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Introduction

The metabolic pathways existing in plants, animals and micro-
organisms can be broadly divided into two kinds; those pathways con-
cerned with the generation of metabolic energy, and those pathways
which utilize such energy. This study will be concerned primarily with
pathways of the former kind. In the last decade the functioning of
multi-enzyme systems has received increasing attention from chemis¥s
and biochemists. Of equal importance to the understanding of the life
process are the mechanisms by which organisms control the synthesis and
assembly of multi-enzyme systems. For most organisms, including many
micro-organisms, the energy generating systems are "fixed" i.e. the
organism uses one or two pathways continuousty and the enzymes of these
pathways are always present in the organism. In order to study the
"on/off" control mechanisms involved in the genetic control of protein
synthesis, and the subsequent assembly of multi-enzyme complexes the
organism concerned must be able o synthesize more than one energy
generating system. Also, the organism must be able to exist equally
well by using any of the several pathways available fto it without the
intercession of any of the alternative pathways. Such a system would
ailow one To study the iransition from one mode of enargy generation
To a second. A class of micro-~organisms which fall into this category
are the facultative anaerobes.

Saccharomyces cerevisiae was chosen for this study because it

is a faculftative anaerobic yeast. This implies that, given the



appropriate conditions, this yeast can grow with equa! facility under

both aerobic and anaerobic culture conditions. The metabolic needs

of the cell are very different under these two contrasting atmospheric
conditions, and the energy generating systems are modified to accomm-

odate these particular environmental conditions.

Under anaerobic conditions the yeast realizes energy from the
fermentation of sugars to produce alcohol and carbon dioxide. This
alcoholic fermentation was first attributed to yeast by Pasteur, who
also realized that this micro-organism was a facultative anaerobe.
Further studies on the fermentation of glucose to alcohol gave rise
to the isolation of the first enzymes (zymase) by Buchner and even-
tually, through the work of Embden, Meyerhoff, Parnas, Warburg and
others, to the elucidation of the glycolytic or Embden, Meyerhoff,
Parnas pathway as it is known foday. This pathway, with slight mod-
ification of the steps prior to glucose-6-PO,, provides a route by
which yeast is able to ferment mono,-di,-tri,- and oligosaccharides
To produce ethanol, carbon dioxide and energy. This Then, is the major
pathway by which yeast, growing on a fermentable carbon source, are
able to generate the energy needed for growth, [for review, see
Axelrodlj.

When yeast are growing aerobically on a non-fermentable carbon
source, the metabolic energy is derived from respiration. Non-
fermentable, or respirable carbon sources, such as ethanol or glycerol
are oxidized via the tricarboxyiic acid, or Kreb's cycle to produce
carbon dioxide and reduced nicotinamide nucleotides (NADH, NADPH).

The NADH is then oxidized via the respiratory chain to produce the



high energy intermediate adenosine triphosphate (ATP) with molecular
oxygen acting as the terminal oxidizer. Thus respiration is depen-
dent upon the production of two separate metabolic pathways and the
presence of molecular oxygen in the environment. The Kreb's cycle

is a multistep system by which the yeast can metabolize acety! co-
enzyme A to produced reduced NAD and carbon dioxide. During respira-
tory growth this is a major function of the Kreb's cycle, but it is
also involved in other, anapleurotic functions, such as gluconeo-
genesis and carbon-skeleton production for amino-acid synthesis. One
must consider these other metabolic functions as well as that connec-
ted with respiration when considering the probable role of the Kreb's
cycle during any particular phase of the yeast growth cycle.

