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Mitochondriogenesis Analyzed by Blocks on Mitochondrial

Translation and Transcription”

H. R. Mahlert and Philip S. Perlman}

ABSTRACT: The mitochondrial contribution to the biosynthesis
of the respiratory chain in yeast has been analyzed by use of
the inhibitors cycloheximide, chloramphenicol, and ethidium
bromide. When care is taken to isolate primary from sec-
ondary effects, a minimal lesion can be localized in the region
of cytochrome oxidase (enzymatic)/cytochrome aa; (spectro-
scopic); the continued elaboration of these entities is abolished
by both chloramphenicol and ethidium bromide added to
either facultatively anaerobic petite-forming or to obligately

Mitochondria are ubiquitous organelles of eucaryotic
cells. They are present in yeast whether or not mitochondrial
respiration and attendant energy transduction is indispensible
for cellular maintenance, growth, and division (Yotsuyanagi,
1962a,b; Criddle and Schatz, 1969; Watson er al., 1970;
Perlman and Mahler, 1970b). They contain a system for the
storage, transmission, and expression of genetic information
separate from and, at least in part, independent of that
localized in the nucleus (see recent reviews by Roodyn and
Wilkie, 1968, Nass, 1969, Rabinowitz and Swift, 1970,
and Borst and Kroon, 1971). However, in spite of intense
investigations during the recent past, the extent of mito-
chondrial autonomy, particularly with regard to the poly-
peptide gene products specified and synthesized, remains
uncertain (Ashwell and Work, 1970).

One possible approach to this aspect of mitochondriogenesis
makes use of selective inhibitors to probe the sites and extent
of transcription and translation for mitochondrial as com-
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aerobic, petite-negative, yeasts. We conclude that—so far
as the respiratory chain is concerned—no mitochondrial
transcript is wholly translated on cytoribosomes nor is any
nuclear transcript translated wholly on mitoribosomes; that
mitochondrial mRNA must have a relatively short half-life
relative to cellular generation time; and that mitochondria
in a metastable functional state, lacking certain key com-
ponents of the respiratory chain are nevertheless capable
of duplication.

pared to other proteins. Cycloheximide (cyclo)! is known to
be an effective inhibitor of protein synthesis on cytoribosomes
(Siegel and Sisler, 1965; deKloet, 1965, 1966; Clark-Walker
and Linnane, 1967; Hartwell er al., 1970) while, conversely,
chloramphenicol (CAP) is an effective block of this processs
on mitoribosomes (Wintersberger, 1965; Linnane et al., 1967;
Lamb et al., 1968). Ethidium bromide (EB) is capable of
producing a profound alteration in the mitochondrial genomes
(the p* to p~ transition) of every cell in a population (Slonimski
et al., 1968). This agent has also been reported to inhibit
mitochondrial (but not nuclear) DNA and RNA synthesis,
in vivo (Zylber et al., 1969; Zylber and Penman, 1969; Knight,
1969; Fukuhara and Kujawa, 1970; Goldring et al., 1970;
Perlman and Mabhler, 1971) and ir vitro (South and Mabhler,
1968) as well as mitochondrial protein synthesis in vivo
(Kroon and Jansen, 1968 ; DeVries and Kroon, 1970; Perlman

1 Abbreviations used are: anti A, antimycin A; ATP, 5’-adenosine
triphosphate; CAP, chloramphenicol; cfu, colony-forming units;
cyclo, cycloheximide; cyt, cytochrome; cyt ox, cytochrome oxidase
(EC 1.9.3.1); EB, ethidium bromide; GDH, L-glutamate dehydrogenase,
NAD-linked (EC 1.4.1.2); GTP, 5’ guanosine triphosphate; IDH,
Ls-isocitrate dehydrogenase, NADP-linked (EC 1.1.1.42); INT, p-
iodonitrotetrazolium violet; MDH, L-malate dehydrogenase (EC
1.1.1.37); NAD(H), nicotinamide—adenine dinucleotide (reduced);
NADH: ¢, NADH :cyt ¢ reductase, anti A sensitive component (EC
1.6.2.1); NADP(H), nicotinamide-adenine dinucleotide phosphate
(reduced); NC, nucleocytoplasmic; nuc, nuclear; PMS, phenazine
methosulfate; SDH, succinate dehydrogenase measured as INT reduc-
tase, PMS assisted (EC 1.3.99.1); Succ:c, succinate:cyt ¢ reductase
(EC 1.3.99.1).
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FIGURE 1: Growth data. (A) S. cerevisiae growing on 3% lactate
in the presence of EB (20 ug/ml). Initial dry weight (milligrams per
milliliter of culture) was 0.162. Filled circles, control; filled tri-
angles, EB treated. The EB-treated culture was >99.5% o~ after
45 min. (B) S. cerevisiae growing on 3% lactate in the presence of
CAP (4 mg/ml). Initial turbidity (4ee) was 0.09. Filled circles,
control; open circles, CAP treated; filled squares, dry weight (initial
value 0.075 mg/ml). No induction of petites by CAP was detected.
(C) T. utilis growing on 5% glucose in the presence of CAP (4 mg/
ml) or EB (20 pg/ml). Initial dry weight (milligrams per milliliter
of medium) was 0.216. Filled circles, control; open circles, CAP
treated; filled triangles, EB treated. (D) Viability of T. utilis growing
on 5% glucose in the presence of EB. This organism grows in
clumps so that cfu per milliliter was measured on plates containing
0.1 glucose and 3% lactate. The extent of clumping did not vary
during growth. Filled circles, control; filled triangles, EB treated.

and Penman, 1970) and in virro (Kellerman er al., 1969;
however, Yang and Criddle, 1970, suggest the opposite).
Recently we have demonstrated that during growth of a
mutagenized population in the absence (or presence) of
added EB, parental mtDNA molecules are progressively
destroyed and are no longer detectable after two mass dou-
blings. The synthesis of mtDNA in the progeny is inhibited
over this time span and remains inhibited so long as EB
is present (Perlman and Mahler, 1971).

In this paper, we compare the effects of these three drugs
on growth, viability, and enzyme biosynthesis in a petite-
forming yeast (Saccharomyces cerevisiae) and two nonpetite-
forming yeasts (Hansenula wingei and Torulopsis utilis) under
identical physiological conditions, i.e., in the absence of
catabolite repression. This study was undertaken in order
to derive answers to several questions. (1) Is the response
to these drugs dependent on the viability of the petite pheno-
type? That is, do species of yeast which cannot grow (even)
on glucose when its efficient utilization by mitochondrial
respiration is no longer possible, differ in their response to
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these drugs from that of petite-forming, facultative anaerobes?
(2) Is the response dependent on the step in mitochondrial
gene expression that is blocked? That is, do the effects on
enzyme synthesis produced by CAP differ from those pro-
duced by EB, and just what are the phenotypic-—as distinct
from the genotypic—effects of the latter? (3) Can we use
experiments of this sort to (a) distinguish primary from sec-
ondary effects subsequent to a block of the expression of the
mitochondrial genome (i.e., can we introduce a minimal
rather than the usual pleiotropic lesion resulting in respiratory
deficiency ?) and (b) gain insight into the cellular localization
of the genes coding for various respiratory enzymes as well
as their sites of translation?

