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SUMMARY

Woobs, JAMES S. (1977) Heme regulation of cytochrome oxidase synthesis in fetal
rat liver. Mol. Pharmacol., 13, 50-59.

The role of heme in regulation of the synthesis of cytochrome oxidase, a mitochondrial
hemoprotein, was studied in fetal rat liver. A functional association between heme
levels and the synthesis of cytochrome oxidase in vivo is suggested by the rapid decline
in the rate of incorporation of [*H]s-aminolevulinic acid and, subsequently, [*Clleucine
into cytochrome oxidase following selective inhibition of heme biosynthesis with CoCl,.
Both the functional activity and the rate of [“Clleucine incorporation into fetal cyto-
chrome oxidase are stimulated when heme is administered 30 min after CoCl, is given.
In contrast, heme does not stimulate ['“Clleucine incorporation or enhance the func-
tional activity of cytochrome oxidase following selective inhibition of cytoribosomal
protein synthesis with cycloheximide. Thus it is suggested that heme stimulates the
synthesis of apocytochrome oxidase de novo and mediates the formation of the functional

cytochrome in fetal rat liver.

INTRODUCTION

A functional association between heme
biosynthesis and the biogenesis of various
proteins in mammalian tissues has been
suggested by numerous investigators in
recent years. Heme is postulated to act as
a physiological regulator of globin synthe-
sis in mammalian erythrocytes (1), and to
be essential for initiation of the synthesis
of other proteins in reticulocytes (2-4), tu-
mor cells (5), and other tissues (6, 7). A
direct relationship between heme synthe-
sis and mitochondrial biogenesis in adult
mammalian liver is suggested by the stud-
ies of Beattie (8), which demonstrated that
induction of §-aminolevulinic acid synthe-
tase, the rate-limiting enzyme in the heme
biosynthetic pathway (9), leads to a sub-
stantial elevation of the levels of cyto-
chromes and other protein components of
these organelles.

Copyright © 1977 by Academic Press, Inc.
All rights of reproduction in any form reserved.

Little is known of the role of heme as a
regulator of physiological processes in fe-
tal mammalian liver. However, previous
studies from this laboratory (10-12) have
demonstrated that both heme biosyn-
thesis, as measured by the levels of heme
biosynthetic pathway enzymes, and the bi-
ogenesis of mitochondrial proteins proceed
at substantially higher rates in fetal than
in adult liver. In addition, heme may facil-
itate the incorporation of ALA' synthetase
into the mitochondrial structure in fetal
liver (13). These findings suggest that a
functional association between heme bio-
synthesis and mitochondrial biogenesis
may exist. Further indication of such an
association is suggested by the rapid de-
cline in the rate of mitochondrial biogene-
sis, as measured by the rate of ['*C]leucine

! The abbreviation used is: ALA, 8-aminolevu-
linic acid.
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incorporation into mitochondrial proteins,
which is observed following selective inhi-
bition of heme biosynthesis in fetal liver
by treatment with specific inhibitors of
heme biosynthetic pathway enzymes (11).
These observations suggest that heme
may play a physiological role in the regu-
lation of the biosynthesis of mitochondrial
proteins during fetal hepatic development,
and it is interesting to speculate that this
function may be mediated through regula-
tion of the synthesis of hemoproteins,
which are essential components of the mi-
tochondrial structure.

In the present studies the role of heme in
regulation of the synthesis and functional
activation of cytochrome oxidase, a hemo-
protein which constitutes an integral por-
tion of the mitochondrial inner membrane,
was studied in fetal rat liver. The effects of
heme on the stimulation of the synthesis of
apocytochrome oxidase de novo were as-
sessed in pulse-labeling studies following
inhibition of fetal heme biosynthesis in
vivo, and mediation by heme of the func-
tional activation of cytochrome oxidase
was investigated in the fetus after treat-
ment with agents which specifically alter
heme or protein synthesis in mammalian
cells. In addition, the effects of prenatal
exposure to hematotoxic agents on the
postnatal development of mitochondrial
hemoprotein function is discussed in light
of the current findings.

MATERIALS AND METHODS

Materials. Cytochrome ¢, L-ascorbic
acid, 3-amino-1,2,4-triazole, cyclohexi-
mide, and Triton X-114 were obtained
from Sigma Chemical Company. Glutathi-
one and heme (hemin) were purchazed
from Calbiochem. Cobaltous chloride and
N,N,N’',N' - tetramethyl - p - phenylene-
diamine dihydrochloride were obtained
from K & K Laboratories. [**C]Leucine
(0.1 mCi/ml) and [*HJALA (1 mCi/ml)
were purchased from New England Nu-
clear Corporation. Other chemicals were of
reagent grade and were obtained from
standard commercial sources.