In contrast, the respiratory chain is concerned solely with
transfering electrons from the Kreb's cycle to molecular oxygen, and
utilizing This oxidation to generate ATP. Thus the yeast will only
need the respiratory chain under conditions where the energy derived
from fermentation is insufficient for growth, and an alternative,
respirable energy source is available,

In the growing yeast these three enzyme systems are com-
partmentalized (glycolysis is cytoplasmic; Kreb's cycle and the res-
piratory chain are miTochondrialz) and physically separate, but are
cennected by metabolic intermediates. Pyruvic acid, which is decar-
boxylated during fermentation to give rise to ethanol, can also be
oxidized to acetyl CoA, which then enters the Kreb's cycle. During
respiratery growth the mitochondrion must release nicotinamide nucleo-

tides, ATP, and other metabolites into the cytoplasm, so that the



various compartmentalized metabolic pools will also be connected by
chemical equilibrium or by membrane franspor# mechanisms. Although
These enzyme systems are physically separate in yeast, their func-
tioning is almost certainly integrated under the appropriate meta-
bolic conditions. This description of the major energy producing
pathways of yeast leads naturally 1o the questions of how these
systems are produced and of how this production is controlled? These
are unanswerable at the present time, butT The answers must be con-
sidered in the light of the control mechanisms generally available

to micro-organisms. The information which specifies enzyme and sub-
cellular structure is encoded in the deoxyribonucleic acid (DNA).

The processing of this information involves The transcription of DNA
genes to produce various ribose-nucleic acids (RNA). The structural
geﬁes, which encode the amino-acid sequence for proteins produce
messenger RNA (m-RNA), other genes produce fransfer RNA (1-RNA),
which participates in the transport and activation of amino-acids,
and ribosomal RNA (r-RNA), which in the form of a ribosome, co-ordinates
the actions of m-RNA, t-RNA and the relevant enzymes fo produce pro-
teins. |f the protein is an enzyme it will then interact with a sub-

strate(s) and produce a product(s). This process can be summarized:

m-RNA SUBSTRATE
1 11 111

DNA =

> t-RNA —————> PROTEIN —>

\\\\\\\\$r—RNA PRODUCT

The Roman numerals (above) denote probable contfrol sites. Type I

control [See Fig. 1(i)] at the level of specific structural gene
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translation has been demonstrated in many micro-organisms. The con-
trol of enzyme production by substrates/products specific to that
enzyme as demonsitrated by the B galactosidase studies of Jacob and
Monod3 provides a specific confrol mechanism at the level of DNA
transcription. A number of variations upon this theme, involving

i
multi-enzyme systems is discussed by Pontecorvo . One operon, multiple

structural gene systems have been observed in bacTeriaS, fungie, and

other micro-organisms. Cascade regulation, which is the simultaneous
induction of a number of unrelated operons has not been specifically

reported, but sequential induction of a number of related structural

genes has been reported in Pseudomonas7.

Control of Type II [See Fig. 1(ii)] is more general than That
of Type I, and invoives an alteration in the total rate of RNA trans-
cription in response to gross environmenial changes. The co-ordinated
changes between the rates of DNA, RNA and protein synthesis, and the
growth rate have been described by Maaloe and Kjeldgaards. At the
genetic level the "relaxed-stringent” mutants of E. coli also exhibit
this conTrolg. Briefly, in the wild type coli when protein synthesis
is inhibited, the overall rate of RNA synthesis becomes decreased,
and conversely when the rate of protein synthesis is stimulated, The
overall rate of RNA synthesis is also increased. These changes are
also mimicked by the rate of DNA synthesis.

The third level of control [See Fig. 1(iii)], is at The level
of enzyme function, and can be considered as a metabolic "fine control'.

