagles minimal essential medium was obbtained from
Bioccult Laboratories Litd., 3 Washington Road, Abbotsinch Industrial
Estate, Paisley, Scotland. The Glasgow modification of the medium
described by Eagle (1.959) containing 100 pg/ml Streptomycin and 100 pg/ml
Penicillin and supplemented with 10% (V/V) calf serum was the growth

medium ECL0) for propagation of chick embryo liver cells.



1. 2. 2. Ca'™" ana Me™ Pree Balanced Saline Solution 4 Glucose (CNF)

NaCl 7.0 g

XCL 0.4 g
A D

Na H2104e2320 .14 g

1% Phenol red 1.5 ml

This soluiion was made up to 1 litre and autoclaved in
4% ml aliquots. To each aliquot was added 5 ml Glucose (1% W/v)),
1 ml bicarbonate (5.6% (w/v)), and 0.5 ml Penicillin/Streptomycin

(5000 wnits/ml) to complete the CMF necessary for the culture procedure.

l. 2. 3. Trypsin in CMF,

The pH of a 2.5% (w/v) Trypsin in 0.15M NaCl solution was
adjusted to Te8, followed by filtration through Whatman No, 1 filterx
paper, then sterilized by millipore filtration and stored at -10°C.

This solution was diluted one to ten with CMF just prior to use.

2 Chemical Materials,
2. 1. General,

All chemicals, unless otherwise ststed, were of Analax

grade, and were obtalned from BDH Chemicals Litd., Poole, Dorset, U.K.
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2. 2. ' Reagents for Purification of RNA.

Baycovin was a gift from the Bayer Chemicals Ltd.,
Leverkusen, Germany. TPhenol was redistilled before use, while m-cresol
was twice redistilled under reduced temperature and pressure, Trim
isopropylnapthalenesulphonic acid was purchased from Kedak Ltd., Kirkby,

Liverpool, U.X.

Miliipore filters, 2.5 cm diameter and 0,22 j pore size
were obtained from Millipore Filter Corp., Bedford, Mass., U.S.
Collaborative Research Inc., 1%65 Main Street, Waltham, Massachusetts,
02154, U.S., supplied the oligodeoxythymidylate (olige d(T))-cellulose.
This cellulose was Whatman CP-11, washed with acid, base and ethanol
and the fines removed. Oligo d(T) had chains up to 10 nucleotides
long, covalently attached via the fterminal 5'-phosphates. 1 g of oligo

3(T)~cellulose bound at least 33.5 OD ¢ PoLy rh.

25

2e 30 Acrylamide gel Materials.

Acrylamide and NNN!N'-tetramethylethylenediamine (TEMED)
were obtained from Koch=Light Laboratories Ltd., Colnbrook, Bucks., U,K.
The acrylamide was purified ss described by Loening (1967). Acrylamide
was dissolved at a concentration of 70 g/l in chloroform at 5{)00o The

crystals were collected by filtration at 0°C in a chilled filter fummel.

NN'~Methylene bisacrylamide was purified according to the

method of Loening (1967). The solid was dissolved at 10 g/l in acetone
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at 50°C, filtered hot and recrystallized by slowly cooling to -20°C.

The crystals were recovered by filtration and washed with cold acetone.

2. 4. Druegs and Inzymes.

A genefous gift of 50 g of allylisopropylacetamide (AIA)
from Roche Products Ltd., Welwyn Garden City, Herts., is gratefully
acknowledged. Diethyl 1,4~dihydro~2,4,6~trimethylpyridine=-3,5-
dicarboxylate (DDC) was obtained from Eastman Kodak Co,, Rochester, New
York 14650 U.S. deaminolaevulinic acid and electrophoretically
purified RNase were purchased from Sigma London Chemicals Co, Ltd.,

Norbiton Station Yard, Kingston-upon-Thames, Surrey KTZ TBH.

2 5 Materials used in Radiochemical Assay.