Treatment of animals. Sprague-Dawley
rats (CD strain) were date-bred by Charles
River Laboratories and were utilized on

the 18th day after breeding date unless
otherwise indicated. Pregnant animals
were housed in individual cages and were
allowed food and water ad libitum. Anhy-
drous CoCl, was dissolved in distilled wa-
ter to a final concentration of 50 mg/ml
and was administered by subcutaneous in-
jection to pregnant rats at a dose of 50 mg/
kg. Crystalline hemin was dissolved in a
small volume of 0.01 M NaOH and was
adjusted to pH 7.0 with 0.1 M potassium
phosphate buffer to a final concentration of
20 mg/ml; hemin was then administered to
pregnant rats by intravenous injection at a
dose of 20 mg/kg. Other drugs were admin-
istered intraperitoneally. Cycloheximide
was dissolved in 50% ethanol and given at
50 mg/kg. Aminotriazole was dissolved in
distilled water and administered at 3 g/kg.
All drugs were given within 6 hr after
preparation. In pulse-labeling studies iso-
topes were diluted to the appropriate spe-
cific activities with 0.9% NaC},and were
administered to pregnant rats by intraper-
itoneal injection. At least four adult ani-
mals or litters were utilized for each exper-
imental point.

Preparation of tissues. All animals were
killed by decapitation. Livers of adult and
fetal rats were rapidly exised, washed,
weighed, and homogenized at 4° in 9 vol-
umes of 0.25 M sucrose containing 0.05 M
Tris-HCI buffer, pH 7.5, using a Potter-
Elvehjem homogenizer fitted with a Teflon
pestle. Mitochondria were prepared as pre-
viously described (13). The final washed
pellet was suspended in 0.2 M potassium
phosphate buffer, pH 7.0, at a final protein
concentration of 25 mg/ml.

In pulse-labeling studies, amino acid in-
corporation into mitochondrial proteins
was determined after dissolving an aliquot
of the mitochondrial protein in a minimum
volume of 0.4 M NaOH. Radioactivity was
determined in a Packard Tri-Carb liquid
scintillation spectrometer (model 3375)
with appropriate corrections for quench-
ing. Measurements were made in glass
counting vials containing 20 ml of 2,5-
diphenyloxazole-1, 4-bis[2- (5- phenyloxa-
zolyl)]benzene counting solution. Protein
concentrations were determined by the
method of Lowry et al. (14), using bovine
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serum albumin (fraction V) as a standard.

ALA, a much more specific precursor of
heme biosynthesis than is glycine, was
utilized in these studies in order to ensure
maximal incorporation of radioactivity
into mitochondrial hemes and to permit
differentiation between radioactivity in-
corporated into hemes and into proteins in
double-labeling studies. Since the activi-
ties of other enzymes of the heme biosyn-
thetic pathway are highly elevated in com-
parison with that of ALA synthetase (12,
13) in fetal liver, it was assumed that little
advantage would be gained in utilizing la-
beled glycine in lieu of ALA as a heme
presursor.

Incorporation of [*HJALA into mito-
chondrial hemes in vivo. The incorpora-
tion of [*H]JALA into hemes of mitochon-
dria and cytochrome oxidase was deter-
mined by a modification of the method of
Rieske (15). In this case the mitochondrial
pellet or the membranous preparation of
cytochrome oxidase was homogenized suc-
cessively with acetone, chloroform-metha-
nol (2:1, v/v), and acetone. The superna-
tant solution remaining after centrifuga-
tion at 9000 rpm for 15 min was discarded,
and the pellet was extracted three times,
15 min each, with 10 volumes of acetone-
HCI (0.9 ml of concentrated HCI per 100 ml
of acetone). The combined acetone-HCl ex-
tracts were then evaporated to dryness un-
der vacuum. The residue was immediately
dissolved in 1 ml of pyridine, and an ali-
quot was removed for counting in a liquid
scintillation spectrometer using 10 ml of
Biofluor (New England Nuclear) as count-
ing solution. The heme content was deter-
mined by the pyridine-hemochromogen
method as described by Rieske (15). The
entire procedure was performed in the
dark at 0-4°.

Isolation of cytochrome oxidase. A mem-
branous preparation of cytochrome oxidase
was prepared from mitochondrial fractions
by a modification of the method described
by Jacobs et al. (16). Mitochondrial sus-
pensions containing 25 mg of protein per
milliliter and 0.003 ml of 20% Triton X-114
per milligram of mitochondrial protein

were stirred at 0° for 1 hr. The solution was
then centrifuged at 39,000 rpm for 1 hr,

and the resulting red supernatant solution
was decanted. The greenish pellet, con-
taining all of the cytochrome oxidase activ-
ity, was carefully removed from the
remaining sedimented material, resus-
pended in 0.2 M phosphate buffer, pH 7.0,
and recentrifuged for 1 hr. The final pellet
was then dissolved in phosphate buffer so
as to contain approximately 30 mg of pro-
tein per milliliter and was assayed for cy-
tochrome c-oxidizing activity. An aliquot
was dissolved in a small volume of 0.4 M
NaOH and counted in a liquid scintillation
spectrometer for determination of radioac-
tivity resulting from incorporation of la-
beled precursors in vivo, as described for
mitochondrial proteins.