5
In many enzyme systems, especially multi-enzyme pathways there is a



stimulatory/inhibitory relationship between the various substrates
and products of the pathway and the respective enzymes. The rate
of production of one substance often controls the rate of utiiiza-
tion of the substrate which is acted upon to give rise to that pro-
duct. There are many examples of this Type of control, and some have
been observed which infer-relate the glycolytic pathway, Kreb's cycle
and the respiratory chainlo

The above control mechanisms are generally available to
micro-organisms and the control of energy metabolism in yeast will
be discussed with the above information in mind (Chapter 6). The
enzyme systems of yeast have long provided information about the
intermediary energy metabolism (see above). In 1950, when Ephrussi
and Slonimski11 began the characterization of the "petite" mutation
of yeast, the study of the fermentation:respiration balance gained
added impetus. The "petite" mutation shows cytoplasmic inheritance
and its phenotype is respiratory deficiency. Such strains are
characterized by an inability fo grow on non-fermentable carbon
sourcesll. The lack of respiratory ability correlates cytologically
with degenerate mitochondrial profiles (YoTsuyanagilz, Shatz et aZ.1 )
and biochemically by reduced amounts of various dehydrogenases and
the loss of cytochromes a+asz, b and c, (Slonimskilq Slonimski and
Shermanls, Mahler et aZ.lG). As these biochemical, cytological and
genetic studies were progressing, other researchers were elaborating

the effects of various environmental factors upon the wild type yeast,

A number of growth conditions caused the wild type yesast to mimic the



"petite" phenotype. Anaerobic, fermentative growth causes the yeast
to lose its respiratory ability, the mitochondrial profiles become
degenerate and decrease in numbers, and The levels of cytochromes
ataz, b and ¢, are much decreased (Somlol7, Slonimskils, Tustanoff
and Barfley19). The same phenomena were also observed when respira-
Tory sufficient yeast were fransferred o a fermentative carbon

20 21
source such as glucose (Polakis and Bartley , Utter et al. ,

Jayaramann et al.zz). The above sfudies delineated the major
factors which could produce the respiratory deficient phenotype
in yeast. Later studies on the adaptation of anaerobically grown
yeast to aerobic conditions demonstrated the restoration of the

23 24
respiratory sufficient phenotype (Slonimski , Tustanoff and Bartley

Linnane et aZ.ZS). These studies ied Slonimski o propose that

the synthesis of the mitochondrial proteins was an inductive process,
triggered by molecular oxygen, and Bartley and his co-workers to
propose Tthe alternative hypothesis that it was release from glucose
repression, mediated by fermentation, which led To the elaboration
of mitochondrial profiles.

A preliminary report by Shatz et aZ,26 suggested That there
was DNA associated with the yeast mitochondria. This report was
soon followed by the isolation of DNA from the mitochondrion of a
fungus (N. crassa) and from the mitochondria and other sub-cellular
organelles of higher plants and animais. Each of these DNA's has a
unjque structure and a characteristic bouyant density (review, Gibor

27 28
and Granick ). In 1966 Tewari, Votsch and Mahler isolated and



characterized the DNA of yeast mitochondria, using cells grown under
various conditions. This finding was very quickly substantiated by
other laboratories and Monoulou et aZ.29 demonstrated that "petite”
mutations could be associated with deletions in the mitochondrial
DNA.

Recently these studies have been amplified by the isolation
of a DNA-DNA polymerase (replication enzyme)30, and a DNA-RNA poly-

31
merase {(transcription enzyme) , both specific for mitochondrial DNA,

30
and also of ribosomal and ftransfer RNA specific to the mitochondrion .

Winferberger30 has also been able to demonstrate base palr homology
between mitochondrial DNA and mitochondrial RNA, The discovery of
the "petite" cytoplasmic inheritance and the DNA associated with
the mitochondrion led to a re-awakening of The self—reproducing Theory
for mitochondrial synthesis originally proposed by Altmann, The more
recent evidence indicates that the mitochondrion is equipped with
most of the apparatus essential for self-replication. Although The
characteristics of this system are similar to that possessed by
bacteria, the amount of DNA associated with the mitochondria of most
eukaryotes is sufficient to code for only a smail fraction of the
proteins inveclved in the mature mitochondrion (Work and Ashwellaz).
That the mitochondrion is actually synthesizing proteins
coded for by mitochondrial DNA is still in doubt, but the incorpora-
Tion of radicactive amino acids by isolated mitochondria has been
firmly established for mammalian mitochondria (Roodyn33), and for