For the moment, by analogy to studies of bacteriophage
assembly (Wood er al., 1968; Laemmli, 1970; Hosoda and
Cone, 1970), one might formally divide mitochondrial poly-
peptide gene products into two classes: (1) stoichiometric
and (2) inregrative polypeptides. The former are proteins
which themselves appear in the membrane in a predetermined
stoichiometry, including “‘structural” and ‘“morphopoietic”
lattice elements (Kellenberger, 1965; Cotman er al., 1968;
Ashwell and Work, 1970; Mahler er al., 1971a). The latter
catalyze the modification and activation of membrane com-
ponents and may not be conserved in the final assembly. The
experiments presented here were designed to search for the
former. In fully derepressed cells any integrative factors would
be expected to be present initially in high concentrations so
that the effects of the inhibition of their synthesis might
only be detected after a substantial lag which, however,
might equally well be due to nonspecific secondary effects.
Therefore experiments to probe the class of integrative poly-
peptides must be done separately and utilize an alternate
paradigm, one in which the inability to synthesize this class
of proteins could be detected as a immediate response (e.g.,
during the release from glucose repression in the presence of
drugs, see Mahler er a/., 1971a, and Perlman, 1971),

Methods and Materials

Strains and Growth Conditions. The following strains of
yeast were used in these studies: S. cerevisiae (diploid, var.
Fleischmann), H. wingei (strain 5, provided by Professor T. D.
Brock, Indiana University), and 7. wrilis (from the Indiana
University Microbiology Department culture collection). All
were grown in a semisynthetic medium consisting of 0.2%
yeast extract, 0.05% MgCl;-7TH,O, 0.1%, KH:PO,, 0.1%
(NH,),SO,, and 0.05% NaCl. A carbon source (as specified
in the text) was added and the initial pH adjusted to 6.2-6.5.
In one experiment with 7. urilis the phosphate concentration
was increased fivefold to afford additional buffering. The
increased phosphate did not alter the growth of that organism.

Cells were grown at 30° with agitation and aeration in
10-1. fermenters and divided into 500-ml aliquots which
were placed in sterile 1-1. shaker flasks for drug studies. This
additional manipulation was included to ensure uniformity
at the time of drug addition; cultures remained sterile. Drugs
were dissolved in methanol and an equivalent amount of
methanol was always added to control flasks; since ethanol
is metabolized by yeasts it was not used to dissolve drugs. The
presence of as much as 1% methanol in the growth medium
did not alter growth, viability, or enzyme synthesis.

Sample Preparation. Cell samples were rapidly chilled with
crushed ice, centrifuged, and washed twice with distilled
water. Cell-free homogenates were prepared by breaking
the cells mechanically (by grinding cells suspended in sorbitol
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FIGURE 2: Effects of CAP (4 mg/ml) on the biosynthesis of soluble
and mitochondrial matrix marker enzymes in S. cerevisiae growing
on 39 lactate, Aliquots of the cultures whose growth characteristics
are presented in Figure 1B were harvested, broken by grinding with
glass beads, and assayed (cell-free supernatant) for their content of
the enzymes shown. Relative total units = (nmoles min~! mg
homogenate protein—!) X turbidity in the culture normalized to
the initial value. The initial values of GDH, IDH, and MDH activ-
ities were 341, 107, and 2860 nmoles min~! mg~, respectively. The
initial turbidity was 0.09.

(0.5 M) containing Tris (0.05 M) and EDTA (1 mm) at pH
7.5, with glass beads in a chilled glass flask) as described
by Jayaraman er al. (1966). In most experiments, the ho-
mogenization medium contained 50-100 wg of CAP/ml to re-
tard bacterial growth. The homogenate was centrifuged once
at 2000g for ten minutes to remove unbroken cells and debris.
The 2000g supernatant has been shown to be a reliable fraction
for estimating cellular enzyme content (Perlman and Mahler,
1970a; Perlman, 1971).

Analytical Procedures. Protein and most enzyme assays
were performed as described by Perlman and Mahler (1970a).
Dry weight was determined in duplicate by collecting a known
volume of cell culture on a preweighed Millipore filter (0.45
pore size); the filter was dried at 60° for 4-12 hr and weighed.
Succinate dehydrogenase (SDH) was assayed as INT reductase
essentially as described by Nachlas er al. (1960). NADH
oxidase was assayed as described by Mackler er al. (1962).

Liquid Nitrogen Temperature Spectroscopy. A dual-beam
scanning spectrophotometer (Phoenix Precision Instruments)
was used for measuring the absorbance of cytochromes in
whole cells and in subcellular fractions.

Preliminary experiments demonstrated that the absorbance
of a given cytochrome obeys Beer’s law when whole cells
of yeast are examined using a 2- or 3-mm path length with
cells suspended to a protein concentration between 20 and
35 mg per ml. Partially purified mitochondrial fractions were
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FIGURE 3: Effects of CAP (4 mg/ml) on the biosynthesis of respira-
tory enzymes in S. cerevisiae growing on 3 7 lactate. Aliquots of the
cultures whose growth characteristics are presented in Figure 1B
were assayed for their content of respiratory enzymes. Initial values
of NADH:¢, cyt ox, SDH, and Succ:c were 35.7, 202, 32.2, and
8.05 nmoles min~! mg~!, respectively. Initial turbidity was 0.09.

studied at a protein concentration between 5 and 10 mg
per ml, Experimental details are presented in the figure and
table legends.

Materials. Adenine sulfate, a-oxoglutaric acid, antimycin A,
chloramphenicol, cycloheximide, cytochrome ¢ (type III),
2,6-dichlorophenolindophenol, ethidium bromide, p-iodonitro-
tetrazolium violet (grade I), isocitric acid (trisodium salt),
reduced nicotinamide-adenine dinucleotide (NADH), nico-
tinamide-adenine dinucleotide phosphate (NADP), cis-oxa-
lacetic acid, phenazine methosulfate, and L-phenylalanine
were purchased from Sigma Chemical Co.

Bovine serum albumin, fraction V powder, was purchased
from Pentex Inc. All other chemicals were of reagent grade.

Results

Studies on S. cerevisiae. EFFEcTs OF CAP. In contrast to its
lack of effect on exponential growth of S cerevisiae on glu-
cose, a fermentable carbon source (Huang ez al., 1966; Clark-
Walker and Linnane, 1966, 1967 ; Mahler et al., 1968 ; Henson
et al., 1968a,b), when CAP is added (in our relatively resistant
strain at a concentration of 4 mg/ml) during exponential
growth on lactate, a respiratory, nonfermentable carbon
source, growth ceases after four generations (Figure 1B). In-
creases in total cell number or mass continue at a somewhat
reduced rate during two generations, with the inhibition be-
coming progressively more pronounced in the course of two
subsequent mass doublings. The percentage of respiratory-de-
ficient (p~) mutants in the population remains unchanged
throughout this period; CAP induces the petite mutation in
ordinary cells only after extended growth on glucose (greater
than 20 generations) (Williamson, 1970; P. P. Slonimski, pri-
vate communication, 1970).