Assay of cytochrome oxidase activity.
Cytochrome oxidase activity was assessed
polarographically, as described by
Schnaitman et al. (17), by measuring oxy-
gen consumption with a Clark electrode.
Reaction mixtures contained 75 mm potas-
sium phosphate buffer, pH 7.2, 0.03 mm
cytochrome ¢, 3.75 mM sodium ascorbate,
0.3 mM tetramethyl-p-phenylenediamine,
and 0.3 mg of protein in a total volume of 1
ml. Reactions were conducted at 30°.

Assay of ALA synthetase activity. Mito-
chondrial ALA synthetase activity was
measured by a modification of the method
of Scholnick et al. (18), as previously de-
scribed (13). Reaction mixtures contained
approximately 4 mg of mitochondrial pro-
tein per milliliter.

RESULTS

In previous studies from this laboratory
(12, 19), it was demonstrated that levels of
heme biosynthetic pathway enzymes in fe-
tal liver are substantially elevated in com-
parison with those seen in the adult. These
elevated enzyme activities appear, more-
over, to be associated with fetal hepatic
parenchymal cells rather than with declin-
ing erythropoietic cell populations, and
therefore are considered to characterize
hepatic rather than erythropoietic cell de-
velopment (13). Thus the activity of ALA
synthetase is 6-8 times that of the adult,
whereas the level of ferrochelatase, the
final enzyme in this pathway, is at least 4
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times adult levels. The activities of ALA
dehydratase and uroporphyrinogen I syn-
thetase are also substantially elevated in
fetal liver. These observations suggest
that heme may be synthesized more rap-
idly in the fetus than in the adult, perhaps
in response to greater physiological de-
mands for heme during fetal development.
To substantiate this probability, the time
course of incorporation of a single pulse
dose of [P(HJALA, a heme precursor, into
mitochondrial hemes was measured in
adult and fetal liver (Fig. 1). The maximal
rate of incorporation of [*(HJALA into mito-
chondrial hemes in the fetus occurred
within 10 min following pulse-labeling of
the mother. Subsequently a rapid decrease
in the rate of labeling of mitochondrial
hemes was observed, suggesting a rapid
turnover rate of heme in fetal liver. A
second labeled peak appeared within 1 hr
after pulse-labeling; the origin of this peak
is currently unknown, but may represent
the synthesis of a second, distinct heme
pool in fetal liver. In contrast, the incorpo-
ration of [PHJALA into mitochondrial
hemes in the adult liver progressed much
more gradually, reaching a maximum 25-
30 min following injection of the labeled
substrate.

adult

S0

fetal

% Maximum CPM/nmole heme

2%

HYALA Minutes

F1G. 1. Time course of incorporation of [*HJALA
into mitochondrial hemes of adult and fetal rat liver

Pregnant rats (five per time point) were injected
with [*HJALA (60 uCi) at zero time. Animals were
killed at various time intervals thereafter, and the
radioactivity present in extracted mitochondrial
hemes was determined. Maximal specific activities
were 3359 and 3214 cpm/nmole of heme in adults and
fetuses, respectively. Values in this and subsequent
figures represent the means + standard errors
(where given) of at least six experiments. Livers of
four adults or four litters of fetuses were pooled for
each experimental value.

The rapid turnover rate of heme ob-
served in fetal liver suggests that the
heme pool is highly labile in this organ
during gestation and indicates further
that heme levels may be capable of rapid
fluctuations in response to changing de-
mands for heme during development.

That an elevated rate of heme biosyn-
thesis may be associated with the develop-
ment of mitochondrial function in the fetus
is suggested by several experimental ob-
servations. A close correlation is seen be-
tween temporal changes in the rates of
heme biosynthesis, as reflected in ALA
synthetase activity, and mitochondrial bi-
ogenesis, as measured by ['“C]leucine in-
corporation, during perinatal development
(Fig. 2). The most rapid decrease in the
rate of mitochondrial protein synthesis fol-
lows the beginning of the decline in ALA
synthetase activity by approximately 1
day, suggesting that declining heme levels
may trigger a decrease in the rate of mito-
chondrial protein synthesis during perina-
tal development. A functional association
between heme levels and mitochondrial
protein synthesis in the fetus is even more
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Fi1G. 2. Decline in ALA synthetase activity com-
pared with rate of mitochondrial protein synthesis in
perinatal rat liver

