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1. Postmitochondrial supernatants were prepared from the livers of chick embryos and
were incubated under conditions that supported protein synthesis. c5-Aminolaevulinate
synthase (EC 2.3.1.37) was synthesized by supernatants from livers treated with the
porphyrinogenic drugs 2-allyl-2-isopropylacetamide and/or 3,5-diethoxycarbonyl-
1 ,4-dihydrocollidine, but synthesis by supernatants from normnal livers could not be
detected. Synthesis of enzyme released from polyribosomes was measured by immuno-
precipitation with specific antibody to the mitochondrial enzyme, and the specificity of
the reaction was established by electrophoresis of dissociated immunoprecipitates on
sodium dodecyl sulphate/polyacrylamide gels. 2. The relative synthesis of £5-amtino-
laevulinate synthase in vitro was comparable with that previously measured in vivo, and
was correlated with the enzytne activity of the liver. 3. Enzyme synthesis in vitro occurred
predominantly on free rather than membrane-bound polyribosomes. 4. The mol.wt. of
the product synthesized in vitro was 70000±7000 by sodium dodecyl sulphatel
polyacrylamide-gel electrophoresis. However, pulse-labelling of the enzyme in vivo con-
firmed its mol.wt. to be 49000±5000 when isolated from the mitochondrion. A small
amount of immunoprecipitable enzyme of mol.wt. 70000 was detected in the cytosol
in vivo. In chick embryo liver, 6-aminolaevulinate synthase therefore appears to be syn-
thesized on cytoplasmic polyribosomes as a polypeptide of mnol.wt. 70000, which in vivo
is rapidly incorporated into the mitochondrion, and is then extracted as a lower-
molecular-weight form. 5. Haemin added to the postmitochondrial supernatant-contain-
ing incubation mixture at concentrations up to 10piM had no effect on general protein syn-
thesis or the synthesis of 3-aminolaevulinate synthase. On the other hand, haemin treat-
ment of induced chick embryo livers in vivo for 3h markedly decreased the relative
synthesis of 3-aminolaevulinate synthase in vitro. These results suggest that haemin re-
presses the synthesis of X-aminolaevulinate synthase by decreasing the amount ofmRNA
for the enzyme available for translation.

The low basal activity of the first enzyme of the
haem-biosynthetic pathway, 3-aminolaevulinate syn-
thase [succinyl (3-carboxypropionyl)-CoA-glycine
C-succinyltransferase (decarboxylating), EC 2.3.1.37]
can be increased rapidly in liver mitochondria by
many 'foreign' chemicals and steroids (Granick, 1966;
Granick & Sassa, 1971). In chick embryo liver, up to
6004fold increases in enzyme activity can be observed
18h after treatment with two of the most potent
porphyrinogenic chemicals, 2-allyl-2-isopropylacet-
amide and 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(Whiting & Granick, 1976a). These drug-induced in-
creases in enzyme activity can be prevented by
haemin (Granick et al., 1975; Hayashi et al., 1968).

Immnunological studies have since shown that
changes in enzyme activity are paralleled by changes
in the amount ofenzyme antigen present in liver mito-
chondria (Whiting & Granick, 1976b). In addition,
synthesis of enzyme de novo occurs after drug induc-
tion such that the synthesis of 6%aminolaevulinate
synthase can increase from less than 0.005% to
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account for over 1% of the synthesis of intracellular
liver proteins (Whiting & Granick, 1976b). Haemin
prevents the induced increase in enzyme synthesis.

Unlike most enzymes that are inducible by hor-
monal, nutritional or other stimuli, c-aminolaevuli-
nate synthase functions in the mitochondrion and
not in the cytosol. The enzyme has been localized in
the mitochondrial matrix or loosely attached to the
inner mitochondrial membrane, where the substrate
succinyl (3-carboxypropionyl)-CoA is available
(McKay et al., 1969; Zuyderhoudt et al., 1969).
Mitochondrial 3-aminolaevulinate synthase has been
difficult to purify, although near homogeneous en-
zyme from chick embryo liver has now been obtained
and characterized (Whiting & Granick, 1976a). A
cytosol form of enzyme, amounting to up to 30%
of the total hepatic activity, does accumulate in rat
(Hayashi et al., 1969), guinea pig (Whiting & Elliott,
1972) and cock liver (Ohashi & Kikuchi, 1972), but
not chick embryo liver, after drug induction.
Although of higher molecular weight, it is thought to
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be a precursor of the mitochondrial form, because
antibodies prepared against the mitochondrial en-
zyme can totally precipitate the cytosol form (Whiting
& Elliott, 1972). Other mitochondrial and cytosol
isoenzymes are immunologically distinct proteins
that do not show cross-reactions (Ballard & Hanson,
1969; Kitto & Kaplan, 1966; Nisselbaum &
Bodansky, 1966).
The appearance of a cytoplasmic form of 3-amino-

laevulinate synthase, and the prevention of enzyme
induction by cycloheximide, but not by chlor-
amphenicol (Granick, 1966), suggest that, like most
mitochondrial proteins, the enzyme is synthesized on
cytoplasmic polyribosomes. In the present paper,
it is shown directly that cytoplasmic polyribosomes
do synthesize 6-aminolaevulinate synthase, and the
effect of the proposed translational repressor haemin
on the synthesis of 6-aminolaevulinate synthase has
been investigated.