One possible interpretation of the kinetics of growth in the
presence of CAP is that it reflects the initial availability and
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FIGURE 4: Effects of CAP on the biosynthesis of cytochromes in S. cererisiae growing on 3% lactate. A 13-1. fermenter-containing medium
plus 3797 lactate was innoculated and incubated at 30° until the turbidity (A4e0) reached 0.20. The cells were then transferred to sterile 1-1.
fiasks in 500-ml aliquots; when the transfer was completed, CAP was added to some of the flasks to 4 mg/ml and a sample of control cells
was collected. Periodically samples of control and CAP-treated cells were chilled, harvested, and washed. A portion of each cell sample was
suspended in 0.1 M PO, (pH 7.4) made 307 in glycerol for analysis of the absorption spectrum of the intact cells; the remainder of the cell
sample was retained as a source of a mitochondrial fraction (see Figure 6). Spectra of dithionite-reduced cell suspensions minus 0.1 M phos-
phate (pH 7.4)-3077 glycerol were prepared at the temperature of liquid nitrogen. All cell samples were suspended to roughly the same tur-
bidity and a 2-mm path length was employed. The numbers in parentheses are the dry weight (milligrams per milliliter of culture) normalized
to the initial value which was 0.284 mg/ml. The protein concentrations of the cell suspensions were 29.2, 23.45, 22.75, 34.7, 30.4, 30.75, 20.8,
and 23.1 mg per ml for curves A-H, respectively. The height equal to 0.04 optical density unit is indicated for each curve by the bar to the

right of each set of spectra.

progressive exhaustion of fermentable carbohydrate stores in
cells, the respiratory apparatus of which is blocked in either
its function or continued biogenesis by CAP. This interpre-
tation is ruled out since growth of cells on lactate—in the
presence or absence of CAP—ceases completely and instantly
upon the addition of antimycin A (1 ug/ml), a specific respira-
tory inhibitor. In contrast, this inhibitor at the same concentra-
tion is without effect on fermentatively growing cells (e.g., on
1% glucose). Therefore, cells stop growing on lactate (i.e.,
they become phenotypically petite) apparently whenever their
energy-producing mechanisms are no longer sufficient to sup-
port even a reduced rate of growth.

In an experiment similar to that represented in Figure 1B
samples of control and drug-treated cells were collected at
different times and their content of various enzymes—repre-
sentatives of classes varying in their cellular localization and
regulation (Perlman and Mahler, 1970a)—measured in a cell-
free homogenate. The data, summarized in Figure 2, demon-
strate that GDH, IDH, and MDH, enzymes representative of
the cytosol and of the mitochondrial matrix, i.e., the bulk of
the cellular proteins, increase at the same rate as the control so
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long as growth continues. We conclude that when cells
growing on lactate are exposed to CAP there are no immediate
effects by this inhibitor either on protein synthesis by the nu-
cleocytoplasmic (NC) system of gene expression or on genera-
tion, transfer, and utilization of ATP, GTP, or any other co-
factor(s) required for this process. These conclusions are con-
firmed by the following observations: (1) CAP does not in-
hibit the synthesis of either mt- or nDNA in vivo (Grossman
et al., 1969 ; Perlman and Mahler, 1971). It inhibits the rate of
incorporation of labeled amino acids into total cell protein by
<59 (see also Henson et al., 1968a, and Hawley and Greena-
walt, 1970) while effectively blocking their appearance on na-
scent chains on mitochondrial polyribosomes and in the mem-
brane proteins of the particles themselves (K. Dawido-
wicz, C. Antalis, and H. R. Mahler, in preparation).

The data presented in Figure 3 demonstrate the effect of
CAP on the biosynthesis of respiratory enzymes bound to the
mitochondrial inner membrane. It is clear that significant
amounts of SDH and Succ:c are produced by these cells;
NADH :c synthesis shows marked inhibition only coincident
with the decrease in growth rate after two generations, while
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cyt ox is the only enzyme whose synthesis is inhibited mark-
edly and from the beginning of the drug treatment. The fact
that some cyt ox synthesis did take place may indicate that the
concentration of drug used was significantly but not totally
effective, particularly in the beginning, in interfering with the
intramitochondrial system; using an even higher concentra-
tion is not possible because the concentration of drug used in
this experiment constitutes a saturated solution. An alternate
explanation might be that the CAP is effective immediately
and that the increase of cyt ox activity is related to activation
of inactive precursors by a process no longer requiring an
active mitochondrial protein-synthesizing system (this is the
case for the formation of iso-2-cytochrome ¢ (Sels et al., 1965;
Fukuhara and Sels, 1966; Fukuhara, 1966) and for cyt ¢
peroxidase (Sels and Cocriamont, 1968), both during aerobic
adaptation in yeast).

Cyclo at 5 ug/ml, however, inhibits whole cell protein syn-
thesis in this strain by around 98 % (c¢f. also Hartwell er al.,
1970), and, more specifically, completely blocks the synthesis
of all enzymes shown in Figures 2 and 3 including cyt ox.
Therefore, this second alternative would require the additional
postulate that this conversion of inactive to active enzyme
does require additional extramitochondrial protein synthesis.
The addition of cyclo to growing cultures of yeast also is
known not to impair grossly energy metabolism and macro-
molecular synthesis for as long as 6 hr as exemplified by RNA
synthesis and mitrochondrial DNA and protein synthesis
(Fukuhara, 1965, 1967; deKloet, 1965; Grossman er al.,
1969). In any event, we conclude that of all the activities
tested CAP specifically blocks the increase only of cyt ox.

One may propose that this effect of CAP concerns the bio-
synthesis of only one of the several constituent polypeptides
known to be required for cyt ox activity* (Lemberg, 1969). We
have therefore extended our investigations on CAP sensitivity
to the formation of the spectroscopically distinguishable cyto-
chromes aas, as well as of cytochromes b, ¢,, and ¢. We are,
however, cognizant that such studies do not necessarily
permit any correlation with particular enzymatically active
species for of inferences regarding the net biosynthesis of any
or all components required to produce the spectroscopically
identifiable entity.

Figure 4 presents absolute reduced spectra of whole yeast
cells grown on 3% lactate in the presence of 4 mg of CAP/ml.
Because such cells are very rich in cyt ¢, we must restrict a
quantitative interpretation of these data to a comparison of
the extent of synthesis of cytochromes ¢ and aas;. The specific
content of the latter decreased markedly already during the
first generation of growth as well as in the two subsequent
generations while the synthesis of cyt ¢ was slightly stimulated
(Figure 5). No destruction of cyt aa; was detected in several
experiments of this type. Qualitative data for cyt b and ¢, are
included in Figure 5. Since these two peaks were well resolved
an estimate of their absorbance was made even though a large
portion of each of them is due to (a varying degree of) overlap
with the adjoining larger peaks.

A more quantitative measure of the extent of synthesis of
these two cytochromes under these conditions was obtained
from measurements in mitochondrial fractions isolated from

? Cytochrome a, cytochrome as, and a copper protein. Recent studies
of Love et al. (1970) and Chan et al, (1970) suggest that the apoproteins
of beef heart cyt @ and a; may be the same; the same appears true for
highly purified cytochrome oxidase preparations of S. cerevisiae, which
furthermore contains four polypeptide chains (P. Shakespeare, in
preparation),

30
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FIGURE 5: Biosynthesis of cytochromes aas, b, ¢, and ¢ in S. cere-
visiae growing on 397 lactate in the presence of CAP. Absorbance
of each cytochrome was estimated by measuring 4eo—As30 for cyt
aas, Asss—Ass for eyt b, Assz—Aszs for ¢yt ¢, and As-Ass for cyt c.
Total absorbance was calculated by multiplying the absorbance
per milligram of cell protein by the dry weight of the culture at
the time that the sample was harvested. This was then normalized
to the initial value which was 0.00364, 0.00563, 0.002, and 0.00626
for cyt aas, b, ¢;, and ¢, respectively. Data from two separate ex-
periments are plotted. Because reliable extinction coefficients for
yeast cytochromes measured under these conditions are not avail-
able, no attempt was made to express these data in terms of micro-
moles of each cytochrome.

mechanical cell homogenates (Figure 6). Direct analysis of
these data requires that all mitochondrial fractions studied be
of equal purity; we know that this requirement is rarely met,
especially when cells of altered mitochondrial physiology are
being compared (Perlman and Mabhler, 1970a,b). It was found,
however, that the ratios c/aas, ¢/b, and c/c; (Table I) remain

TABLE I: Changes in Relative Cytochrome Content.s

Normal Dry i/a_ /b c/cl.