Pregnant rats were given pulse doses of
[“Clleucine (20 uCi) 15 min prior to sacrifice. He-
patic ALA synthetase and mitochondrial protein
synthesis were assayed as described in MATERIALS
AND METHODS. Adult levels of ALA synthetase and
mitochondrial protein synthesis were 0.50 nmol of
ALA per milligram of protein per hour and 750 cpm/
mg of protein, respectively.
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strongly supported by the rapid decline in
the rate of synthesis of mitochondrial pro-
teins which is observed when heme biosyn-
thesis is inhibited (Table 1). In these ex-
periments the rate of ['“Clleucine incorpo-
ration into mitochondrial proteins in the
fetus was inhibited by more than 75% of
control levels 30 min following selective
inhibition of heme synthesis with either
aminotriazole, a selective inhibitor of ALA
dehydratase (13, 20), or CoCl,, an inhibitor
of ferrochelatase (21), in mammalian liver.
As indicated in the case of CoCl,, however,
these effects were partially reversible by
concomitant or subsequent administration
of heme. In contrast, cycloheximide, an
inhibitor of the synthesis of those mito-
chondrial proteins which are synthesized
in the cytoplasmic ribosomes in mamma-
lian cells (22), also produced profound inhi-
bition of the incorporation of [*Clleucine
into fetal mitochondrial proteins. This ef-
fect, however, was not prevented by con-
comitant heme administration.

In adults, on the other hand, less than
20% decrease in the rate of mitochondrial
protein synthesis was observed following
inhibition of heme synthesis, and this ef-
fect was not reversed by concomitant heme
treatment. Cycloheximide produced effects
in the adult similar to those observed in

TABLE 1
Effects of specific inhibitors of heme and protein
synthesis on ['*C]leucine incorporation into
mitochondrial proteins of adult and fetal rat liver
Mitochondria were prepared as described under

MATERIALS AND METHODS. Animals were killed 30
min after treatment with the specified drug and 15
min after a pulse dose of [*C]leucine (20 uCi). Val-
ues represent the means *+ standard errors of at
least four experiments.

Treatment [“C]Leucine incorpora-
tion
Adult Fetus
cpm/mg protein
None (control) 746 = 99 2131 = 160
Aminotriazole (3 g/kg) 596 = 160 473 = 62
CoCl, (50 mg/kg) 619+ 28 319 65
CoCl, (50 mg/kg) + hemin
(20 mg/kg) 607 =+ 42 639 = 30
Cycloheximide (50 mg/kg) 75+ 15 297 = 86
Cycloheximide (50 mg/kg)
+ hemin (20 mg/kg) 86 + 31 290 = 72

the fetus. In preliminary experiments
aminotriazole was shown to produce 40-
50% inhibition of ALA dehydratase in both
adult and fetal liver. CoCl, produced 30%
and 60% inhibition of ferrochelatase in the
adult and fetus, respectively, within 2 hr
after injection. No general inhibitory ef-
fect of these agents on protein synthesis
per se was observed. Hemin given alone to
untreated pregnant animals did not signif-
icantly alter the incorporation of
[*Clleucine into either adult or fetal mito-
chondrial proteins.

The rapid turnover of fetal mitochon-
drial heme, coupled with the profound in-
hibition of incorporation of ['‘Clleucine
into mitochondrial protein following inhi-
bition of heme synthesis, suggests that
heme is tightly coupled to the regulation of
mitochondrial biogenesis in fetal liver. A
reasonable mechanism through which
heme might act in this process is through
regulating the synthesis and/or assembly
of hemoproteins, such as cytochrome oxi-
dase, which constitute functional portions
of the mitochondrial structure. A sche-
matic representation of the formation of
cytochrome oxidase is presented in Fig. 3.
Numerous studies regarding the physical
and chemical nature of cytochrome oxi-
dase from various sources have appeared
in recent years (23-26). A molecule of cyto-
chrome oxidase has been defined as a mon-
omeric, heme aas;-containing enzyme
which catalyzes the oxidation of ferrocyto-
chrome c. The enzyme complex is consid-
ered to contain six or seven distinct poly-
peptide subunits (25), the catalytic sub-
units containing 1 heme and 1 copper
atom. Estimates of the molecular weights
of various preparations of cytochrome oxi-
dase isolated from different sources range
from approximately 100,000 to 500,000 (24).
In its most basic form cytochrome oxidase
may be considered to consist of a prosthetic
heme moiety, synthesized in the mitochon-
dria, and an apoprotein moiety, which is
synthesized partially within existing mito-
chondria and partially on cytoplasmic ri-
bosomes (23). In the present studies it was
of interest to determine whether heme reg-
ulates the synthesis of cytochrome oxidase
through stimulation of the synthesis of the
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Fi1G. 3. Schematic representation of biosynthesis of cytochrome oxidase

apocytochrome, resulting in the formation
of a functional hemoprotein in the mito-
chondria.