Experimental

Treatment of chick embryos

Unless noted otherwise, White Leghorn chick
embryos (18 days old) were treated with 2-allyl-2-
isopropylacetamide (2mg) and/or 3,5-diethoxycarb-
onyl-1,4-dihydrocollidine (4mg) for periods of 12h,
as previously described (Whiting & Granick, 1976a).

Preparation ofspecific antibody
The preparation of a specific antibody to highly

purified 3-aminolaevulinate synthase from chick-
embryo liver mitochondria and its characterization by
Ouchterlony immunodiffusion and quantitative im-
munoprecipitation studies has previously been
described (Whiting & Granick, 1976b).

Preparation of postmitochondrial supernatants from
liver

Normal or drug-treated livers were homogenized
as described by Ballard et al. (1974) in 4vol. of a solu-
tion, pH7.4, containing 0.2M-sucrose, 0.1 M-KCI,
0.005M-MgCI2, 0.02M-Tris/HCI, 0.001 M-dithio-
threitol and 0.5mg of heparin/ml (solution A). After
centrifugation at 20000g for 10min, the resultant
postmitochondrial supernatant was collected and
used for protein-synthesis experiments.

Separation offree andmembrane-boundpolyribosomes

The method used was essentially as described by
Bloemendal et al. (1974). Postmitochondrial super-
natant (3 ml) was layered over a discontinuous
gradient consisting of 2.5ml of 1.5M-sucrose in solu-
tion A above 2.5ml of 2M-sucrose in solution A.

Centrifugation was carried out at 105000g for 3h
in a TiSO rotor in a Beckman L2-65B ultracentrifuge.
The pellet of free polyribosomes was resuspended in
solution A in 2vol. with respect to the original liver
weight. The cloudy layer of membrane-bound poly-
ribosomes at the lower gradient boundary was
diluted to 10ml with solutionA andre-centrifuged at
105OOOg for 1 h at 4°C. Again, the pellet was resus-
pended in solution A in 2vol. with respect to the
original liver weight.

Measurement ofprotein synthesis in vitro

Postmitochondrial supernatant (0.5 ml) was added
to an incubation mixture, final volume 2.5 ml, con-
taining salts, amino acids and an energy-generating
system at the concentrations specified by Ballard
et al. (1974) and 25,uCi of [4,5-3H]leucine (sp. radio-
activity 55 Ci/mmol; The Radiochemical Centre,
Amersham, Bucks., U.K.). In experiments with free
and bound polyribosomes, the postmitochondrial
supernatant was replaced with 0.25 ml of polyribo-
somes and 0.5ml of a cytosol fraction, obtained
after centrifuging postmitochondrial supernatant at
105000g for 60min at 4°C. After incubation at 30°C
for 30min, solutions were rapidly cooled on ice and
two 50,u1 samples taken for the determination of
radioactivity incorporated into total protein, by using
the method of Ballard et al. (1974). Then 0.25ml of
5% (v/v) Triton X-405 (Sigma Chemical Co., St.
Louis, MO, U.S.A.) was added before centrifugation
at 105000g for 60min. The clear supernatant, con-
taining radioactive protein released from polyribo-
somes, was used for the measurement of radioactivity
in soluble protein and radioactivity in immunopreci-
pitable S-aminolaevulinate synthase.

Determination of radioactivity in 3-aminolaevulinate
synthase

The supernatant from the protein-synthesis incu-
bations contained no enzyme activity detectable by
colorimetric assay. Therefore 50 units (defined below)
of partially purified enzyme from chick-embryo liver
mitochondria (sp. activity 600 units/mg of protein)
were added as carrier protein to 1.0ml of incubation
mixture, and 3-aminolaevulinate synthase was pre-
cipitated by the addition of a 30% excess of specific
antibody. Duplicate mixtures were incubated for
60min at 25°C and for 16-20h at 4°C. The antigen-
antibody precipitates were then collected and washed
with 4 x 1 ml of an ice-cold solution containing
10mM-sodium phosphate, pH7.6, 0.5% Triton X-405
and 0.9% (w/v) NaCl. They were dissolved in 100,ul of
NCS solubilizer (Amersham/Searle Corp., Arlington
Heights, IL, U.S.A.) for radioactivity counting or in
50,c1 of a solution containing 2% (w/v) sodium
dodecyl sulphate, 2% (w/v) dithiothreitol, 25% (v/v)
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glycerol and 0.005% Bromophenol Blue in 0.01 M-
sodium phosphate buffer, pH7.0, and heated for
2min at 100°C. Samples (30,u1) of dissociated pro-
teins were subjected to electrophoresis on sodium
dodecyl sulphate/polyacrylamide gels (80mmx
0.5mm diam.). Gels were run, sliced and counted
for radioactivity as previously described (Whiting &
Granick, 1976b), by using a Packard liquid-scintil-
lation spectrometer (model 3390) with an efficiency
for 3H of 53%.