Silica gel thin layer sheets (Mallinckrodt "Chromar 1000
glass fibre mat, impregnated with silica gel; total thickness 1 mm)
were purchased from.Camlab., Cambridge, U.K. Polyester sheets,
400 mm x 200 mm, coated with silica. gel FL500, menufactured by Camag,
4132 Matternz, Switzerland; were supplied by the UK. distributors.
Griffin & George, Braeview Place, Nerston, East'Kilbride, Scotland.
The Camag high-voltage electrophoresis (HVE) apparatus consisted of one
HVE cell (Camag 6100) which contained a single water cooled plate, one
safety case {(Camag 62000) and a HV-power supply (Camag 6%000) (outputb
0-~5000v d.c. at maximum current of 250mA). All accessories for this
Camag HVE apperatus were obtained from Griffin & George, Bracview Place,

Nerston, East Kilbride, Scotland. Winhydrin was purchased from Koch--Light
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Laboratories Ltd., Colnbrook, Bucks., U.K. Microfuge tubes (poly-

ethylene), 46 mm x 4.6 mm, were supplied by Beckman, Glenrothes, Fife, U.K.

2. 6o " Reagents for the Colourimetric Assay.

4~Dimethyl-aminobenzaldehyde was supplied by Anderman & Co,
Ltd., Battlebridge House, 87~95 Tooley St., London $.%.1l, the U.K.

distributors of B. Merck Laboratory Chemicals,

2¢ Too Radioigotopes and Materialg for Tdguid Scintillation Counting.

[%»l4é] glycine (5256 mCi/mmol) end [3,5-7H] d-emino-
laevulinic acid (2 mCi/mmol) werc purchased from The Radiochemical Centre,
Amersham, Bucks., U.K, Nuclear Enterprises (G.B.) Ltd., Sighthill,
Edinburgh, supplied 1M hyamine hydroxide in methanol and Koch-Light
Laboratories; Colnbrock, Bucks., supplied 2,5~diphenyl oxazole. Toluene
based scintillation fluid was prepared by dissolving 5 g 2,5~diphenyl

oxazole in 1 litre of Analar toluene at room tempersture.

2. 8. Materials used during Incubations of Cultured Liver Cells

DEAE-dextran (M.W. 2 x 106) and dextran sulphate (M.W. 500,000)

were obtained from Pharmacia, Uppsala, Sweden,
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2. 9 Miscellancous

Beckman Spinco Ltd,,'Palo Alto, California, U.S., supplied
the cellulose nitrate tubes 1.6 cm x 7.6 cm for the Titanium 50 Rotor
and 2,54 com x 8,89 em for the 8¥W 27 rotox, 15 ml and 30 ml Corex hiéh
speed centrifuge tubes made by Corning Glassware, Wutley, New Jersey, U.S.,
were supplied by their U,¥. distributors, A. Galleukamp & Co, Ltd.,

Braeview Place, Nerston, Glasgow Q74 3XJ .

METHODS
1. Biological methodg
1. 1, Cultured Chick Embryo Liver Cell Svstem.

Instruments were sterilized by immersing in 70% ethanol fox
10 min, The eggs were swabbed with T0% ethanol. The egg was cracked
near the air space and the pieces ©of ghell removed. Using sterilized
forceps, a portion of egg membrane and chorioallantoic membrane were
- punctured, The embryo was removed through this hole into a stexrile
petri dish (10 cm diameter), Using forceps and scissors, the liver was
removed asceptically and immersed in CMP in another weighed petri aish.
Thig proceduvre was repeated with the other eggs until enough tissue had
heen obtained. These livers were then cut into small pieces using fine
gcissors and forceps. The CMI" medivm was discarded and replaced with
20 ml of 0.25% trypsin in CMF at BTOC@ Cells were trypsinized for

15 nin at 5700 in a humidified incubator. The trypsin solubion was



109

discarded and the tissue was washed twice with fresh CMF at room
temperature in a universal bottle, The tissue was immediately
dissociated in a small volume of CMP by repeated (10x) aspiration and
then the concentrated cell suspension was added to 10 ml EC and the
aspiration procedure (IOX) repeated. The uwndisgociated tissue fragments
vere allowed to sediment and then removed. TUsing a Coulter counter

0.1 ml wag counted. The volume of the suspension was adjusted (with

EC at 5700) to give a cell density of approximately 3 x 106 cells per ml.
Nine ml aliquots of cell suspension were transferred to 10 cm petri
dishes, followed immediately by 1 ml of calf serum, The dishes wvere
swirled quite vigorously to ensure thorough mixing and then incubated for
18 to 22 hours in a humidified incubator at 37°C maintained at an
atmosphere of 5% (v/v) 002 in aixr, 20 to 30 x 106 cells per plate gave
good dense monolayers. After the appropriate time of incubation, the
dishes were removed and the viability of the monolayers was chécked using

an inverted microscope.