As an initial approach to the assessment
of the relationship of heme to the synthesis
of cytochrome oxidase in fetal liver, the
effect of inhibition of heme biosynthesis on
the incorporation of heme and protein pre-
cursors into cytochrome oxidase in vivo
was determined (Fig. 4). A rapid decline in
the rate of incorporation of [PHJALA into
the heme moiety of cytochrome oxidase
occurred within a few minutes following
treatment with CoCl,. Subsequently a de-
layed decrease in the rate of [*Clleucine
incorporation into cytochrome protein was
observed, dropping to less than 25% of
zero-time values within 30 min following
inhibition of heme synthesis. These results
suggest that synthesis of apocytochrome
oxidase is inhibited when heme levels de-
crease below those observed prior to ad-
ministration of the inhibitor.

In order to demonstrate more directly
the effects of heme on the stimulation of
apocytochrome oxidase synthesis in fetal
liver, pulse-labeling experiments were
performed following selective inhibition of
heme synthesis; in these studies the effects
of heme on the incorporation of radioactiv-
ity into cytochrome oxidase in vivo were
observed when heme was subsequently ad-
ministered to the fetus by intravenous in-
jection of the CoCl,-treated mother. These
experiments were based on the rationale
that if heme is required for synthesis of the
apoprotein, inhibition of heme synthesis
would terminate synthesis of the apopro-
tein (as suggested in Fig. 4); subsequent
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F1G. 4. Effects of CoCl, on time course of incorpo-
ration of precursors into cytochrome oxidase in fetal
rat liver in vivo

Pregnant rats were injected with CoCl; (50 mg/
kg) at zero time. Pulse doses of [*HJALA (60 nCi)
and [“Clleucine (20 uCi) were administered intra-
peritoneally 15 min prior to sacrifice. Cytochrome
oxidase was isolated from fetal liver and was further
treated for analysis of radioactivity incorporated
into the heme and protein moieties as described in
MATERIALS AND METHODS. Control (100%) values for
[“C]leucine and [*HJALA were 718 and 3473 cpm/mg
of protein, respectively.

administration of heme would then stimu-
late synthesis de novo of new apocyto-
chrome oxidase, detectable by an increase
in both the functional activity and the rate
of incorporation of [Clleucine into the
hemoprotein. The results presented in Fig.
5 tend to substantiate this hypothesis.

In these experiments pregnant rats were
treated with CoCl, at zero time to inhibit
heme synthesis, and were killed at 15-min
intervals up to 1 hr thereafter. Pulse doses
of [“C]leucine were administered 15 min
prior to death. Cytochrome oxidase was
isolated from fetal livers at each time point
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F1G. 5. Effects of CoCly and hemin on rate of syn-
thesis and activity of mitochondrial cytochrome oxi-
dase in fetal rat liver

Pregnant rats were treated with CoCl, (50 mg/kg)
at zero time and with heme (20 mg/kg) at the times
indicated. Pulse doses of [**C]leucine (20 uCi) were
given concomitantly with hemin, by intraperitoneal
injection 15 min prior to sacrifice. Cytochrome oxi-
dase was isolated from fetal liver mitochondria at
each time point and analyzed for oxidizing activity
and specific radioactivity. At zero time cytochrome
c-oxidizing activity was 1.72 + 0.22 ug atoms of O,
per milligram of protein per minute. Radioactivity
was 684 + 68 cpm/mg of protein.

and analyzed for both cytochrome c-oxidiz-
ing activity and specific radioactivity. As
shown in Fig. 5, the rate of incorporation
of ["Clleucine into the protein of cyto-
chrome oxidase was inhibited by 70-75% of
zero-time levels 30 min following inhibi-
tion of heme biosynthesis with CoCl,. In
addition, the functional activity of cyto-
chrome oxidase declined to 75% of control
values. When heme was administered at
this point, however, the rate of incorpora-
tion of [“Clleucine into new apocyto-
chrome oxidase was dramatically stimu-
lated, with specific radioactivity levels in-
creasing by as much as 200% of levels in
the absence of heme, within 15 min after
the heme was administered. An increase
in the functional activity of the isolated
cytochrome oxidase was also observed.
Similar results occurred if heme was ad-
ministered at later time points following
inhibition of heme synthesis. If pulse doses
of ["Clleucine were administered at the
time of inhibition of heme synthesis (zero
time), however, less than a 10% increase
in radioactivity was detected in the cyto-
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chrome oxidase which was isolated 15 min
after heme was administered. Thus syn-
thesis of the apocytochrome decreases rap-
idly when heme synthesis is inhibited, and
the apoprotein does not accumulate in the
absence of heme.