Labelling studies in vivo

Normal and induced 18-day chick embryos were
injected intravenously with lOOupCi of [3H]leucine
as described by Whiting & Granick (1976b). After a
labelling period of 45min, livers were removed and
homogenized in 6vol. of buffer containing 0.25M-
sucrose, 0.005M-Tris/HCl, O.1mM-EDTA, 0.01nmi-
pyridoxal 5'-phosphate, pH7.4, and the homogenate
was centrifuged at 15OOOgfor 0min. The supernatant
was re-centrifuged at 105000g for 60min to obtain a
cytosol fraction, and the pellet was resuspended in
sucrose/buffer and the mitochondria were recovered
by differential centrifugation (Whiting & Granick,
1976b). Soluble mitochondrial proteins were extracted
by sonication, and after assay for 3-aminolaevulinate
synthase activity, enzyme was isolated by quantitative
immunoprecipitation (Whiting & Granick, 1976b).
Duplicate samples (1.Oml) ofthe cytosol fraction were
treated in the same way as for mitochondrial extracts,
with 50 units of carrier enzyme being added to form
an immunoprecipitate.

Assay of 5-aminolaevulinate synthase

Enzyme activity was measured as previously
described (Whiting & Granick, 1976a). A unit of
enzyme is defined as the amount required to catalyse
the formation of 1 nmol of J-aminolaevulinate in
30min under the standard assay conditions.

Results
Synthesis of3-aminolaevulinate synthase by liver post-
mitochondrial supernatants
Under appropriate conditions, liver postmito-

chondrial supernatants have been shown to incor-
porate amino acids into proteins (Richardson et al.,
1971), and the synthesis of specific enzymes by liver
polyribosomes in cell-free extracts has been reported
(Beck et al., 1972; Ballard et al., 1974). The synthesis
ofhepatic 3-aminolaevulinate synthase is known to be
increased over 500-fold in vivo after treatment of
18-day chick embryos with the drugs 2-allyl-2-iso-
propylacetamide (2mg) and 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (4mg) for 12h (Whiting &
Granick, 1976b). To test whether the synthesis of
6-aminolaevulinate synthase could be measured in
vitro, postmitochondrial supernatants from the livers
of normal and drug-treated chick embryos were
incubated in the presence of [3H]leucine under condi-
tions that allowed protein synthesis. The labelled
soluble proteins released from the polyribosomes
were mixed with a specific antibody directed against
chick-embryo liver mitochondrial t5-aminolaevulinate
synthase, and the radioactivity in the immunoprecipi-
tates was determined. The results are shown in
Table 1.

Postmitochondrial supernatants from solvent-
treated control livers synthesized an amount of total
protein similar to that of the postmitochondrial
supernatants from induced livers, but there was a
large difference in the amount of radioactivity in the
immunoprecipitates formed with non-radioactive
carrier enzyme. A relatively small amount was ob-
tained from incubation of normal liver postmito-
chondrial supernatant, whereas immunoprecipitates
from drug-treated liver supernatant contained radio-
activityrepresenting 2.2% ofthe total protein labelled,
or 6.7% of the labelled protein released from the
polyribosomes. Although no enzyme activity was
detectable after incubation of either supernatant, the

Table 1. Synthesis of 3-aminolaevulinate synthase by postmitochondrial supernatants from chick-embryo liver

Postmitochondrial supematants (0.5ml) from normal and drug-treated chick-embryo livers were incubated at 30°C for
30min, with appropriate salts, amino acids, an energy supply and [3H]leucine, as described in the Experimental section.
Synthesis of enzyme released from polyribosomes was measured by immunoprecipitation with specific antibody. Radio-
activity is expressed as 10-3x d.p.m./2.5ml of incubation mixture.

Radioactivity incorporated into:

Treatment
Solvent
2-Allyl-2-isopropylacetamide (2mg)+

3,5-diethoxycarbonyl-l,4-dihydrocollidine
(4mg) for 12h
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Enzyme activity
(units/g of liver)

25
2000

Total
protein

(a)
2300
1780

Released
protein

(b)
720
590

Immuno-
precipitate

(c)

1.1
39.8

Relative
synthesis

(c/a)
0.04
2.23
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results indicate that the synthesis of 5-aminolaevuli-
nate synthase, as measured by specific immuno-
precipitation, occurred during the incubation of drug-
treated liver postmitochondrial supernatants.
The time-course of synthesis of immunoprecipi-

table c%aminolaevulinate synthase and total and
soluble protein is shown in Fig. 1. After a lag of 5 min,
which allowed temperature equilibration to 30'C,
proteins were synthesized at a linear rate for 25min.
Other workers have found liver polyribosomes to
have dissociated after this time (Beck et al., 1972).
Up to 45% of protein synthesized was released from
the polyribosomes, in agreement with Ballard et al.
(1974). The radioactivity measured after imtnuno-
precipitation of released protein also increased in A