Weight Co/ao Co/bo 6‘0/6‘10
Initial ratio 1.07 0.576 1.1
Control 1.0 1.0 1.0 1.0
3.1 0.84 0.99 1.04

19.8 0.82 1.0 1.35

CAP treated 1.6 1.47 1.26 1.2
2.15 1.41 1.38 1.2

2.76 1.37 1.34 1.25

3.3 2.82 2.15 1.26

10.0 9.5 4. 1.16

< Ratios of absolute absorbances in mitochondrial fractions
isolated from cells of S. cerevisiae grown in the presence of
CAP (see legend to Figure 6 for details).
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FIGURE 6: Cytochrome content of mitochondrial fractions isolated from S. cerevisiae grown on 3% lactate in the presence of CAP. Cell sam-
ples were obtained as described in the legend to Figure 4. Cells were broken by grinding with glass beads in STV-II (0.5 M sorbitol, 0.02 M
Tris, and 1 mm EDTA, pH 7.5). Debris and unbroken cells were removed by centrifugation at 2000g for 10 min; mitochondria were sedi-
mented by centrifugation at 20,000g for 20 min; the mitochondrial fraction was resuspended in 0.5 M sorbitol and repelleted at 20,000 for
20 min, This pellet was resuspended in 0.1 M phosphate buffer (pH 7.4) made 309 in glycerol for spectral analysis. Spectra of dithionite re-
duced samples minus buffer were obtained at the temperature of liquid nitrogen using a 3-mm path length. The numbers in parentheses are
the dry weight (milligrams per milliliter of culture) normalized to the initial value which was 0.284 mg/ml. The protein concentrations of the
mitochondrial suspensions were 6.62, 4.67, 9.4, 6.38, 7.99, 8.1, 3.62, and 3.7 mg per ml for curves A-H, respectively.

virtually constant in the controls; furthermore, the ¢/c; ratio
also remained constant in the CAP-treated samples. The c¢/b
ratio did not markedly deviate from the control value until
the second generation, while c/aa; was altered from the very
beginning of the experiment. We conclude that little or no cyt
aa; was synthesized in the course of this experiment. Since
data on whole cells and isolated mitochondrial fractions are in
good agreement, we may rule out the possibility that there was
some cyt aas synthesis but that it did not become localized in
the mitrochondrial fraction. This is in contrast to cyt ¢ and
c1, substantial quantities of which were not only synthesized
but continued to be localized in the mitrochondria. It is not
always possible to assign the absorbance at 553-554 mu to
cyt ¢; since cyt b; and b; absorb in that region (Lindenmayer
and Estabrook, 1958). Both of these species, however, are
characterized by two peaks of equal intensity, at 552.5 and
557.5 for cyt by, and 551.5 and 557.5 for b,. Since in our case
the peak at 558 is less intense than the one at 553—and is re-
duced relative to the control samples—these drug-treated cells
appear to have been capable of continued synthesis of cyt c¢;.
The question of cyt b synthesis is somewhat less straightfor-
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ward ; clearly, there was no significant further increase in this
entity subsequent to the first generation of growth. However,
it does not seem unlikely that some additional cyt 6 was
formed coincident to the first mass doubling at a time when
the synthesis of cyt aa; was already completely inhibited.

Errects or EB. Implicit in the work of other researchers
(Slonimski et al., 1968) and our earlier studies (Mahler e al.,
1971b) is the fact that EB does not inhibit growth of yeast on a
fermentable carbon source. However, it does not follow that
cells subjected to this treatment would also grow under the
conditions used above. To examine this matter, aliquots of a
culture growing on 3 % lactate were treated with EB at several
different concentrations and the fractions of mutants and wild-
type survivors among the viable progeny determined periodi-
cally. Viable counts were identical with those of the control;
thus there is no cell killing by EB under these conditions.
Table II relates the rate of mutagenesis to the concentration
of mutagen as an aid in the design of experiments for the study
of completely mutagenized populations (i.e., those known to
be fully affected by the drug).

Figure 1A demonstrates that cells grow normally during
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TABLE II: Mutagenesis of S. cerevisiae Growing at 30° on 39
Lactate in the Presence of EB.«

Time (min) of EB Concn (ug/ml)

EB Treatment 0 1 5 10 20 40
70"

0 1.0 1.0 1.0 1.0 1.0 1.0
20 1.0 238 1.97 8.35 29.7 92
60 1.0 45.9 98.1 100> 100
315 1.0 4.19 100 100 100 100
1065 1.0 99.71 100 100 100 100
1305 1.0 100 100 100 100 100

¢ A culture of S. cerevisiae growing exponentially on 3%
lactate was divided into 6 aliquots each at 2 X 10° cells/ml
(Aso0 = 0.1). EB (dissolved in methanol) was added at ¢+ = 0
to the concentrations indicated and suitably diluted aliquots
of cells were plated on diagnostic agar plates (containing 0.1 %
glucose plus 29 lactate) using the soft-agar overlay tech-
nique. Plates were incubated at 30° for 3-4 days before being
scored for % p~. » Greater than 99.9%; p~.

mutagenic treatment and that once mutagenized, the popula-
tion continues to grow for slightly more than two generations
at a progressively reduced rate and then stops. These cultures
were incubated for a total of 4 days during which time no fur-
ther cell division was detected (Mahler et al., 1971b). During
the phase of active growth, the observed increases in turbidity,
whole cell protein (per milliliter of culture), viable count, and
dry weight were in excellent agreement.

Cells so mutagenized but placed on galactose, a fermentable,
weakly repressing, carbon source, continue to increase in mass,
total cell protein, and all the cytosol markers tested at rates in-
distinguishable from that of the control (Mahler ef al., 1971b;
Perlman, 1971), for at least six generations. Such cells in a
lactate medium are capable of supporting incorporation of
appropriate precursors into nDNA (Perlman and Mahler,
1971), total cellular RNA and protein at rates no less than
90% those of the control (P. S. Perlman, C. Antalis, and
H. R. Mabhler, unpublished observations).

We conclude therefore, that EB does not exert any pro-
nounced and general effect on the expression of nuclear genes;
it is also known to be ineffective as a mutagen for such genes
(P. P. Slonimski, private communication, 1970).

However, in comparison to CAP, EB appeared to be a more
effective inhibitor of cellular growth on lactate, particularly
beyond the second mass doubling, when, however, secondary
effects due to its known irreparable alterations in the mtDNA
might first become manifest. To obtain a valid comparison of
the two drugs, therefore, we must restrict our attention to the
initial two mass doublings following mutagenesis (and the
time at which the phenotypic effects of EB become evident).
The data of Figure 7 describe enzyme synthesis in EB-treated
cells growing on 39 lactate; comparing Figures 2, 3, and 7
demonstrates that under these conditions the differences be-
tween the effects produced by the two drugs cannot be con-
sidered significant.