1. 2. Incubation of Cultured Chick Embryo Liver Cells with
RNA, ATA or DRC.

When the colourimetric assay was used to measure the ALA-S
activity, it was necegsary to use 2 x 10 cm petri dishes of cultured
cells and 10 ml of EC, containing approximately 2 mg RNA per dish.
Therefore, the RNA to be tested was dissolved in 18,5 ml of EC (which
contained no glucose, vitamins and amino acids). It was important that
the culture medium (EC) used to dissolve the REA should be free from
glucose, vhich gives a dark colour in the conditions of the orcinol

reaction. 0.5 ml of this solution was removed for accurate determination
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of the RﬁA concentration by the orcinol method (Hutchison & Munro, 1961).
2 ml of Fagles glucose, vitaming and smino acids solution (10x) were

then added to complete the EC mediumg Only 2 dishes, each time, were
removed from the incubator. The medium was suctioned off by a pasteur
pipette and the monolayers in both dishes washed 3 times with EC (37OC)¢
10 ml of the EC/RNA solution were added to each dish and both dishes were
returned to the same humidifiéd incubator (3700) for 3,5 hours. Since
the radiochemical assay, when used t0 measure the ALA~S activity,
required only 1 x 2.5 cm dish of cultured cells, then 2 ml of the EC/RNA

wvas added to each dish.

ATA (10 mg/ml water) or DDC (20 mg/ml ethanol) was
administered either at the same time as the addition of cell suspension
to the petri dishes,; or after the monclayers had formed, with the final
concentration being 200 pg ATA/ml EC or 100 pg DDC/ml EC for optimal

increase in ALA-S activity.

Experiments involving addition of DEAL~dextran and dextran
sulphate to RNA prior to incubation with the cultured chick embryo liver
cells were performed as follous, DEAL-dextran and dextran sulphate
dissolved in 0.15 M phosphate-buffered saline and the pH adjusted to 7.2
with NaOH, were added to each RNA preparation in quantities varying from
0.2 mg/ml EC up to 2.0 mg/ml EC (1/1 to 10/1 ratio of RNase inhibitor/RNA)

as svggested by Maes et al., (1967) and Deckers & Pilch (1971).

1. 3, Harvesting of the (ultured Chick Embryo Liver Cells for

Determination of ALA=S Activity.

The medium was removed via pasteur pipette, rinsed bwice with
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150 mM Tris-HCL and 20 mM EDTA (pH 7.2) and then 1L ml of the same
Tris=EDTA buffer was added and the cells removed using a rubber scraper.
The cell suspension was transferred to centrifuge tubes and recovered

by centrifugation (1500 rpm for 5 min at 4009 using a MSE Mistral 6L a
centrifuge. 450 pl or 10 pl of 150 mM Tr18mHCI (p 7.2) containing

20 mM EDTA were added to the pellet of cells for use in the colourimetric
and radiochemical assay, respectively. The cell suspension was
transferred to a home-made glass homogenisation tube (70 mm x 10 mm) and
hand homogenized with a close fit pestle. The homogenate was then
agsayed for ALA-S activity by either the colourimetric or radiochemical

assay.

le 4. Experimental Animals,

Male rats, which were derived from the Wistar strain,; and
bred at Glasgow University, were fed ad libitum on diet 41 B. They were

used only at weights of 250 g or greater.

1. 5. Administration of ATA and DDC to Expverimental Animals.