34 35
isolated yeast mitochondria (Linnane et al. ’ ),



Further evidence for the coding properties of mitochondrial
DNA comes from the works of WinTerbergergo, who showed that a "petite"
mutant could no longer synthesize mitochondrial ribosomes; from
Linnane et aZ.34’35 who showed that in yeast an erythromycin-resistant
mitochondrial profein synthesizing system is ftransmitted via cyto-
plasmic inheritance, and from Thomas and Wilkie36 who have been able
to demonstrate cytoplasmic-recombination under anaerobic mating con-
ditions. Perhaps significantly, this would be the condition when
the mitochondrial membrane systems would be most degenerate.

Lehninger37 discusses the evidence for the three major alter-
native hypotheses proposed to explain The synthesis of mitochondria.
The first is de-novo synthesis, the second is formation from pre-
formed cellular structures e.g. the cytoplasmic and/or nuclear mem-
brane, and the third is that of self proliferation - each mitochon~
drion "growing" and giving rise to daughter mitochondria by some form
of fission process. The evidence for the first two hypotheses 1is at
best circumstantial, and although the accumulated evidence makes the
third hypothesis very attractive, it is difficult to envisage the
mechanism by which this "growth" is controlled.

Previous evidence suggests that some components of the respira-
Tory chain are coded for by the mitochondrial DNA i.e. affected by
"petite" mutations, whereas the great bulk of the mitochondrial pro-
teins are either unaccounted for, or coded for by nuclear genes,

38

Munkres , working with N, crassa has shown that the structural genes

for the mitochondrial isczymes of malic dehydrogenase (MDH) are



39 15
nuclear in location. Sherman and Sherman and Slonimski have

isolated a large number of '"petite" mutants which exhibit Mendelian
inheritance. The best studied of these mutants are those of the
CY locus, which is the structural gene for cytochrome-c, an integral
part of the respiratory chain. Evidence from mammalian systems in-
dicate that cytochrome-c is synthesized on the cytoplasmic ribosomes,
and then integrated info the miTochondrionqo. This has not however
been demonstrated in yeast.

The evidence obtained by Luckul working with N. crassa is
the least equivocal, with respect to the self-proliferation or growth
hypothesis. Working with a choline requiring mutant and radioauto-
graphy, Luck was able to demonstrate that in a pulse~chase experiment,
the number of grains/mitochondricon is halved in one generation time.
The fungus was growing synchronously and this evidence implies that
the mitochondria are growing in phase with tha cellular division cycle.

This is obviously untrue for yeast, as the number of mito-
chondria per yeast varies greatly under the various growth conditions.
Cytological and biochemical swLudiesL*2 have led To the theory of the
pro-mitochondrion, which is an immature mifochondrion, present in
anaerobic cells, which is fransformed info a mature mitochondrion
when the cell is exposed to oxygen. Thus the conventional wisdom, as
exemplified by fThe recent work of Shatz, Criddle, Plautner and PalTaufqz
is a mixture of the de-novo and "self-proliferatory" theories, which
will be more fully discussed in the conclusion (Chapter 6).

From the evidence so far presented it seems that the yeast

mitochondrion has all The characteristics of a self-replicating system,



except that the DNA is insufficient in quantity to code for more

than a very few mitochondrial proteins. An explanaticn of the mode

of mitochondriogenesis in yeast must therefore embody the synthesis

and integration of nuclear-coded proteins into the mitochondriocn,

the mitochondrial synthesis of mitochondrially cocded protein, and

the integration of fthese two processes with general cell metabolism,

As described above, the energy generating pathways in yeast

are altered in response to changes in the atmospheric conditfions

and to carbon-energy source changes. The object of the experiments

to be described were;

(M

an

(i

(iv)

to further document the changes in enzymic concen-
Tration and function under the varijous growth con-
ditions.