An analysis of cytochrome spectra of cells grown on lactate
in the presence of EB proved inconclusive because the cells
were characterized by a large EB absorption band which ob-
scured the cytochrome peaks. We have, however, examined
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FIGURE 7: Effects of EB (20 ug/ml) on synthesis of soluble, matrix,
and respiratory enzymes in cells of S. cerevisiae growing on 3%
lactate. Aliquots of cells whose growth characteristics are presented
in Figure 1A were harvested, broken by grinding with glass beads,
and assayed (cell-free supernatant) for their content of the enzymes
shown. Relative total units = (nmoles min—! mg~! of homogenate
protein~1) X (dry weight per ml of culture) normalized to the con-
trol value. The initial values of MDH, GDH, NADH ox, NADH :c,
cyt ox, and Succ:c were 4090, 287, 173, 93, 215, and 47 nmoles
min~! mg~1, respectively The initial dry weight was 0.162 mg/ml of
medium.

cytochrome synthesis in EB-treated cells but grown on 3%
lactate in the absence of extracellular EB; these increases also
continue for two generations as the cells similarly undergo
conversion from the p* to the o~ phenotype subsequent to the
prior genotypic conversion under nongrowing conditions
(Mahler er al., 1971b; P. Perlman et al., in preparation). The
findings from these experiments (P. Perlman et al., in prepara-
tion) were in excellent agreement with those presented in
Figures 4-6 and Table I in showing the total inhibition of
cyt aa; synthesis and continued synthesis of cyt ¢ and ¢; mea-
sured in both cells and isolated mitochondrial fractions.

We conclude that CAP and EB give qualitatively similar re-
sults and that any remaining quantitative differences, partic-
ularly subsequent to the second mass doubling, are referable
either to consequences of the petite mutation that become
manifest at that time in EB-treated cells or to the somewhat
leaky nature of the CAP block. However, if the latter is the
case, it becomes difficult to account for the high degree of
specificity and effectiveness of CAP in inhibiting the further
elaboration of cyt ox [and cyt aas].

Studies on Obligate Aerobes. We next present an extension of
these studies to petite-negative yeasts, species that cannot
yield viable respiratory-deficient mutants (DeDeken, 1961,
1966a,b; Bulder, 1964a,b; McClary and Bowers, 1967). Ex-
2985
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FIGURE 8: Effects of CAP (4 mg/ml) and EB (20 ug/ml) on enzyme
synthesis in cells of 7. wrilis growing on 5% glucose. In an experi-
ment similar to that shown in Figure 1C, aliquots of cells were col-
lected and assayed for their content of several enzymes. Relative
total units = (nmoles min~! mg homogenate protein=?) X (cell pro-
tein per ml of medium) normalized to the initial value. The initial
values of SDH and cyt ox were 35 and 147 nmoles min—* mg-!,
respectively, The initial cell protein concentration was 0.049 mg/ml
of medium. The synthesis of MDH, IDH, and NADH :¢ was mea-
sured and was essentially the same as for SDH.

periments measuring the long-term effects of acridines on
growth and respiration of such species have been reported
previously (DeDeken, 1961, 1966a,b). More recently, Kel-
lerman et al. (1969) compared the effects of CAP, euflavine,
and low oxygen tension on the growth of the aerobic yeast,
Candida parapsilosis, and on its cellular morphology, cyto-
chrome content, and the levels of MDH, SDH, and fumarase,
all after 16-18 hr of growth; EB was said to produce effects
similar to those reported for euflavine,

Two such organisms were examined in these studies, H.
wingei and T. utilis. Figure 1C presents growth data for the
second organism on 5% glucose, conditions which in this in-
stance produce no catabolite repression of respiratory bio-
synthesis, Neither CAP nor EB produced a profound inhibi-
tion of growth (Figure 1C); approximately 4.5 mass doublings
occurred during a period of 19 hr in each case, during which
time the control cells grew through five doublings. In contrast
to the increase in mass in the presence of EB, the viable count
(colony-forming capacity on nutrient plates after 6-days in-
cubation at 30°) increased only for one generation after which
time it fell off precipitously (Figure 1D). This lethality cannot
be referrable to any interference with the nuclear genome; the
expression (and presumed duplication) of the latter is unim-
paired as seen from the growth curve and the absence of any
effect whatever in the continued synthesis of all enzymes lo-
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calized in either the cytosol or the mitrochondrial matrix (see
below).

The biosynthesis of SDH (representative of most respira-
tory and soluble enzymes) and cyt ox under these conditions
are compared in Figure 8. There was no effect of either drug
on the biosynthesis of SDH while both drugs inhibited the
biosynthesis of cyt ox activity after the first mass doubling.
The effect of CAP was only partial during the last mass
doubling, probably due to a loss of effectiveness as the pH
dropped from 5.8 to 4.0 during that part of the experiment.
CAP has been reported to be less effective in certain yeasts at
a pH below 6.0 (P. P. Slonimski, private communication,
1970). In contrast, during the same period, the cyt ox activ-
ity in the cells exposed to EB did not increase.

In the presence of 5 ug of cyclo/ml there was no measurable
increase in the amount of protein or enzymatic activity over a
period of 6 hr.

Results with H. wingei were similar for CAP and cyclo but
not for EB. The EB-treated cells managed but one mass dou-
bling in 7.5 hr while the CAP-treated and control cells grew
through 3.5 generations. A comparison and analysis of the
kinetics of killing of these two aerobes is in progress.

For the moment, we may conclude that in obligately
aerobic yeasts, CAP inhibits mitochondrial protein synthesis
reversibly, while EB does so irreversibly. The fact that T.
utilis continued to grow and increase in mass at a virtually un-
diminished rate when the viable count had dropped by 959
demonstrates that, in this organism also EB (at 20 pg/ml) does
not interfere with the expression of nuclear genes.

Because T. utilis is rich in cytochromes 4, ¢, and aa; relative
to cytochrome ¢, it was possible to study the synthesis of all
four cytochromes by examining spectra of whole cells. Fur-
thermore any distortion of the cytochrome peaks by EB
bound to cells was minimal so that the effects of CAP and EB
on their synthesis could also be compared. Such spectra are
presented in Figure 9a-c. Absorbances at the appropriate
wavelengths were measured, converted into absorbance per
milligram of cell protein and expressed as total absorbance (per
milliliter of medium) normalized to the initial value (Figure 10).

EB quantitatively inhibited the synthesis of cyt aa,, but al-
lowed a substantial amount of cyt ¢; and some 4 synthesis;
cyt ¢ synthesis was actually stimulated over the level found in
the control cells. A similar overproduction of cyt ¢ appears to
be the rule whenever there is a block of the mitochondrial
system of gene expression (Peré, 1970).

While the effect of CAP was not so clearcut, cyt b and ¢,
were less affected than was cyt aa; during generations 2 and 3.
Cyt ¢ synthesis was stimulated. In this organism, unlike S.
cerevisiae, the pH of the medium drops below 6.0 in late ex-
ponential phase, and the CAP block became significantly re-
lieved. No such effect was observed for EB.

Effects of CAP and EB on mitochondrial morphology in 7.
utilis have been presented elsewhere (Mahler er al., 1971b)
and are in agrecment with those presented by Kellerman er al.
(1969). Interference with the expression of mitochondrial
genes produces only gradual changes in mitochondrial mor-
phology. Only after four to five generations of growth in the
presence of the inhibitors were grossly deranged mitochondrial
profiles obtained. A similar analysis using H. wingei provided
comparable results.