near-linear fashion with time, similar to the release
of labelled protein from the polyribosomes. As the
time for a ribosome to traverse half of an average-
size mRNA molecule is around 3nminm (Palmiter &
Schimke, 1973), the results suggest that initiation of
protein and enzyme synthesis is occurring under the
incubation conditions. Support for this contention
was provided by the finding that aurintricarboxylic
acid (1 mm) and NaF (20mm), compounds that have
been proposed to inhibit protein synthesis by prevent-
ing initiation (Stewart et al., 1971 ; Hoerz & McCarty,
1971), inhibited by 90% both enzyme synthesis and
general protein synthesis by the liver supernatant.
Cycloheximide (20,gg/ml) also inhibited enzyme syn-
thesis, whereas chloramphenicol (20pg/ml) did not.
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Fig. I. Time-course ofthe synthesis ofprotein and immuno'
precipitable 3-aminolaevulinate synthase by drug-treated

chick-embryo liver postmitochondrial supernatants

Liver postmitochondrial supernatants were prepared and
incubated to allow protein synthesis, and the incorporation
of [3HJleucine into protein fractions was determined as

described in the Experimental section. Radioactivity is
expressed as the total incorporation per 2.5 ml of reaction
mixture used for protein synthesis in vitro: *, total pro-

tein; o, released protein; *, immunoprecipitable protein.

Other experiments using liver postmitochondrial
supernatants from chick embryos treated with 2-
allyl-2-isopropylacetamide and/or 3,5-diethoxy-
carbonyl-1,4-dihydrocollidine for 12h showed a
correlation between the enzyme activity of the liver
homogenate and the synthesis of 3-amninolaevulinate
synthase by the postmitochondrial supernatant pre-
pared from the homogenate. This point Is illustrated
in Fig. 2, where the results of 16 different experiments
are presented. In five separate experiments the appa-
rent relative synthesis of 6-aminolaevulinate synthase
by normal liver postmitochondrial supernatants was
0.04, 0.16, 0.17, 0.18 and 0.25%, compared with
values of approx. 0.7% for 2-allyl-2-isopropyl-
acetamide-treated, 1.4% for 3,5-diethoxycarbonyl-
1,4-dihydrocollidine'treated and 2.0% for 2-allyl-2-
Isopropylacetamide + 3,5-diethoxycarbonyl-1 ,4-di-
hydrocollidine-treated chick-embryo liver super-
natants. However, the small amount of radioactivity
present in immunoprecipitates from incubation mix-
tures containing normal liver supernatant was due to
non-specific trapping of labelled proteins, since
sodium dodecyl sulphate/polyacrylamideogel electro.
phoresis of these precipitates revealed no significant
peaks of radioactivity corresponding to- J-amino-
laevulinate synthase (see Fig. 3, and under 'Compari-
son between86-aminolaevulinate synthase synthesized
in vitro and In vivo'). Thus there was no detectable
synthesis of 5-aminolaevulinate synthase by normal
liver postmitochondrial supernatants, a finding con-
sistent with previous pulse-labelling studies in vivo,
which have shown that the relative synthesis of the
mitochondrial enzyme in normal liver is less than
0.005% and difficult to measure accurately (Whiting
& Granick, 1976b). Mixing experiments using normal
and drug-treated liver postmitochondrial supernat-
ants indicated that no inhibitor of6-aminolaevulinate
synthase synthesis was present in normal liver
cytosol. Also, addition of both drugs directly to the
system in vitro had no effect on enzyme synthesis.

Comparison between 3-aminolaevulinate synthase syn-
thesized in vitro and in vivo

The antibody-antigen precipitates obtained from
reaction mixtures for protein synthesis in vitro were
analysed by sodium dodecyl sulphate/polyacrylamide-
gel electrophoresis to verify the specificity of the
immunoprecipitation reaction in the presence of the
other labelled proteins and a 1000-fold excess of free
[3H]leucine.
As shown in Fig. 3, over 70% of the radioactivity

present in immunoprecipitates from incubation mix-
tures directed by postmitochondrial supernatants
from drug-treated livers was present in one major
protein peak (slice 7). The mol.wt. of this protein was
determined as 70000±7000 after calibration of the
gel system with protein standards by the method of

0

0- -I -
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Fig. 2. Corrclation between enzym activity in liver homo-
genates and enzyme synthesis in vitro by the postmito-

chorulrial supernatants

Groulps of three to five chick embryos were treated with
solvent (-), 2-allyl-2-isopropylacetamide (2 mg) (El),
3,5-diethyoxycarbonyl-1 ,4dihydrocollidine (4mg) (o),
or 2-allyl-2-isopropylacetamide (2mg) plus 3,5-diethoxy-
carbonyl-1,4dihydrocollidine (4mg) ( ), for 12h. Livers
were removed, homogenized and homogenates assayed
for -aminolaevulinatye activity as described in the
Experimental secion. Postmitochondrial supernatants
were prepared from the liver homogenates and incubated
to allow protein synthesis. The relative synthesis of 6-

aminolaevulinate synthase is expressed as (d.p.m. incor-
porated into immunoprecipitable protein xO00) divided
by (d.p.m. incorporated into total protein).