to interpret these results with respect to the way
in which yeast control the fermentation:respiration
balance,

from the results involving mitochondrially located
enzymes, To gain a further insight info the pro-
cesses involved in mitochondriogeneslis.

finally, fo ftry and draw some conclusions about
the relative Importance of nucliear and mitochon-

drial DNA in mifochondriogenesis.,



.CHAPTER T
Methods

Microorganism and culture procedure

Saccharomyces cerevisiae, strain no. 77 of the National
Collection of Yeast Cultures (Brewing Industries Research Foundation,
Nutfield, Surrey) was mainfained aerobicaily on agar slopes contain-
ing inorganic salts (see media), 2.25% (W/V) Difco malt extract, 0.05%
(W/V) Difco yeast extract and 0.5% (W/V) sucrose. The yeast was
grown for 48 hrs at 30.0° prior to inoculation. The yeast was sub-
cultured once a month, and aftfer 48 hrs at 30° The‘siopes were stored

at 20.

Growth of cells

Liquid growth medium utilized in this study was the complete
anaerobic medium described by Tustanoff and Barﬂey19 which contained
ergosterol and Tween 80. The carbon source was added as described in
The text. The yeast inoculum was prepared by washing the organism
from the agar slope with sterile distilled water, Sufficient inocuium
(determined by nephelometry) was added to the growth medium to give
0.40 mg. dry wt. of cells for each g of carbon source compound. Ini-
tially cell growth was commenced aerobically in wide-based conical
flasks which were aerated by vigorous shaking (135 oscillations/min)

in a thermostatically controlled water bath (30.0%), When various



kinetic parameters were to be measured in aerobically grown yeast,
these cells were grown to their stationary phase and aliquot samples
were taken sequentially during this growth period. When transfer
experiments were undertaken cells were grown to their mid-exponential
phase (3.5 mg dry wt/ml) and immediately centrifuged (2,000 x g for
5 min) at 300, then resuspended in sterile distilled water and added
to fresh anaercbic medium so that the cell concentration was 4.0 g
wet wt/l of medium. The nature of the carbon source in this latter
medium varied and is given in The fext. Incubation of these cells
was then continued for a specific length of time in the manner des-
cribed above either aerobically or anaerobically. Anaerobic condit-
ions were attained by bubbling the medium with a continuous flow of
oxygen-free nitrogen gas which was further chemically purged of the
last traces of oxygenqg. An anaerobic milieu was insured by pre-

bubbling the liquid medium for 30 min prior o inoculation.

Harvesting the organisms

Cells were collected at different Time periods, transfered
into pre-cooled centrifuge Tubes and centrifuged at 5,000 x g for 5
min (09). The supernatant was decanted and stored at ~20.0° for
carbon source and ethano! analysis where indicated. The resulting
pellet was washed twice by suspension in distilled water (0%) and
then stored for 24 hrs at -20.0° if enzyme assays were to be carried
out. For dry wt determinations aliquot samples were ftaken and
Treated as described above and the final pellet was heated at 115°

for 24 hrs.



Cell free extracts

After 24 hrs, stored pellets were thawed, suspended in a
volume of tris-HC! buffer (0.05 M, pH 7.4) and then passed through
a chilled French pressure cell (23,000 p.s.i.) which was maintained

at 40.

The cell walls and debris were removed by centrifugation
(1,000 x g for 5 min at 0%). The cloudy supernatant was used for

enzymic assays.

Preparation of yeast mitochondria

Mitochondria were prepared using a modification of the pro-
toplast technique described by Duell et aZ.L}L\L using late exponen-
tial aerobic cells. Serum albumin (3 mg/ml) was added to the lysis-
medium. Approximately 80% formation of spheroplasts were obtained
(microscopic examination) using the crude snail gut extract (400 mg

protein/g wet wt of cells).