Discussion

Rationale and Specificities. Attempts at interpreting inhibi-
tory patterns for the biosynthesis of intracellular protein,
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particularly of complex catalytic or spectroscopically distinct
entities, in whole cells are notoriously tenuous and ambiguous,
The usual difficulties connected with specificity as to sites and
mode of action become compounded when, as is frequently
done, experimental observations are discontinuous and re-
stricted to relatively long time spans (Huang er al., 1966;
Clark-Walker and Linnane, 1966, 1967; Mahler er al., 1968;
Henson er al., 1368b) when sequential, cumulative, and syn-
ergistic effects may be expected to become increasingly
severe. These strictures apply with particular force to yeast, in
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FIGURE 9: Effects of CAP and EB on the synthesis of cytochromes
in cells of T. utilis growing on 5% glucose. The experimental design
was the same as described in the legend to Figure 4. Spectra of
dithionite reduced cells minus buffer were obtained using a 2-mm
path length. The numbers in parentheses are the dry weight (milli-
grams per milliliter of culture) normalized to the initial value which
was 0.216 mg/ml. The protein concentrations of the cell suspensions
were 10.7, 10.3, 19, 8.0, 14.9, 6.75, 12.5, 16.5, 4.96, 13, 5.5, 10.9,
18.2, and 14.9 mg per ml for curves A-N, respectively. The shifting
base line in the EB-treated cells (curves I-N) between 550 and 480
my is due to the presence of EB (absorbing as a broad peak around
500 my) in the cells.

which cells and mitochondria are known to exist in a variety
of genetic and functional states.

However, when the design of such experiments is altered to
permit a study of effects continuously over a relatively short
time span their results can be made to provide both a positive
and a negative internal control: i.e., when inhibitory effects
are restricted to one class of entities while a second remains
virtually unaffected. The conclusion is then justified that the
inhibitor is indeed active intracellularly and selective in its
mode of action, If the first class is composed of a sufficiently
small number of subspecies and the block on their biosyn-
thesis immediate it may even be possible to distinguish pri-
mary from secondary effects.

The known effects of CAP on macromolecular synthesis in
yeast have already been discussed. Its specificity for the mito-
chondrial protein synthesizing system (see reviews in Nass,
1970, and Ashwell and Work, 1970) is explicitly supported by
our data, since only the synthesis of certain proteins localized
and possibly synthesized within the particles was affected at
all.
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FIGURE 10: Biosynthesis of cytochromes aas, b, ¢;, and ¢ in cells of
T. urilis growing on 5% glucose in the presence of CAP or EB.
Absorbance of each cytochrome was estimated from Figure 9 and
relative total absorbance calculated as described in the legend to
Figure 5. Initial values of total absorbance were 0.0018, 0.0023,
0.0012, and 0.0025 unit per mg for cyt aas, b, 1, and ¢, respectively.
Because of the enhanced cyt ¢ synthesis in the EB-treated samples,
it was not possible to estimate cyt ¢, content in samples I-N (Fig-
ure 9). Cyt b content for EB was estimated in two ways: (1) Az —
Az (filled circles) and (2) 4;:3 — base line at 558 mu (open circles).
While CAP was not as effective in inhibiting cyt aa; synthesis as
was EB, there was a period of essentially complete inhibition (be-
tween relative growth = 1.87 and 6.96). During that time interval
cyt b and ¢; synthesis were relatively insensitive to the drug.

Although similar to CAP in its effects the known mode of
action of EB blocking cellular functions is not as clear-cut.
To be sure, in S. cerevisiae, EB is a specific mutagen (Slon-
imski ez al., 1968) and effectively inhibits mtDNA and RNA
synthesis (South and Mahler, 1968; Goldring er al., 1970;
Fukuhara and Kujawa, 1970; Perlman and Mahler, 1971)
while it has no effect on the entire NC system. It may, how-
ever, inhibit mitochondrial protein synthesis directly (as
noted by Kellerman e al., 1969) by a close coupling to trans-
cription; it must inhibit that synthesis indirectly and pro-
gressively as a result of the decay of mitochondrial messages,
ribosomes, and even genes present at the time of drug addi-
tion.

Selective Probes for Mitochondrial Gene Expression. With
the reservations just presented and remembering that any in-
ferences may be valid only for the particular physiological
state investigated (cells growing in the exponential phase in
the absence of catabolite repression), we may now direct our-
selves to the three questions raised earlier. (1) No qualitative
difference in response to CAP or EB at the level of enzyme or
cytochrome synthesis was observed despite the variety of
yeast species examined. However, quantitative differences
were (not surprisingly) detected. The action of EB was lethal
to the aerobes under conditions that rapidly produced a viable
mutant genotype in the facultative anaerobe. We therefore as-
sume as a working hypothesis that essentially the same pri-
mary event must have occurred in both instances, namely,
some irreversible alteration in the function of mitochondrial
DNA. As already mentioned, binding of EB by mitochon-
dria is known to inhibit both their DNA and RNA synthesis;
it is probable that only the former would lead to rapidly ir-
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reversible consequences. As already indicated EB can also
block mitochondrial protein synthesis in a more or less di-
rect manner. However, since CAP (which exerts this last-
named effect in vivo as well as in itro) is devoid of lethality to-
wards the obligate aerobes and does not produce mutants
rapidly in S. cerevisiae, interference with mitochrondrial pro-
tein synthesis by itselt in short-term experiments is not sufli-
cient to produce the irreversible damage to mtDNA required
in mutagenesis. (2) Again, regardless of organism, CAP and
EB produced qualitatively similar effects on mitochondrio-
genesis. Interference, therefore, with mitochondrial gene ex-
pression, be it at the level of transcription (by EB) or of trans-
lation (by CAP) results—among the parameters tested---di-
rectly and most immediately in a selective interference with
the continued biosynthesis first of cytochrome aa; and shortly
thereafter of cytochrome oxidase activity. With time, other
activities become affected progressively as does the detailed
morphology of the mitochondrial inner membrane, leading,
eventually to the aberrant types reported elsewhere (Mahler
et al,, 1971b; see also Kellerman er al. (1969) for analogous
observations on C. parapsilosis exposed to euflavin). (3a) The
most rapid and severe and, hence, the minimal phenotypic
consequences of interference with the expression of the mito-
chondrial genome produces an inhibition of synthesis, first of
cyt aa; and shortly thereafter of cytochrome oxidase activity.
These data do nor, however, permit the inference that either of
these entities is irself a product of mitochondrial transcription
or translation. It will be recalled that their synthesis is also
blocked completely by the addition of cyclo.

The extent of incremental increase of cyt ox and its inhibition
by cyclo under these conditions suggest that at least a portion
of the additional activity required the incorporation of proteins
made de nove during the course of the experiment; it is clear
that not «// component proteins were required for additional
activity., Other factors include the possible activation of en-
zyme precursors present at the time of drug addition and al-
terations in the stoichiometry of the enzyme due to changes in
the membrane which result in altered kinetic characteristics.

While cyt ¢, continues to be synthesized, a secondary effect
of an unusual type was observed; substantial amounts of
Succ:c and NADH ¢ acrivity were synthesized under condi-
tions where at least one of their components, cyt b, was made
to a much lesser extent. It is becoming increasingly clear that
the activity-to-heme ratio of respiratory enzymes need not be
a fixed parameter (Chen and Charalampous, 1969).