In another experiment heme was inef-
fective in stimulating synthesis of apocyto-
chrome oxidase de novo or in affecting the
functional activity of the cytochrome fol-
lowing inhibition of cytoribosomal protein
synthesis with cycloheximide (Fig. 6).
These results indicate that heme acts pri-
marily at the level of cytoribosomal pro-
tein synthesis to effect biosynthesis of apo-
cytochrome oxidase. The increase in spe-
cific cytochrome c-oxidizing activity ob-
served in this experiment may thus be
explained in terms of the greater magni-
tude of inhibition of protein synthesis in-
duced by cycloheximide, as compared with
that resulting indirectly from CoCl, ad-
ministration. The more rapid onset of the
decline in the functional activity of cyto-
chrome oxidase following CoCl, treatment
(Fig. 5), as compared with the effects seen
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Fi1c. 6. Effects of cycloheximide and hemin on
rate of synthesis and activity of cytochrome oxidase in
fetal rat liver

Pregnant rats were treated with cycloheximide
(50 mg/kg) at zero time and with heme (20 mg/kg) 20
min later. Pulse doses of ['*Clleucine (20 uCi) were
given by intraperitoneal injection 15 min prior to
sacrifice. Cytochrome oxidase was isolated from fe-
tal liver mitochondria at each time point and ana-
lyzed for oxidizing activity and specific radioactiv-
ity. At zero time cytochrome c-oxidizing activity was
2.13 + 0.16 ug atoms of O, per milligram of protein
per minute. Radioactivity was 554 + 25 cpm/mg of
protein.
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after cycloheximide injection (Fig. 6), sug-
gests that heme not only stimulates the
synthesis of apocytochrome oxidase but
mediates the functional activation of the
enzyme complex as well.

DISCUSSION

Although considerable information ex-
ists in regard to the regulation of hepatic
heme biosynthesis in both adult (27-31)
and perinatal (13, 32-35) mammalian
liver, little is known of the mechanisms by
which heme is utilized in the regulation or
synthesis of hemoproteins in this organ at
either stage of development. Knowledge of
such processes in fetal mammalian liver is
of particular importance for understand-
ing the mechanisms by which drugs and
other environmental agents affect the
postnatal development of hemoprotein
function. The results of the present study
suggest that heme plays a regulatory role
in the synthesis of cytochrome oxidase in
fetal rat liver cells, both by stimulating
synthesis of the apoprotein and in effecting
functional activation of the enzyme com-
plex in the mitochondria.

These results might then explain the
observed effects of alteration of heme syn-
thesis on the over-all rate of mitochondrial
biogenesis in fetal liver (11). Since cyto-
chrome oxidase forms an integral portion
of the mitochondrial inner membrane, al-
teration in the rate of synthesis of this
hemoprotein would be expected to lead to
subsequent modification of the biosyn-
thesis of the mitochondrial membrane per
se. The present studies suggest that heme
levels may control the rate of synthesis of
mitochondrial membranous components
via regulation of the synthesis of hemopro-
teins, such as cytochrome oxidase, which
make up the mitochondrial structure.
Whether this control is exercised primar-
ily over the synthesis of protein compo-
nents of the enzyme complex which are
synthesized within mitochondria or over
those components of the apoprotein syn-
thesized on the cytoplasmic ribosomes, or
both, is not currently known. However,
the previous demonstration (13) that heme
may facilitate the incorporation of ALA
synthetase into the mitochondrial struc-

ture, subsequent to its synthesis in the
endoplasmic reticulum in fetal liver, sug-
gests that a similar process may occur in
regard to the association of cytochrome ox-
idase in mitochondria in the fetus. These
results thus suggest that the-synthesis of
cytochrome oxidase occurs as a fundamen-
tal process in mitochondrial membrane
formation during fetal hepatic develop-
ment.