Weber & Osborn (1969). Some radioactivity of un-
known significance was always present in a second
peak of lower molecular weight (slice 13). As dis-
cussed above, immunoprecipitates from incubation
mixtures containing normnal postmitochondrial
supernatant showed no significant radioactivity in
any peaks (Fig. 3), indicating a high degree of speci-
ficity in the immunoprecipitation technique.
The mol.wt. of purified chick-embryo liver mito-

chondrial 3-aminolaevulinate synthase by sodium
dodecyl sulphate/polyacrylamide-gel electrophoresis
is 49000 (Whiting & Granick, 1976a). This value was
also obtained in previous studies where enzyme
labelled in vivo was isolated from mitochondrial
extracts by immunoprecipitation. To confirm in the
present work that the antibody preparation specific-
ally precipitated mitochondrial 3-aminolaevulinate
synthase, chick embryos were drug treated, then pulse-
labelled with l3H]leucine, and radioactive 6-amino-
laevulinate was isolated from the mitochondria as
described in the Experimental section. As shown in
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Fig. 3, sodium dodecyl sulphate/polyacrylamide-gel
electrophoresis proved that mitochondrial 5-amino-
laevulinate synthase ofmol.wt. 49000 was specifically
precipitated by the antibody used in this work.

Overall, the results suggest that 5-aminolaevulinate
synthase is synthesized as a precursor of mol.wt.
70000 before incorporation into the mitochondrion.
Previous work has shown that rat liver cytosolic
3-aminolaevulinate synthase is of larger size than the
mitochondrial enzyme (Whiting & Elliott, 1972).
However, t5-aminolaevulinate synthase activity has
not been detected in the cytosol ofchick embryo liver.
Because of the greater sensitivity of radioimmuno-
chemical methods, the cytosol fractions from normal
and induced chick-embryo livers, which had been
pulse-labelled in vivo, were immunoprecipitated,
along with the mitochondrial fractions. The results
are shown in Table 2.

In agreement with previous work (Whiting &
Granick, 1976b), a large difference was seen in the
amount of radioactivity in the immunoprecipitates
from the mitochondrial extracts (column c), indicat-
ing a large difference in the relative synthesis of en-
zyme in vivo in normal and drug-treated livers. In
addition, a smaller difference was measured in the
amount of immunoprecipitable radioactivity from
cytosol fractions (column e). When examined by
sodium dodecyl sulphate/polyacrylamide-gel electro-
phoresis (Fig. 4), the radioactivity profiles of the dis-
sociated immunoprecipitates were at background
value, except for a single peak from the drug-treated
cytosol. The mobility of this peak was identical with
that of t5-aminolaevulinate synthase synthesized by
isolated liver polyribosomes In vitro. Thus, both in
vivo and in vitro, t5-aminolaevulinate synthase is syn-
thesized by cytoplasmic polyribosomes as a poly-
peptide of mol.wt. 70000.
From the results in Table 2, the proportion of

immunoprecipitable radioactive 5-aminolaevulinate
synthase in the cytosol in vivo can be estimated as less
than 3% of the total per liver, implying that the newly
synthesized enzyme is rapidly incorporated into the
mitochondrion. However, preliminary experiments
to allow incorporation of 5-aminolaevulinate syn-
thase synthesized in vitro into isolated mitochondria
have been unsuccessful.

Synthesis of 6-aminolaevulinate synthase by meni-
brane-bound andfree polyribosomes

The concept that membrane-bound polyribosomes
are responsible for the synthesis of exportable pro-
teins, whereas free polyribosomes synthesize intra-
cellular proteins, has been widely discussed (see
Campbell, 1970; Tata, 1971). Support for this idea has
been obtained from studies on the polyribosomal
site of synthesis of serum albumin (Takagi & Ogata,
1972), ferritin (Redman, 1969) and other proteins,
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Fig. 3. Comparison by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis ofmitochondrial 3-aminolaevulinate syn-
thase with the enzyme synthesized by liver postmitochondrial supernatants

The liver of a drug-treated chick embryo was labelled in vivo for 45min. The mitochondria were isolated and extracted, and
3-aminolaevulinate synthase was immunoprecipitated as described in the Experimental section. Antibody-antigen precipi-
tates were also prepared from protein-synthesis reaction mixtures in vitro containing postmitochondrial supernatants from
normal and drug-treated chick-embryo livers. All immunoprecipitates were dissociated in sodium dodecyl sulphate, and
portions subjected to polyacrylamide-gel electrophoresis to determine the radioactivity profiles: mitochondrial 3-amino-
laevulinate synthase labelled in vivo (U); immunoprecipitates from the incubation of drug-treated (A) and normal (0)
postmitochondrial supernatants. Slice 1 is the top of the gel.

Table 2. Immunoprecipitation of mitochondrial and cytosol fractions from normal and induced chick-embryo liver labelled
in vivo

Livers from normal and drug-treated chick embryos were labelled and fractionated as described in the Experimental section.
One liver was used per experiment. Radioactivity incorporated is expressed as 10-3 x d.p.m./liver.