Rats received intraperitoneal injections of 0,25 ml (400 mg
ATA per kg body weight) in propylene glycol, or 0,25 ml of DDC (20O ng
per kg body weight} in 95% ethanol and were starved during the last %6 =
48 hours of the experiments. Control animals received propylene glycol

or 95%‘ethanolp'depending on which drug had becen administered.
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Induction of ALA-S in livers of whole chick embryos by AIA
ox DDC was as follows. A fertilized egg, incubated for 14 - 18 days,
was inoculated under sterile conditions through the air sac with 0,5 nl
of ATA (10 mg) in water or 0.2 ml of DDC (4 mg) in propylene glycol, via
a pinhole made in the shell. The hole was covered with scotch tape,

and the egg wag incubated in an upright position in a humidified incubator

at 3700.
2e Chemical methods,
2. L. Colourimetric Assay Method for Determination of ALA-S

Activity in Crude Liver Homogenates.

The colourimetric assay method of Dowdle et al., (1967),
slightly modified, was used to determine the ALA-S activity in crude
homogenates of rat and chick embryo liver and cultured chick embryo liver
cells. The tissue was homogenized in 150 mM Tris-HCL, pH 7.2, containing
20 mM EDTA. 4 x 100 pl of this homogenate were transferred to 4 micr;«
fuge tubes (46 mm x 4.5 mm), each tube containing 200 mM glycine in 100 mM
godium citrate, pH T.4. 2 of these microfuge tubes had an additional
100 pl of 15% (w/v) trichlorcacetic acid. The latter pair of assay itubes
enabled the determination of the original amount of ALA present (termed
ttrichloroacetic acid treated'), while the former pair of tubes measured
the incubation generated ATA (termed 'test').  After incubation of the
ttest' and 'trichloroacetic acid tréated' homogenates in a shaking water
bath at 3700 for 1 hour, the tubes were placed in ice and 100 pl of 15%

trichloroacetic acid added to the 'test' samples, All mixing of the



microfuge tubes was performed using the Beckman i54 Micromixer. After

10 min at OOC, the tubes were centrifuged for 3 min using the Beclman 152
Microfuge, at room temperature. 200 ul of the trichloroacetic acid
supernatants were transferred to glass tubes (8 om x 1 cm) which already
contained 100 pl of 0.6 M sodium acetate, 200 ul water, and 20 pl acetyle
acetone (redistilled twice before use). The tubes were sealed off with
No. 7 rubber stoppers, mixed thoroughly on a Vortex and heated for 10 min
at 100°c, After a rapid cooling in ice water, the contents were mixed
again, and the stoppers removed. 1 ml of special Fhrlichs reagent
(described below) was added to each tube and the contents mixed immediately.
The glass tubes were centrifuged at room temperature for 5 min at 2000 rpm
using the MSE Mistral 6L in order to sediment any contaminating particles
and dust, The pink colour resuvlting from the complex of the ALA-pyrrole
with Ehrlich reagent was allowed 10 min to develop and the optical density
at 552 nm was read against a reagent blank using 4 cm cuveties. The
nmolar extinction coefficient foxr ALA was assumed to be 13.7 at 552 nm.
Amounts of ALA formed were determined by subtracting the control valuves
found at zero time incubation (*trichlorcacetic acid treated!) from the
values obtained at 60 min of incubation ('test'). Protein concentration

in the homogenate was determined by the Lowry et al., (1951) method.

2 2o Fhrlichs Reagent for Use in the (Colourimetric Assay.

This reagent was prepared fresh just prior to its use.
2.5 g of A~-dimethylaminobenzaldehyde was dissolved in 40 ml of glacial
acetic acid. 4 ml of the Hg012 solution (0.25 g Hg012 dissolved in 5 ml

of glacial acetic acid by gentle heating) was added to the 4-dimethyl-
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aminobenzaldehyde/acetic acid mixture followed by addition of 24.5 ml
of perchloric acid (sp. gr. = 1.7) with the final volume made up to
100 ml with glacial acetic acid. This reagent was further diluted

by an equal volume of distilled water and stored at 0°C until used.

2. 3, Radiochemical Aspay Method for Measurement of ALA-S

Activity in Crude Liver Homogenates.