The mechanism by which heme exerts
regulatory control of the synthesis of pro-
teins such as cytochrome oxidase is not
currently understood; it is not known,
therefore, whether heme is rate-limiting
in the biosynthesis of other hemoproteins
in fetal mammalian liver. Although a di-
rect action of heme at the site of apocyto-
chrome oxidase synthesis could be hypothe-
sized from the results of these studies, it
may be that heme mediates this effect
through the action of a translational re-
pressor which, in turn, controls the rate of
protein synthesis (1, 5, 7). This type of
mechanism would suggest a rather univer-
sal control by heme of protein synthesis in
mammalian cells. On the other hand, Cor-
reia and Meyer (36) have recently sug-
gested that the apoprotein may be the
rate-limiting factor in the formation of mi-
crosomal cytochrome P-450 in adult rat
liver. This conclusion was partially based
on the observation that administration of
heme precursors failed to increase the bio-
synthesis of cytochrome P-450, whereas in-
ducers of protein synthesis increased the
amount of available apoprotein under con-
ditions that inhibited heme synthesis.
This situation, however, does not appear
to be the case with regard to cytochrome
oxidase synthesis in the fetus. Administra-
tion of neither heme nor heme precursors
increases the rate of biosynthesis of cyto-
chrome oxidase or the incorporation of
[Clleucine into mitochondrial proteins.
However, the elevated levels of heme bio-
synthetic pathway enzymes observed in
the fetus, and the refractoriness of ALA
synthetase to induction or to other regula-
tory mechanisms known to be present in
the adult (13, 32-34), suggest that under
steady-state conditions heme biosynthesis
normally progresses at maximal rates in
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fetal liver. Thus the hypothesis that a
functional correlation exists between
heme synthesis and the synthesis of mito-
chondrial proteins in fetal liver would dic-
tate that mitochondrial protein synthesis
also progresses at a maximal rate in the
fetus. Administration of heme precursors,
therefore would be expected to be ineffec-
tive in increasing the levels of cytochrome
oxidase or other proteins in the fetus, and
this, in fact, is what is observed. More-
over, the observation that inhibition of
heme biosynthesis results in a dramatic
decrease in cytochrome oxidase synthesis,
and therefore of mitochondrial protein
synthesis, and that concomitant adminis-
tration of heme partially prevents this
process, further supports the contention
that the biosynthesis of cytochrome oxi-
dase is dependent on the action of heme in
the fetal liver. In this context it is interest-
ing that cycloheximide treatment does not
inhibit incorporation of [*HJALA into the
heme of cytochrome oxidase in the fetus
until substantial inhibition of the synthe-
sis of ALA synthetase occurs.? Thus the
biosynthesis of heme does not appear to be
dependent upon the presence of the apo-
protein, at least in the case of cytochrome
oxidase.

The rapid turnover of the early peak of
labeled heme observed in these studies in
fetal but not in adult liver suggests the
presence of a unique heme pool which is
capable of responding quickly to demands
for heme during hemoprotein formation in
rapidly developing fetal liver cells. Such a
hypothesis is consistent with the concept of
a pool of “free” or “unassigned” heme,
which acts as the prosthetic group in the
synthesis of various hemoproteins or in
governing the rate of over-all mitochon-
drial protein synthesis (37, 38). In this re-
gard, the refractoriness of fetal ALA syn-
thetase to regulation by mechanisms
which restrict heme biosynthesis in the
adult (13, 34) and the elevated levels of
heme biosynthetic pathway enzymes in
the fetus may represent a gestational ad-
aptation to the requirement for greater
demands for heme during fetal develop-
ment.

2 Unpublished observations.
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A rate-limiting requirement for heme in
the biosynthesis and functional activation
of cytochrome oxidase in the fetus has ob-
vious implications in regard to assessment
of the affects of prenatal inhibition of heme
biosynthesis on the postnatal development
of hepatic mitochondrial hemoprotein
function. In previous studies (19) it was
demonstrated that administration of a sin-
gle dose of aminotriazole or CoCl, to preg-
nant rats during the 18th to 20th days of
gestation results in delayed or impaired
development of cytochrome oxidase activ-
ity during the immediate postnatal period.
Although recovery from these effects oc-
curs during the period of perinatal devel-
opment, such animals may be more sus-
ceptible than controls to the adverse ef-
fects of drugs or environmental agents
such as various trace metals (39), which
selectively impair mitochondrial function
in mammals. These results may have even
greater implications in regard to the sus-
ceptibility of individuals who undergo
chronic exposure to hematotoxic agents
during gestation.

In conclusion, a rate-limiting role for
heme in the biosynthesis of cytochrome
oxidase in fetal liver cells is indicated by
the results of these studies. Whether heme
plays a similar role in the stimulation of
the synthesis of microsomal cytochromes
or other hemoproteins in the fetus remains
to be determined. It is apparent, however,
that agents which alter hepatic heme syn-
thesis and/or its utilization during gesta-
tion may result in delayed or impaired
postnatal development of mitochondrial
hemoprotein function, and may thereby
enhance the susceptibility of the organism
to the toxic effects of drugs and other envi-
ronmental agents during the postnatal pe-
riod.

ACKNOWLEDGMENTS

The author acknowledges the excellent technical
assistance of Mrs. Geraldine Carver in the perform-
ance of these studies.

REFERENCES

1. Freedman, M. L., Geraghty, M. & Rosman, J.
(1974) J. Biol. Chem., 249, 7290-7294.
2. Waxman, H. S. & Rabinovitz, M. (1965) Bio-



10.
11.
. Woods, J. S. (1976) in Porphyrins in Human
13.