Radioactivity incorporated into:

Immuno-
precipitate Immuno-

from precipitate Relative
Enzyme Cell Mitochondrial mitochondrial Cytosol from synthesis
activity protein protein extract protein cytosol (%)

Treatment (units/g) (a) (b) (c) (d) (e) (c/a)
Normal -5 3550 820 0.69 670 0.88 0.019
2-Allyl-2-isopropylacetamide (2mg)+ 1610 3220 820 39.2 600 1.85 1.22

3,5-diethoxycarbonyl-1 ,4-dihydro-
collidine (4mg) for 12h

but in some cases both classes of cytoplasmic poly- The rapid induction of hepatic 3-aminolaevulinate
ribosomes as isolated appear to participate in the synthase after drug treatment suggests that this pro-
synthesis of specific proteins. tein must be imported by existing mitochondria. This

1976

396



CELL-FREE SYNTHESIS OF 6-AMINOLAEVULINATE SYNTHASE

10 20 30

Slice no.

Fig. 4. Sodium dodecylsulphate/polyacrylamide-gelelectrophoresis ofdissociatedimmunoprecipitates obtainedfrom liver cytosol
fractions labelled in vivo

Cytosol fractions were prepared from normal and drug-treated chick-embryo livers that had been pulse-labelled with
[3H]leucine as described in the Experimental section. To 1.Oml of cytosol fraction was added 50 units of partially purified
enzyme as carrier, Triton X-405 to a concentration of 0.5% and a 25% excess of specific antibody to the mitochondrial en-
zyme. After immunological incubation, immunoprecipitates were washed, dissociated and 25,ul of dissociated protein solu-
tion was run on the gel. Slice 1 is the top of the gel. 0, Normal cytosol; A, drug-treated cytosol.

Table 3. Synthesis ofb-aminolaevulinate synthase byfree and membrane-boundpolyribosomes

Free and membrane-bound polyribosomes were prepared from the liver postmitochondrial supernatants of drug-treated
chick embryos as described in the Experimental section, and incubated with cytosol fraction (0.5 ml) for the measurement of
protein synthesis. Radioactivity is expressed as 103x d.p.m. incorporated by the polyribosomes present in 0.5 ml of post-
mitochondrial supernatant. Results are the average of duplicate separations.

Radioactivity incorporated into:

Additions
Normal postmitochondrial supernatant
Drug-treated post-mitochondrial supernatant
Free polyribosomes
Bound polyribosomes

Total
protein

(a)
660
1080
560
350

process would require transport across the mito-
chondrial membranes, and may be mechanistically
similar to the process of protein export across the cell
membrane. Membrane-bound and free polyribo-
somes were therefore isolated and examined for their
ability to synthesize 5-aminolaevulinate synthase.
As shown in Table 3, when drug-treated liver post-

mitochondrial supernatant was separated into free
and membrane-bound polyribosomes, the relative
synthesis of 5-aminolaevulinate synthase was in-
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Soluble
protein

(b)
320
620
410
200

Immuno-
precipitate

(c)

1.07
17.3
12.1
3.5

b-Aminolaevulinate
synthase

(d)

16.2
11.0
2.4

Relative
synthesis

(%)

(dla)

1.50
1.96
0.69

creased in the free polyribosome fraction. Some syn-
thesis by the membrane-bound polyribosomes was
still apparent, but when corrected for radioactivity
contributed by non-specific trapping of labelled pro-
teins, as estimated from immunoprecipitation of an
incubation mixture containing normal postmito-
chondrial supernatant, the synthesis of enzyme
relative to total protein synthesis was threefold higher
in the free polyribosome fraction. Electrophoresis of
the immunoprecipitates confirmed that only half of
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Table 4. Effiect ofhaemin on the synthesis of 65-aminolaevulinate synthiase in vitro

Chick embryos were treated with 2-allyl-2-isopropylacetamide (2mg) and 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(4mg) for a total of 12 or 15h. Haemin was either injected intravenously (0.4ml ofa neutral 1 mm solution) to groups oftwo or
three embryos at 3 h before killing, or was added in vitro to protein-synthesis incubation mixtures as indicated. Livers were
removed, postmitochondrial supernatants prepared and the synthesis of 6-aminolaevulinate synthase and protein was
measured in vitro as described in the Experimental section. Radioactivity is expressed as 10-' x d.p.m. incorporated/2.5 ml
incubation mixture.

Treatment

Expt. 1

(a) 2-Allyl-2-isopropylacetamide+3,5-diethoxy-
carbonyl-1,4-dihydrocollidine for 15h

(b) As in (a), with 104uM-haemin added in vitro
(c) As in (a), with haemin administered in vivo
(d) Duplicate of (c)
Expt. 2
(a) 2-Allyl-2-isopropylacetamide+3,5-diethoxy-

carbonyl-1,4-dihydrocollidine for 12h
(b) As in (a), with 10pM-haemin added in vitro
(c) As in (a), with haemin administered in vivo

Radioactivity incorporated into:

Enzymeactivity Total protein Immunoprecipitate
(units/g of liver) (a) (b)

2460

2460
1660
1770

1590

1590
1110

1090

1090
1180
1060

1750

1720
1680

15.6

15.2
5.3
5.7

24.6

21.2
7.0

the radioactivity in the immunoprecipitate from pro-
teins synthesized by membrane-bound polyribo-
somes was due to J-aminolaevulinate synthase. This
small amount of synthesis could be the result of con-
tamination with free polyribosomes. Thus the results
indicate that the synthesis of 5-aminolaevulinate syn-
thase is carried out preferentially, and perhaps even
exclusively, on free polyribosomes.