A possible explanation for the apparent discrepancy be-
tween enzyme activity and cytochrome content may be found
in the accumulating evidence for high-energy forms of cyto-
chromes (Chance er «l., 1966; Wilson and Dutton, 1970;
Slater er al., 1970; Wegdam et al., 1970) involved in oxidative
phosphorylation: in this interpretation enzyme activity might
continue to increasc at the expense of preformed cytochrome
present at the time of drug addition, but with an attendant
lowering of phosphorylative efficiency. The latter effect then
becomes a testable prediction of the hypothesis. (3b) 1f we
assume for the moment that initially CAP has no effect on
mtRNA synthesis and that EB inhibits mitochondrial protein
synthesis only indirectly then we may draw some strong infer-
ences from the data presented here. (1) So far as the proteins
of the respiratory chain are concerned. (a) No mitochondrial
transcript can have been wholly translated on cytoribosomes.
(b) No nuclear transcript can have been wholly translated on
mitoribosomes. (c) There is a time lag between immediate
effects caused by specific blocks in the mitochondrial system
and the resultant secondary inhibition of the NC system; that
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is, the coupling between the two intracellular systems of gene
expression may be disrupted (see also Mahler et al., 1971a,
b, and P. S. Perlman et al, in preparation). (2) Mito-
chondrial mRNA must have a relatively short half-life rela-
tive to cellular generation time. (3) Since cells growing under
these particular conditions contain mitochondria in a com-
pletely derepressed state, the further increases in the activity of
membrane-bound enzymes (or their constant specific activity)
observed subsequent to drug addition suggest that mito-
chondrial division remains coupled to the cell cycle. Thus new
mitochrondrial mass is produced even when there is block on
the expression of at least one mitochondtial gene crucial for
the maintenance of respiratory sufficiency. This conclusion is
confirmed by the dilution of ¢yt aa; in whole cells and in iso-
lated mitochondrial fractions coupled with the lack of dilu-
tion of at least two other cytochromes (c and ¢;).

Acknowledgment

We thank Mrs. Carol Williams and Mrs, Karen Walker for
excellent technical assistance throughout these studies and for
help in the preparation of this manuscript.

References

Ashwell, M., and Work, T. S. (1970), Annu. Rev. Biochem.
39, 251.

Borst, P., and Kroon, A. M. (1971), in Autonomy and Bio-
genesis of Mitochondria and Chloroplasts, International
Symposium, Canberra, 1969, Boardman, N. K., Linnane,
A. W, and Smiillie, R. M., Ed., Amsterdam, North Holland
Publishing Co. (in press).

Bulder, C. J. E. A. (1964a), Antonie van Leeuwenhoek J.
Microbiol. Serol. 30, 1.

Bulder, C. J. E. A. (1964b), Antonie van Leeuwenhoek J.
Microbiol. Serol. 30,442.

Chan, S. H. P., Love, B, and Stotz, E. (1970), J. Biol. Chem.
245,6669.

Chance, B., Lee, C. P., and Schoener, B. (1966), J. Biol.
Chem. 241, 4574,

Chen, W. L., and Charalampous, F. C. (1969), J. Biol. Chem.
244,2767.

Clark-Walker, G. D., and Linnane, A. W. (1966), Biochem.
Biophys. Res. Commun. 25, 8.

Clark-Walker, G., and Linnane, A. W. (1967), J. Cell Biol.
34,1.

Cotman, C. W., Mahler, H. R., and Hugli, T. E. (1968),
Arch. Biochem. Biophys. 126, 821.

Criddle, R. S., and Schatz, G. (1969), Biochemistry 8, 322.

DeDeken, R. H. (1961), Exp. Cell Res. 24, 24.

DeDeken, R. H. (1966a), J. Gen. Microbiol. 44, 149.

DeDeken, R. H. (1966b), J. Gen. Microbiol. 44,157.

deKloet, S. R. (1965), Proc. Kon. Ned. Akad. Wetensch. Ser. B,
68, 266.

deKloet, S. R. (1966), Biochem. J. 99, 566.

DeVries, H., and Kroon, A. M. (1970), FEBS (Fed. Eur.
Biochem. Soc.) Lett. 7, 347.

Fukuhara, H. (1965), Biochem. Biophys. Res. Commun. 18,
297,

Fukuhara, H. (1966),J. Mol. Biol. 17, 334.

Fukuhara, H. (1967), Biochim. Biophys. Acta 134, 143,

Fukuhara, H., and Kujawa, C. (1970), Biochem. Biophys. Res.
Commun. 41,1002.

Fukuhara, H., and Sels, A. (1966), J. Mol. Biol. 17, 319.

Goldring, E. S., Grossman, L. I., Krupnick, D., Cryer, D. R.,

and Marmur, J. (1970),J. Mol. Biol. 52, 323,

Grossman, L. 1., Goldring, E. S., and Marmur, J. (1969),
J. Mol. Biol. 46, 367.

Hartwell, L. H., Hutchinson, H. T., Holland, T. M., and
McLaughlin, C. S. (1970), Mol. Gen. Genet. 166, 347.

Hawley, E. S., and Greenawalt, J. W. (1970), J. Biol. Chem.
245,3574.

Henson, C. P., Perlman, P. S., Weber, C. N., and Mahler,
H. R. (1968b), Biochemistry 7,4445.

Henson, C. P., Weber, C. N., and Mahler, H. R. (1968a),
Biochemistry 7,4431.

Hosoda, J., and Cone, R. (1970), Proc. Nat. Acad. Sci. U. S.
66,1275.

Huang, M., Biggs, D. R., Clark-Walker, G. D., and Linnane,
A. W. (1966), Biochim. Biophys. Acta 114,434,

Jayaraman, J., Cotman, C., Mahler, H. R., and Sharp, C.
(1966), Arch. Biochem. Biophys. 116, 224,

Kellenberger, E. (1965), in Principles of Biomedical Organiza-
tion, Wolstenholme, P. G., Ed., London, Ciba Foundation.

Kellerman, G. M., Biggs, D. R., and Linnane, A. W. (1969),
J. Cell Biol. 42, 378.

Knight, E., Jr. (1969), Biochemistry 8, 5089.

Kroon, A. M., and Jansen, R. J. (1968), Biochim. Biophys.
Acta 155,629.

Laemmli, U. K. (1970), Nature (London) 227, 680.

Lamb, A. J., Clark-Walker, G. D., and Linnane, A. W.
(1968), Biochim. Biophys. Acta 161,415.

Lemberg, N. R. (1969), Physiol. Rev. 49, 48.

Lindenmayer, A., and Estabrook, R. W. (1958), Arch. Bio-
chem. Biophys. 78, 66.

Linnane, A. W., Biggs, D. R., Huang, M., and Clark-Walker,
G. D. (1967), in Aspects of Yeast Metabolism, Mills, R. K.,
Ed., Oxford, Blackwell, p 217.

Love, B., Chan, S. H. P., and Stotz, E. (1970), J. Biol. Chem.
245, 6664,

Mackler, B., Collipp, P. R., Duncan, H. M., Rao, H. A,,
and Huennekens, F. (1962), J. Biol. Chem. 237, 2968.

Mahler, H. R., Mehrotra, B. D., and Perlman, P. S. (1971b),
Progr. Mol. Subcellular Biol. 2 (in press).