14.

15.

16.

17.
18.
19.
20.

21.

HEME REGULATION OF CYTOCHROME OXIDASE IN FETAL LIVER

chem. Biophys. Res Commun., 19, 538-545.

. Bruns, G. P. & London, I. M. (1965) Biochem.

Biophys. Res. Commun., 18, 236-242.

. Waxman, H. S., Freedman, M. L. & Rabinovitz,

M. (1967) Biochim. Biophys. Acta, 145, 353-
360.

. Beuzard, Y., Rodvien, R. & London, I. M. (1973)

Proc. Natl. Acad. Sci. U.S. A., 70, 1022-1026.

. Freedman, M. L. & Karpatkin, S. (1973) Bio-

chem. Biophys. Res. Commun., 54, 475-481.

. Mathews, M. B., Hunt, T. & Brayley, A. (1973)

Nature, 243, 230-233.

. Beattie, D. S. (1971) Arch. Biochem. Biophys.,

147, 136-142.

. Granick, S. & Urata, G. (1963) J. Biol. Chem.,

238, 821-827.

Woods, J. S. & Dixon, R. L. (1970) Life Sci., 9,
711-719.

Woods, J. S. (1973) Pharmacologist, 15, 198.

Disease (Doss, M., ed.), pp. 86-97, Karger,
Basel.

Woods, J. S. (1974) Mol. Pharmacol., 1, 389-
397.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. &
Randall, R. J. (1951) J. Biol. Chem., 193, 265-
275.

Rieske, J. S. (1967) Methods Enzymol., 10, 488-
493.

Jacobs, E. E., Andrews, E. C., Cunningham, W.
& Crane, F. L. (1966) Biochem. Biophys. Res.
Commun., 25, 87-95.

Schnaitman, C., Erwin, V. G. & Greenwalt, J.
W. (1967) J. Cell Biol., 32, 719-735.

Scholnick, P. L., Hammaker, L. E. & Marver,
H. S. (1972) J. Biol. Chem., 247, 4126-4131.

Woods, J. S. (1976) Biochem. Pharmacol., 25,
2147-2152.

Baron, J. & Tephly, T. R. (1969) Mol. Pharma-
col., 5, 10-20.

Tephly, T. R., Webb, C., Trussler, P., Kniffen,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

59

F., Hasegawa, E. & Piper, W. (1973) Drug
Metab. Disp., 1, 259-266.

Beattie, D. S., Basford, R. E. & Koritz, S. B.
(1967) Biochemistry, 6, 3099-3106.

Schatz, G. & Mason, T. L. (1974) Annu. Rev.
Biochem., 43, 51-81.

Hackenbrock, C. R. & Hammon, K. M. (1975) J.
Biol. Chem., 250, 9185-9197.

Phan, S. H. & Mahler, H. R. (1976) J. Biol.
Chem., 251, 257-269.

Love, B., Chan, S. H. P. & Stotz, E. (1970 J.
Biol. Chem., 245, 6664-6668.

Beattie, D. S. & Stuchell, R. N. (1970) Arch.
Biochem. Biophys., 139, 291-297.

Granick, S. (1966) J. Biol. Chem., 241, 1359-
1375.

Hayashi, N., Nurashima, Y. & Kikuchi, G.
(1972) Arch. Biochem. Biophys., 148, 10-21.
Ohashi, A. & Kukuchi, G. (1972) Arch. Bio-

chem. Biophys., 153, 34-46.

Meyer, U. A. & Schmid, R. (1973) Fed. Proc., 32,
1649-1655.

Song, C. S., Moses, H. L., Rosenthal, A. S,
Gelb, N. A. & Kappas, A. (1971)J. Exp. Med.,
134, 1349-1371.

Woods, J. S. & Dixon, R. L. (1970) Biochem.
Pharmacol., 19, 1951-1954.

Woods, J. S. & Dixon, R. L. (1972) Biochem.
Pharmacol., 21, 1735-1744.

Woods, J. S. & Murthy, V. V. (1975) Mol. Phar-
macol., 11, 70-78.

Correia, M. A. & Meyer, U. S. (1975) Proc. Natl.
Acad. Sci. U. S. A., 72, 400-404.

Levitt, M., Schachter, B. A., Zipursky, A. &
Israels, L. G. (1968) J. Clin. Invest., 47, 1281~
1294.

Yannoni, C. Z. & Robinson, S. H. (1975) Nature,
258, 330-331.

Goyer, R. A. & Rhyne, B. C. (1975) Pathology of
Cell Membranes, Vol. 1, pp. 383-428, Aca-
demic Press, New York.