Measurement of respiratory ability

Five ml aliquot samples were removed from the culture at
various times during the growth period and transferred quantitativel
to a chamber of the Biological Oxygen Monitor (Yellowspring Instru-
ment Co., Yellowspring, Ohio; Model 53) and aerated for exactly [,0
min at a constant rate, Oxygen consumption of The whole cells was
monitored polarographically using a Clark Type electrode for 3.0 min
at 30.0°. This measurement reflected The respiratory capacity of
these cells. Very active cell culfures were diluted 1:5 with super-

natants obtained from samples Taken for dry wh determinations.

Y



Measurement of mitochondrial respiration

Oxygen consumption of mitochondria was also measured polar-
ographically. The reaction medium contained 0.65 M sorbitol, 25 mM
potassium phosphate buffer (pH 6.8), 10 mM KCI, 1.0 mM EDTA and 1.0
mg bovine serum albumin (in 3.0 ml). The reaction was carried out
at 30°. Oxidations were initiated by the addition of 0.05 ml mito-
chondrial suspension (400 - 500 ug protein), followed by 0.02 ml
substrate (concn. indicated in text), 0.0l ml ADP (180 uM) and 0.0l
ml of either D (=) or L (+) isomers of chioramphenicol. Because of
the limited solubility of this drug in water it was solubilized in
95% ethanol (600 mg/ml at 35°). P:0 and respiratory control ratios
were determined by graphic analysis of the polarographic tracings
recorded in response to the addition of a definite amount of ADP,

45
as described by Chance and Williams

Analytical methods

Protein was determined by the biuret or Folin-Ciocol leau
meThodL+6 with crystalline bovine serum albumin as standard. Glucose,
galactose and ethano!l were determined in the supernatants utilizing
the glucose or galactose oxidase“7 and alcohol dehydrogenase48 pro-

cedures respectively.

Enzyme assays
All assays were performed in a temperature controlled Gilford
2000 recording spectrophotemeter. The temperature was maintained at

30°C. By using 1.0 cm lightpath, 3.0 ml cuvattes in a micro-cuvette



holder it was possible fto reduce the assay volumes fo 1.5 - 2.0 mis
>wiThouT encountering the mixing and edge effect problems inherent
in micro-cuvettes.

Pyruvate decarboxylase (2-oxo-acid carboxy-lyase, E.C.4.1.
|.1.) was assayed according To Holzer and Goeddqu. The decarboxy-
lation was measured by using excess alcohol dehydrogenase to couple
acetaldehyde production to the oxidation of NADH. The system con-
tained phosphate buffer (0.05 M, pH 6.5), MgCl, (8.33 mM), cysteine
HCl (20 mM), thiamine pyrophosphate ([.67 mM), NADH (0.15 mM), pyru-
vate (33 mM), alcohol dehydrogenase (60 ug) and water to a final
volume of 2.0 mis. Absorbance was monitored at 340 mM, E = 6.22 x

-3 - ~1
10 M cms

Hexokinase (ATP glucose-6-phosphotransferase E.C.2,7.1.2.)
was measured according to Bergmeyerso. The reaction was coupled to
NADP using glucose-6-P. dehydrogenase and the increase in absorbance
at 340 nM due To NADPH was measured. E = 6.22 X I63M-1cms-1. Each
cuvette contained MgCl, (0.01 M), ATP (0.0l M), NADP (3 x IO-3 M),
tris-HCI buffer (0.05 M, pH 7.4), glucose-6-P. dehydrogenase (1.0 ng)
and glucose (20 pg) in a final volume of 1.5 mls,

Glucose-6-P. dehydrogenase (D-glucose-6-phosphate NADP oxidore-
ductase, E.C.1.!.1.49) was assayed by the method of BergmeyerSI. Each
cuvette contained fris-HCl buffer (0.05 M, pH 7.4), NADP (0.05 mis
of 25 mg/10.0 mls solution), glucose 6-P. (4 x IO-2 M) and water 1o a

final volume of 1.5 mls. The reaction was started by the addition

of glucose-6-P., and the increase in absorbance at 340 nM was recorded.