Mahler, H. R., Perlman, P., Henson, C., and Weber, C.
(1968), Biochem. Biophys. Res. Commun. 31,474.

Mabhler, H. R., Perlman, P. S., and Mehrotra, B. D. (1971a),
in Autonomy and Biogenesis of Mitochondria and Chloro-
plasts, International Symposium, Canberra, 1969, Board-
man, N. K., Linnane, A. W., and Smillie, R. M., Ed,,
Amsterdam, North Holland Publishing Co. (in press).

McClary, D. O., and Bowers, W. D. (1967), J. Cell Biol. 32,
519.

Nachlas, M. N., Margulies, S. 1., and Seligman, A. M. (1960),
J. Biol. Chem. 235,499.

Nass, S. (1969), Int. Rev. Cytol. 25, 55.

Peré, G. (1970), Ph.D. Thesis, University of Paris.

Perlman, P. S. (1971), Ph.D. Thesis, Indiana University.

Perlman, P. S., and Mahler, H. R. (1970a), Arch. Biochem.
Biophys. 136,245,

Perlman, P. S., and Mahler, H. R. (1970b), J. Bioenerget. I,
113,

Perlman, P. S., and Mabhler, H. R. (1971), Nature (London)
(in press).

Perlman, S., and Penman, S. (1970), Biochem. Biophys. Res.
Commun. 40, 941.

Rabinowitz, M., and Swift, H. (1970), Physiol. Rev. 50, 376.

Roodyn, D. B., and Wilkie, D. (1968), The Biogenesis of
Mitochondria, London, Methuen.

Sels, A. A., and Cocriamont, C. (1968), Biochem. Biophys.

2989

BIOCHEMISTRY, voL. 10, No. 16, 1971



Res. Commun, 32,192,

Sels, A. A., Fukuhara, H., Peré, G., and Slonimski, P. P.
(1965), Biochim. Biophys. Acta 95, 486.

Siegel, M. R., and Sisler, H. D. (1965), Biochim. Biophys.
Acta 103, 558,

Slater, E. C., Lee, C. P., Berden, J. A., and Wegdam, H. J.
(1970), Biochim. Biophys. Acra 223, 354.

Slonimski, P. P., Perrodin, G., and Croft, J. H. (1968),
Biochem. Biophys. Res. Comnun, 30,232,

South, D. J., and Mahler, H. R. (1968), Nature (London)
218,1226.

Watson, K., Haslam, J. M., and Linnane, A. W. (1970),
J. Cell Biol. 46, 88.

Wegdam, H. J., Berden, J. A., and Slater, E. C. (1970),

CHUAH AND OLIVER

Biochim. Biophys. Acta 223, 365.

Williamson, D. H. (1970), Symp. Soc. Exp. Biol. 24, 247.

Wilson, D. F., and Dutton, P. L. (1970), Biochem. Biophys.
Res. Commun. 39, 59,

Wintersberger, E. (1965), Biochem. Z. 341, 409.

Wood, W. B., Edgar, R. S., King, J., Lielausis, I., and Hen-
ninger, M. (1968), Fed. Proc., Fed. Amer. Soc. Exp. Biol.
27,1160,

Yang, S., and Criddle, R. S. (1970), Biochemistry 9, 3063.

Yotsuyanagi, Y. (1962a), J. Ultrastructure Res. 7,121,

Yotsuyanagi, Y. (1962b), J. Ultrastructure Res. 7,141,

Zylber, E., and Penman, S. (1969), J. Mol. Biol. 46, 201.

Zylberg, E., Vesco, C., and Penman, S. (1969), J. Mol. Biol.
44,195.

Role of Adenosine Cyclic Monophosphate in the Synthesis of
Tyrosine Aminotransferase in Neonatal Rat Liver. Release
of Enzyme from Membrane-Bound Polysomes in Vitro®

Chong-Cheng Chuah and I. T. Olivert

ABSTRACT: Previous results suggested that the synthesis of at
least one form of tyrosine aminotransferase was under the
control of adenosine 3’,5’-cyclic monophosphate in neonatal
rat liver in vivo. The locus of action of the cyclic nucleotide
appeared to be at a posttranscriptional step in enzyme syn-
thesis. In postnatal Wistar albino rats of 1- to 2-days old, epi-
nephrine and puromycin injection results in elevation of he-
patic tyrosine aminotransferase activity. Microsome fractions
isolated from liver homogenates prepared from such rats
show a threefold elevation of tyrosine aminotransferase activ-
ity when incubated in vitro with cAMP, puromycin or ATP, in
the absence of GTP and a nucleotide triphosphate regenera-
tor. No additives from the supernatant fraction are necessary
for the effect. Other 3’,5’-cyclic nucleotides, 5’-AMP, and
27,3’-cAMP are without effect but ¢cIMP and GMP inhibit

In recent papers from this and other laboratories, adeno-
sine 3’,5’-cyclic monophosphate (cCAMP)! has been impli-
cated as an effector in the postnatal synthesis of tyrosine
aminotransferase (L-tyrosine:2-oxoglutarate aminotransfer-
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! Abbreviations used for nucleoside 3’,5'-cyclic monophosphates
have the word cyclic preceding the conventional abbreviation for the
5’-nucleoside monophosphate. Adenosine 2’,3’-cyclic monophosphate
(2',3-cAMP), Nb.2’-O-dibutyryladenosine 3/,5'-cyclic monophosphate
(dibutyryl-cAMP). Other nucleotides are abbreviated conventionally.
Phosphoenolpyruvate (PEP), phosphoenolpyruvate kinase (PK), p-
hydroxyphenylpyruvate (PHPP), reduced glutathione (GSH), sodium
deoxycholate (DOC), rat hepatoma cell (HTC), tyrosine aminotrans-
ferase (TAT). TKM buffer, 50 mu Tris-HC1-275 mm KCI-5 mM Mg-
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the elevation of activity mediated by cAMP, Zone centrifugal
analysis of the cAMP-treated microsomes shows that enzyme
is released in a form having the usual molecular weight. The
effect is localized to the membrane-bound polysomes which
can be washed free from all apparent enzyme activity. cAMP
is then required to release the bound enzyme in an active form.
The ATP effect is due to adenylylcyclase activity in the micro-
some fraction. A microsomal protein which strongly binds
cAMP is essential for enzyme release. Results with cyclohexi-
mide indicate that the system releases only finished enzyme
molecules (or subunits) and that polypeptide-chain elongation
does not occur. The results are discussed in relation to regula-
tory mechanisms of protein synthesis in higher organisms and
a terminator release control mechanism is suggested which
may operate in the synthesis of a range of specific proteins.

ase, EC 2.6.1.5) in rat liver (for summary, see Holt and Oliver,
1971) but the evidence indicates that the effect is restricted to
posttranscriptional events (Holt and Oliver, 1969a). Multiple
forms of tyrosine aminotransferase in rat liver have been
demonstrated by analysis in polyacrylamide gel electrophore-
sis (Holt and Oliver, 1969b, 1971; Sadleir er al., 1970), and
cAMP has its effect on the synthesis of only one of the forms
in vivo (form C) (Holt and Oliver, 1969b).

Chuah er al. (1971) suggested the operation of a cAMP-
dependent control at the termination or release step of tyro-
sine aminotransferase synthesis in neonatal rat liver and pre-
sented evidence for such a hypothesis. This evidence was
largely based on an anomalous effect of puromycin in vivo, in
that drug administration to intact animals under certain

MgCl: (pH 8.0).