The radiochemical assay procedure used for measurement of
ALA=-3 activity in crude liver homogenates was developed independently
of the existing isotopic methods of Irving & Elliott (1969), Ebert et al.,
(1970), and Freshney & Paul (1970)n The tissue wés homogenised in 150 mM
Tris-HCl, pH 7.2, containing 20 mM EDTA. 10 pl of homogenate were
transferred to microfuge tubes (polyethylene, 46 mm X 4,5 mm) which
contained 10 pl of 20 mM glycine in 100 mM sodium citrate, pH 7.4,
1 uCi/assay tube of [%ml4é] glycine (5256 mCi/mmol).  The tubes were
then sealed, mixed using the Beckman 154 Micromixer, and incubated for
40 min in a shaking walter bath at 3700. The reaction was stopped by
addition of 5 pl of 30% (w/v) trichloroacetic acid, followed by an
addition of $ pl of 15 mM ALA, which acted as a marker in the electro-
phoresis procedure. After 15 min at OOC, the trichloroacetic acid
precipitate was pelleted by centrifugation for 3 min using the Beckman
152 Microfuge. The protein of the sediment was determined (Lowry et al.,
1951)a 5 pl of the deprcteinized supernatant was dissolved in 10 ml
of a toluene based scintillant to determine the totsl dpm of counts in
the 5 pl aligquots that were applied to the thin-layer sheet.  Another

5 ul sample was applied to a 400 mm x 200 mm silica gel thin-layer sheet
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(Cemag, Switzerland) and electrophoresed, using the Camag HVE apparatus,
for 30 min at 1%0=-195 mA and % KV, at 3m500 in 0,05 ¥ phthaiate buffer
(pH 4.0) containing 0.0L M EDTA. The thin~layer sheet was dried with
hot air, sprayed with 0.1% (w/v) ninhydrin in 955 ethanol, and heat dried
again wntil the ALA (yellow) and glycine (purple) apots had fully
developed. Fach ALA spot was cut out, placed in a scintillation vial
containing 1 ml of 1M hyamine hydroxide in methanol and left at 6000 for
30 min. 10 ml of toluene based gcintillator was then added to each vial
and the radioactivity assayed by liguid gecintillation spectrometry uvsing
a Phillips Liquid Scintillation Analyser PW4510. 140 was counted with

efficiencies of 6%-72%.

e Preparation of RNA.

3¢ Loy Glassware and Solutions.

All glassware uvsed in the preparation was either rinsed in
methylated spirit and flamed before use oxr autoclaved at 15 p.s.i. for
30 min, and all solutions,when possible, were sterilized by auwtoclaving

to remove contaminating nucleases.

S 2 Preparation of Ribosomal RNA.

With minor modifications, ribosomal RNA (rRNA) was isolated
from rat liver and purified by the method of Parish & Kirby (1966).
Treated and control rats, fasted for 36 to 48 hours to deplete liver of

glycogen, wvere asnaesthetised with ether and killed by exsanguination.
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The liver'was immediately bhuried in cubed ice and freed from fibrous
material and any adhesions. About.0l g of each liver was removed for
assay of endogenous ALA-S activityo The remainder wvas weighed as

quickly as possible (a total of 12 =~ 14 g was convenient) and homogenized
at 0°C in 10 volumes of ice cold 6% 4mamincsalicylate, 1% NaCl, 1% sodium
tri-isopropylnapthalene sulphonate and 6% 2-butanol by 6 passes in a

close {it teflon/glass homogeniser. The homogenate was transferred to

a2 500 ml conical flask and an equal volume (i.e. 11 x wt. of liver) of
phenol/m-cresol/water/8-hydroxyquinoline (500:70:55:0.5, by volume) at
room ‘temperature was added. The flask was shazken abt room temperatbure

for 1 min. The mixture was centrifuged for 15 minutes at 12,000 g
(10,000 rpm in a MSE high speed centrifuge) at O _.400, Better
separation of the phases was obtained if, after the first spin, the top
layer plus some of the material from the fluffy layer is transferred and
centrifuged again. The upper layer was removed by pasteur pipette, the
volume measured and sufficient solid NaCl added (deproteinisation agent)
to give a concentration of 3%%. After a second extraction with phenol/
mwcreso1/water/Bwhydroxyquinéline at room temperature (this time for 10 min
with 0,5 volumes of the phenol mixture), the upper layer was separated by
centrifugation in 30 ml Corex tubes, and the volume measured. Two
volumes of ice-cold ethanol/m~cresol (9:l, v/v) was added, the flask
shaken and allowed to stand in ice for 30 « 60 min. The white precipitate
was then spun down'(2500 rpm for 10 min at 0°C in a MSE Mistral 6L),
washed twice with 2% sodium acetate in 75% ethanol and dissolved in 0.1 M -
sodium acetate (0°C).  Solid NaCl was added to give a final concentration