Effect ofhaemin on the synthesis of3-aminolaevulinate
synthase in vitro

Low concentrations of haemin (less than 1 UM) are
known to prevent drug-induced increases in the syn-
thesis of J-aminolaevulinate synthase in chick-
embryo liver cells (Granick et al., 1975). Since
haemin has been proposed to act at the post-
transcriptional level (Sassa & Granick, 1970; Tyrrell
& Marks, 1972), its effect on the synthesis of 3-amino-
laevulinate synthase in vitro was investigated. When
added directly to the incubation mixture at concentra-
tions up to 10pM, no significant effect was observed
on general protein synthesis, or on the synthesis of
6-aminolaevulinate synthase (Table 4). However,
when chick embryos were treated intravenously with
haemin for 3h In vivo and then a postmitochondrial
supernatant was prepared and incubated to allow
protein synthesis, the synthesis of 3-aminolaevulinate
synthase was decreased by over 70%, with no change
in total protein synthesis. In addition, the enzyme
activity in the liver was decreased by approx. 30 %.
These results show that a haemin does not directly

affect the translation of endogenous mRNA for

6-aminolaevulinate synthase in vitro, but when
administered in vivo to chick embryos for 3 h,
haemrin can decrease 5-aminolaevulinate synthase
activity and the capacity of liver postmitochondrial
supernatants to synthesize the enzyme, In mixing
experiments, liver supernatants from haemin-treated
chick embryos did not inhibit the synthesis of
aminolaevulinate synthase as carried out by liver
supernatants from drug-treated chick embryos. Thus
baemin appears to act in vivo by decreasing the
amount of mRNA for the enzyme, rather than by
causing the accumulation of a specific translational
inhibitor of enzyme synthesis.

Discussion

The present work has demonstrated that postmito-
chondrial supernatants prepared from drug-treated,
but not normal, chick-embryo livers are able to syn-
thesize a polypeptide which has been identified as
c5-aminolaevulinate synthase. The identification was
based on the ability of a specific antibody against
purified mitochondrial t-aminolaevulinate synthase
to precipitate the newly synthesized enzyme, and the
fact that, when measured in vitro, the synthesis of the
polypeptide is strongly correlated with the activity of
3-aminolaevulinate synthase in the liver. This latter
finding has also been reported from studies of
mitochondrial 5-aminolaevulinate synthase synthesis.
in vivo (Whiting & Granick, 1976b). In addition, the
3-aminolaevulinate synthase-repressor haemin, wben
administered in vivo, was able to inhibit specifically
the synthesis of the immunoprecipitable polypeptide

1976

Relative
synthesis

(b/a)

1.43

1.40
0.45
0.54

1.40

1.23
0.43
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by postmitochondrial supernatants. These results
then strongly support the identification of the poly-
peptide as &aminolaevulinate synthase, although
peptide-'mapping' studies will be required to con-
clusively prove a relationship to the mitochondrial
enzyme because of the larger molecular weight of the
polypeptide synthesized in vitro.

Previous pulselabelling experiments in vivo have
shown that the drugs 2-allyl-2-isopropylacetamide
and 3,5-diethoxycarbonyl-1,4-dihydrocollidine dra-
matically increase the synthesis of mitochondrial
c$-aminolaevulinate synthase by up to 500-fold in
chick-embryo liver (Whiting & Granick, 1976b). At
12h after drug treatment, 1.0% of the total radio-
activity in intracellular liver proteins was isolated in
3-aminolaevulinate synthase from the mitochondria.
By using the same drug treatment, the synthesis of
£-aminolaevulinate synthase measured in vitro in
the present study was estimated to be around 2.0%
of total protein synthesis when corrected for non-
specific trapping of labelled protein in the immuno-
precipitates.
The apparent higher relative enzyme synthesis by

isolated liver polyribosomes compared with intact
animals could be due to several factors. First, the
molecular weight of the 5-aminolaevulinate synthase
polypeptide that was synthesized in vitro was 1.4 times
that of the polypeptide labelled in vivo and isolated
from the mitochondria. Also, the synthesis of -

aminolaevulinate synthase in vivo was probably
underestimated, since no correction was made for
losses of mitochondria during cell fractionation, or
incomplete extraction of enzyme from the mito-
chondria by sonication. In addition, if only the
immunoprecipitable radioactivity migrating as a
single peak on a sodium dodecyl sulphate/polyacryl-
amide gel is included in the calculations of relative
synthesis, as in the studies in vivo, the value for 3-

aminolaevulinate synthase synthesis in vitro is de-
creased to around 1.4%. Thus when these factors are
taken into account, there is reasonable agreement
between the relative synthesis of 3-aminolaevulinate
synthase occurring either in the intact liver or by
incubation of isolated liver polyribosomes.
The finding that the 3-aminolaevulinate synthase