Malic dehydrogenase (L-malate:NAD oxidoreductase E.C.1.l1.1.
37) was assayed according to Witt, Kroneau and Holzersz; cuvettes
confafned NADH (0.1 mM) oxaloacetic acid (0.1 mM) and tris-HC! buf-
fer (0.05 M, pH 7-4) to a final volume of |.5 mls. Absorbance was
monitored at 340 nM.

Succinic dehydrogenase (Succinate:paramethosulponate oxi-
doreductase, E.C.3.9.9.1.) was assayed by the method of Singer, as
modified by HauberSS. To each cuvette was added KCN (1.5 pmoles),
sodium succinate (45 uM), phosphate buffer (150 umoles, pH 7.6)
enzyme extract and water To a final volume of 1.48 mls. The cuvettes
were equilibrated for 3.0 mins at 30°. After 3.0 mins, 0.02 ml of
a parametho-sulphonate (PMS)/dichlorophenol indolepheno! (DCIP)
solution was added and the absorbance at 600 nM was measured for
the first minute. PMS (30 mg/ml)/DCIP (90 mumoles/ml) E = 20 m
moleg.lcms-l. Estimates were corrected for a minus-succinate blank
reaction.

Isocitric dehydrogenase (L-isocitric:NAD oxidoreductase, E.
C.l.1.1.41.) was assayed according to B. D. Sanwal et aZ.Su, modified
as follows: each cuvette contained MgCl, (0.05 mls, 0.1 M), NAD
(0.05 mis, 10 mg/ml), AMP (0.02 mls, 0.025 M), KCN (0,05 mls, 30 mM)
and tris-HC! buffer (0.05 M, pH 7,4) to a final volume of |.48 mls.
The reaction was started by the addition of 0.02 mis of isocitrate
(0.25 M). The reaction was monitored at 340 nM,

Aleohol dehydrogernase (Alcohol:NAD oxidoreductase E.C.1.I.1.

55

I.J was assayed according to the method of Bergmeyer modified as

follows. To each cuvette was added NAD (0.0l mls, 0.075 M), ethanol



(0.1 mis, 2% solution) glycine-phosphate buffer (1.0 mls, pH 8.8).
Absorbance was monitored at 340 nM. Glycine-pkosphate buffer con-
sisted of sodium pyrophosphate (1.66 gms), glycine (0.0833 gms),
semicarbazide-HCi (0.216 gms) made up to 50 mls at pH 8.8.

NADH-cytochrome ¢ reductase (NADH:cytochrome ¢ oxidore-
ductase E.C.1.6.2.1,) was assayed by a method modified from that of
Y. Halefi and J. S. Rieske56, Phosphate buffer (0.05 M, 10 ° M
EDTA, pH 7.0), ferricyfochfome c (0.0l mls of a 0.80% solution), KCN
(0.05 mls, 0.01 M), NADH (0.1 mis, 0.0l M) and water to a final
volume of 2.0 mls. Reaction rates were corrected for auto-reduction
of cytochrome ¢ and for minus-enzyme blank reaction. E = 29.0 mmoles !
cms 1 at 550 nM.

Cytochrome ¢ oxidase (cytochrome c:oxygen oxidoreductase,
E.C.1.6.2,1.) was assayed by measuring the oxidation of cytochrome
c at 550 nM, according to the method of L. Smith®’. Each cuvette
contained horse heart cytochrome ¢ (0.75 mg) in 1.5 mls of tris-HCI
buffer (pH 7.4). Cytochrome ¢ was reduced with ascorbic acid, such
that the ratio ODs5¢:0D565 was between 12:1 and 14:1. Data are ex-
pressed as ISJr order rate constant, or converted to mmoles/min using