of 3 M and the solution was stored at ~500 overnight. The very fine
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precipitate of RNA was spun down (15 min at 12,000 g), washed twice

with % M godium acetate (pH 6) to remove Nall, fesidual DNA and glycogen,
twice with 2% sodium écetate in 75% ethanol and twice with ethanol (OOC).
The rRNA was resuspended in approximately 5 ml of ethanol, and stored

at -10°C.  When required, the appropriate volume of freshly agitated
suspensgion was spun at 2500 rpm for 10 min at 0°C and the precipitate
allowed to drain. The RWA content of the RNA/ethanol suspension was
often estimated by measurement of UV absorption at 260 nm so that the
amount of RNA added to cultured ceylss vhen disgolved in EC, would be

approximately 0.2 mg/ml EC (1 OD = 20 pg RNA/ml).

3¢ Be Preparation of Cytoplasmic, Nuclear, Polyribosomal,

and Transfer RNA.

The procedure used was essentially the method described by
Henshaw (1968). AlA-treated and control rats were fasted for 36 - 48
hours to deplete liver of glycogen, and killed by exsanguination. The
livers were buried in cubed ice and homogenized as guickly as possible
in 2 volumes of TWAMN homogenisation mediuwm (0.25 M sucrose, 0,02 M

triethanolamine, 0.001 M MgCl,, 0.01 M NaCl, 0.1% Baycovin, pH 7.6) in

2
a close fit teflon/glass homogeniser at Ooct About 30 - 50 g of liver
wags sulficient., The homogenate was spun for 10 min at 15,000 g (12,000
rpm in an 8 x 50 rotor in a MSE 18 high speed centrifuge) to remove
nuclei, mitochondria and lysosomes, and the upper 3/4 of supernatant was
retained as the cytoplasmic fraction. Wuclear and cytoplasmic RNA,

when required, was extracted from the pellet and the upper 3/4 supernatant,

respectively, with phenol/m-cresol mixture as in the Parish & Kirby (1966)
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preparation. However, if polyribosomal and transfer RNA were desired,
the pellet was discarded. The cytoplasmic fraction was divided 3:l

for preparation of cell sap and polyribosomes respectively: +the larger
volume was spun for 2 hours at 150,000 g (49,000 rpm) at 2% in a Ti 50
rotor using the Beckman Spinco L-2 65B and the supernatant retained as

the cell sap. Meanwhile, the remaining 1/4 of cytoplasmic fraction was
distributed in 2 ml portions in 13,5 ml (7.6 cm x 1.6 cm) cellulose
nitrate spinco tubes. To each tube was added 4.2 ml of 2.3 M sucrose in
TEAMN, The tubes were well mixed and kept on ice until the cell sap was
prepared. Half of the cell sap was retained as the "cell sap fraction
and the remainder was used for preparation of polyribosomes as follovs.
Sucrose was dissolved in the cell sap at 0°¢ to give a concentration of
2.0 M (prolonged stirring was required), and 5 ml portions of this
solution were carefully introduced under each cytoplasmic preparation in
the tubes. These tubes were spun for 4 hours at 150,000 at 0-2°C and the
upper layers were removed. In order to prevent contamination by
membranous elements adhering to the wall, the top of the tube was cut off
(about 1/2 inch from the base). The tubes were quickly inverted and
drained and the pellets taken up in TEAMN solution by stirring with a
glerile glass rod followed by gentle homogenisation by hand in a cloge fit
teflon/glass homogeniser. The "cell sap" and "polyribosome" preparations
obtained as above were extracted twice with phenol/m-cresol as in the
Parish & Kirby (1966) rRNA preparation. RNA was precipitated from the
agueous phases by the addition of 2 volumes of ethanol/mmcresol at OOC, and
the flask alloved to stand in ice for %0 - 60 min. The precipltate was
spun down, washed twice with 2% sodium acetale in T75% ethanol, and twice