polypeptide synthesized in the absence of mito-
chondria was shown to have a mol.wt. of 70000 by
sodium dodecyl sulphate/polyacrylamide-gel electro-
phoresis, as compared with a mol.wt. of49000 for the
enzyme subunit from mitochondria, is consistent with
previous results, which have indicated that cytosolic
6-aminolaevulinate synthase is larger than the en-
zyme extracted from mitochondria. Whiting & Elliott
(1972) have shown that although rat liver 3-amino-
laevulinate synthase from the cytosol was of mol.wt.
178000 by Sephadex chromatography, and much
larger than the native enzyme from mitochondria
(mol.wt. 78000), an antibody against the mitochon-
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drial enzyme was able to immunoprecipitate the cyto-
sol enzyme completely. The cytosol enzyme was
therefore regarded as a precursor of the mitochond-
rial form, and a structural modification was postu-
lated to occur during the process of transport or in-
corporation of enzyme into the mitochondrion. The
present results provide further support for this model,
and demonstrate that a proteolytic cleavage of the
b%aminolaevulinate synthase subunit polypeptide
may take place during the transfer process. However,
the possibility cannot be excluded that the decrease
in the molecular weight of the enzyme occurs after
disruption of the mitochondrion, and is totally un-
related to the mchanism of incorporation of the
enzyme into the mitochondrion.
More detailed information on the molecular

structure and properties of the cytosol enzyme would
be of great interest for comparison with the purified
mitochondrial enzymne, and could help in conclu-
sively proving a precursor/product relationship be-
tween the two proteins. Unfortunately, the activity of
6-aminolaevulinate synthase in the cytosol fraction
from drug-treated chick-embryo liver is undetectable
by colorimetric assay (Whiting & Granick, 1976a),
suggesting that newly synthesized enzyme is rapidly
and efficiently incorporated into the mitochondria,
However, a very small amount ofimmunoprecipitable
enzyme of mol.wt. 70000 was detected in the cytosol
fraction of pulse-labelled chick-embryo livers in the
present work. This finding confirms that the enzyme is
synthesized extramitochondrially as a polypeptide of
mol.wt. 70000 in vivo as well as in vitro.
More than 90% ofmitochondrial proteins are made

on cytoplasmic ribosomes (Hawley & Greenawalt,
1970), yet almost nothing is known about how pro-
teins are transported and integrated into the mito-
chondria (Schatz & Mason, 1974). Since the amount
of c$-aminolaevulinate synthase present in mitochon-
dria can be increased up to 600-fold by drugs in 18h
(Whiting & Granick, 1976a), this enzyme is uniquely
suitable for a study of protein uptake by mito-
chondria. The rapid induction and short half-life of
around 1 h, plus the intramitochondrial localization
of being loosely attached to, or inside, the inner
membrane (McKay et al., 1969; Zuyderhoudt et al.,
1969), imply that this enzyme must be imported across
the inner and outer membranes by existing mito-
chondria.
Although it has been demonstrated that the mito-

chondrial protein, cytochrome c, is synthesized mainly
on membrane-bound polyribosomes, and it has been
proposed that the endoplasmic reticulum plays an
important role in mitochondrial biogenesis
(Gonzalez-Cadavid & De Cordova, 1974), s-amino-
laevulinate synthase has been shown to be synthesized
mainly on free polyribosomes. Thus the mechanism of
transport of this enzyme across the mitochondrial
membranes may differ from that for cytochrome c,
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and is probably not the same as that involved in the
export of proteins such as albumin across the liver-
cell membrane. A model of vectorial translation of
protein by cytoplasmic ribosomes attached to the
outer mitochondrial membrane, as proposed in yeast
by Kellems et al. (1975), also seems unlikely. On the
other hand, the incorporation does not appear to be a
simple uptake process, since the addition of mito-
chondria to incubation mixtures actively synthesizing
5-aminolaevulinate synthase did not result in measur-
able transfer of immunoprecipitable enzyme from the
soluble fraction (M. J. Whiting, unpublished work).
From studies with chick-embryo liver cells in tissue

culture, Sassa & Granick (1970) and Tyrrell & Marks
(1972) have proposed that 3,5-diethoxycarbonyl-
1,4-dihydrocollidine and 2-allyl-2-isopropylacetam-
ide increase the amount of mRNA for 6-amino-
laevulinate synthase, whereas haemin represses
enzyme synthesis in a manner similar to cyclohexi-
mide, and therefore acts at the translational level. The
present results further support the first postulate, that
the action of inducing chemicals is to increase the
amount of mRNA for the enzyme in the cytoplasm.
However, haemin itself did not directly affect the
translation of endogenous mRNA for 3-aminolaevu-
linate synthase in vitro. On the other hand, when
administered in vivo for 3 h, the ability of liver post-
mitochondrial supernatants to synthesize 6-amino-
laevulinate synthase was greatly decreased. These
results are best interpreted as indicating that in vivo,
haemin decreases the amount of mRNA for the
enzyme available for translation, a proposal not
easily reconciled with the results of Sassa & Granick
(1970) and Tyrrell & Marks (1972). A direct assay
for the mRNA for 65-aminolaevulinate synthase is
needed to clarify the exact site ofaction ofhaem in the
feedback repression of the synthesis of 3-amino-
laevulinate synthase.
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