with ethanol. The RNA wes stored under ethanol at m5OC.
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The alternative technique used for isolation of RNA from
polyribosomes was the method described by Brawerman et al., (1972)¢
All operations were carried out at O~4OC. Tor extraction of the total
polyribogomal RNA, the polyribosomes were diluted in sterile water
(concentration was lower than 50 A260 unit/ml), 0.1 volume of 5% SDS
and of 1 M Tris (pH 9.0) followed by 1 volume of 88% (v/v) phenol
equilibrated with water. The mixture was shaken for 10 min and the
aqueous phase (interphase plus phenol phase) was re-extracted with 0.1 M
Tris (pH 9.0) and the two aqueous phases were combined. The aqueous
phase was re-extracted at least 3 times with 88% phenol, This gerved
to remove residual protein as well as the remaining SDS. The RNA was
precipitated by addition of 2.5 volumes of ethanol and 0.1 volumes of
1 M NaCl and stored overnight at -10°¢. The precipitate was collected
by centrifugation and washed twice with 2% sodium acetate in 75% ethanol,

twice with ethanol, and stored in ethanol at mSOC until used.

30 4o Hot Phenol = Sodium Dodecyl Sulphate Technigue for

Polyribosomal and Total Hepatic Cellular RHA.

This was carried oul essentially as described by Burdon &
Clason (1969). Polyribosomes were isolated from rat livers by the
Henshaw (1968) method. Polyribosomal RNA or total cellulaxr RNA from
rat livers were isclated by the following procedure. The polyribosomes
or rat liver was homogenised in 0,05 M ammonium acetate (pH 5.1)
containing 0.1% SDS (w/v) buffer and shoken at 60°C for 5 min with an
equal volume of 80% (v/v) phenol equilibrated with the same buffer. The

resultant emulsion was separated by centrifugation at 10,000 g for 10 min
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in a MSE 18 high speed centrifuge at 400. The aquéous phase plus
interphase was then re~extracted with an equal volume of phenol/0.05 M
ammonium sulphate/0,1% SDS (pH 5.1). The aqueous phase from the
extraction was precipitated with 2 volumes of 95% alcohol containing
0.2 M NaCl and stored at -20°C for 18 hours. The precipitate was
collected by centrifugation at 2500 rpm for 10 nin at 400, washed twice
with 2% sodium acetate in 755 ethanol, twice with absolute alcohol and

stored in ethanol at mSOC.

3¢ 5e Purification of mRNA by Adsorplion on Millipore Filters.,

The RNA; either polyribosomal isolated by the Henshaw (1968)
Burdon & Clason (1969) ox Brawerman et al., (1972) methods, was dissolved
in 500 mM KC1l, 10 wd Tris (pH 7.6) and 1 mM MgClz, at concentration of
0.1 to 0.3 mg/ml, was passed slowly through a nitrocellulose millipore
filter (25 mm diameter, 0.22p pore size) presoaked in the same solution,
at a rate of approximately 1 drop per second. The gquantity of RNA
adsorbed on g single filter was not determined, The filter was cut into
small pieces and the adsorbed material was eluted with an ice~cold
solution of 0.5% SDS (v/v) in 0.1 M Tris (pH 9.0). The filter was kept
in 1 ml of this solution for about %0 min with occasional shaking. The
fluid was removed and the filter washed with 1 ml of 0.1 M Tris {(pH 9.0).
This was combined with the fluid. The RMA golution was chilled to 400
and repeatedly centrifuged to remove all traces of SDS. The supernatant
was made 200 mM with NaCl and the RNA precipitated with 2 volumes of 959
ethanol. After 24 hours at mlOOC, the REA was pelleted, washed twice

with 95¢ ethanol, twice with absolute alcohol, and stored in ethanol at mSOC.
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3. 6o ‘ 0ligodeoxythymidylate~Cellulose Chromatography
of Total Cellular Hepatic RNA.

The procedure used here is essentially that described by
Aviv & Teder (1972).  All chromatographic operations were performed at
room temperature with all glassware and reagents (except for oligo

d(T)~cellulose) having been autoclaved, Approximately 240 OD o Vit

2
of total cellular RNA isolated from rat livers by the method of Burdon &
Clason (1969), was disselved in the application buffer containing 0.01 M
Trig=~HCL (P 7.5), 0.5 M KC1 was applied to a 2 ml (about 1 g dry weight)
oligo d(7)~cellulose column previously washed with the application buffer.
The non-adsorbed material was eluted by continued washing with the
application buffer. The material retained by the column was eluted by
0,01 M Tris~HCL (pH 7.5), immediately precipitated in 2 volumes of ethanol
and stored at ~10°C for 24 hours.  The HNA was pelleted, washed twice

with 2% sodium acetate in 75% ethanol, twice with ethanol and stored in

ethanol ai m5OC.

%e To. Practionation of RNA on Polyacrylamide Gels.,

Gels were prepared as described by Loening (1967). High
molecular weight RNA was examined by electrophoresis on gels containing
2.5% {(w/v) acrylamide and low molecular weight material was examined in
gels containing 7.5% (w/v) acrylamide in a vertical tube system by the
' following procedure. The following stock solutions were prepared
(acrylamide and methylene bisacrylamide were purified as described in

MATERTALS 2, 3): = (&) 30% (w/v) acrylamide, 1.5% (w/v) methylene



. bisacrylamide in distilled water, (B) 30% (w/v) acrylamide, 1% (w/v)
methylene bisacrylamide in distilled water, (C) 1% (v/v) HNN'N'«w
tetramethylethylenediamine in distilled water, (D) 2.8% (w/v) ammonium
persulphate in distilled water, (B) electrophoresis buffer consisting

of 36 mM Tris, 30 mM Na112P04_, 1 mM EDTA, and 0.2% SDS (pi 7.7 = T.8).
The 2.5% gels were prepared by mixing these solutions as followss -

0.83% part (&), 1 part (C), 0.4 part (D), L part (&), and 6.8 parts
distilled water.  7.5% gels were prepared as follows: ~ 2.5 parts (B),

1 part (C); C.4 part (D), 1 part (E), and 5 parts water. The prepered
solutiong were carefully mixed to avoid aeration and 3 ml aliquots were
rapidly pipetted into vertical 150 mm x 10 mm perspex tubes. Watber was
then carefully layered over the solution using a syringe. The 2.¢5%

gels set in approximately 15 min and the 7.5% gels in about 2 min. All
gels were pre~clectrophoresed at 5 mA/gel for 30 min before RNA (40 - 100 pg),
dissolved in 0.0% ml of electrophoresis buffer containing 2 drops of
glycerol and 1 drop of 1% bromophenol blue marker dye, was layered on the
top. The gels were electrophoresed at 5 mA/gel until the marker was
approximately 1 cm from the end of the gel (usually 1 hour). The gels
were then removed, stained in 0,1% (w/v) toluidine blue in distilled water
for %0 min and after destaining overnight, were scanned at 260 nm in the

linear transport attachment for the Gilford 240 recording spectrophotometer,

» 8. Fractionation of RNA by Sucrose Density Centrifugation.

o)

The method used was a meodification of that described by
Girard et al., (1965). Up to 5 mg of RNA in approximately 1 ml of LEIS

buffer (0.005 M Tris-HCl, pH 7.2, 0.01 M EDTA, 0.1 M LiCl, and 0.55% SDS)



was layered onto a 37.5 ml, 15=40% linear sucrose density gradient in
IETS buffer in a 2.54 cm diameter x 8.89 cm cellulose nitrate tube.
Centrifugation was for 32 hours at 131,000 g (27,000 rpm) and at 2°C in
the SW 27 rotor of a Beckman model L2 65B ultracentrifuge, Gradients
were eluted, by the use of a peristaltic pump, through the flow cell of

a Gilford 240 recording spectrophotometer and the extinction at 260 nm
was continuously monitored. 283, 18S, and low molecular weight RNA
fractions were collected and the RNA was precipitated by 2 volumes of 95%
ethanol and stored at -~10°C for 24 hours. The RNA was collected by
centrifvgation, washed twice with 2% sodium acetate in 75% ethanol, twice

" with ethanol, and stored in ethanol at -500.
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