~1 —1
E = 29.0 mmoles cms

Separation of malic dehydrogenase (MDH) iso-enzymes
(i) Colunn chromatography
DEAE-AS0 Sephadex was cycled through NaOH and HCI,
neutralized, and equilibrated to phosphate buffer NaH,PO, (0.02 M,

pH 7.0) 20 x .0 cm columns were poured at roon temperature, and
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equilibrated to 4.0°C. after packing. Samples were layered on Top
of the column and eluted with 25.0 ml phosphate buffer (NaH,POy,
pH 7.0) followed by a further 25.0 ml of phosphate buffer (NaH,POy
0.2 M NaCl, pH 7.0). Sixteen fractions of 3.0 mls were collected.
Fractions were assayed spectrophotometrically for MDH as described
above. This method was modified from that of Schmidt, Schmidt and
58
Mohr
(1i) Polyacrylamide gel electrophoresis
Anionic conditions, as described by Baruch Davissg,
were used throughout. Bands were visualized by incubating the gels
at 37°C totally immersed in the following solution: paramethosul-
phonate (PMS), 4.0 mg, nitrotetrazolium blue (NTB) 10.0 mg, malic
acld (neutralized) 1.0 gm, NAD 50 mg, dissolved in 50 m! of 0.1 M

tris-HCI buffer, pH 8.5. Electrophoresis times were as described

in the text.

Extraction and determination of nicotinamide nucleotides and adeno-
sine phosphates

Duplicate samples of yeast suspensions were serially removed
from the growth medium and immediately centrifuged at 2,000 x g for
1.5 minutes. After discarding the supernatant the yeast pelletfs were
immersed in liquid No and immediately frozen. These cells were then
stored in liguid Ny until they were used for subsequent analyses.
Extraction of adenosine phosphates and nicotinamide nucleotides from
These cells was carried out according to the procedures outlined by

60
Polakis and Bartfley . Recovery studies of this methed in our hands
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gave results which ranged from 98.5 to 100.5%. (See Tables [(II)
and I(III). Quantification of these cofactors was then carried out
using the fluormetric procedure described by Maitra and Esfabrook61
The output signal of an Eppendorf fluorimeter was fed into a com-
pensating voltage aTTachmem‘62 which in turn was amplified and re-
corded by a 10" Beckman Potentiometric recorder. Pyridine nucleo-
tide oxidation or reduction was assessed from the change in fluor-
escence using a 313 + 366 nM excitation light and a secondary emis-
sion filter with a band pass of 400 to 3,000 nM. Nucleotide solu-
tions were standardized in the conventional manner by determining
the change in absorbance at 340 nM spectrophotometrically using
similar enzymic reactions. Glucose-6~phosphate and pyruvate concen-
trations were estimated as a by-product of fthe adenosine phosphate
determinations.
Analysis for DNA

DNA was assayed according to the method of Burfon63. DNA
was extracted from whole cells with perchloric acid (0.5 N) and
digested at 70°C for 15 mins. The diphenylamine reaction was used
to visualize the deoxyribose produced and deoxyribose was used for

the standard curve.

Expression of results
Enzyme activity and oxygen consumption data are expressed
both as specitic activity in the cell and total activity in the culture

medium. By contrasting these different activity expressions it is
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possible to obtain an insight into the state of the catalytic pro-
tein during various phases of yeast propagation. Specific activity
does not necessarily reflect changes in catalytic activity or chan-
ges in the gene expression which controls that catalytic activity.
By comparing and contrasting the specific activity (which is a re-
lative rate) with that of The fotal activity (which is an absolute
rate) it is possible to characterize the various modes by which the
concentration of catalytic protein per cell can be altered. Synthe-
sis 5f enzymes is reflected in a positive slope of the total activity
curve, a zero slope indicates no net synthesis and a negative slope
degradation. Inflection points in these curves represent 'rate
changes" or fransitions from one functional state fo another. On
this basis it is possible to decide whether changes in enzyme con-
centration/cell mass are due to changes in enzyme concentration, al-
tered expression of existing enzyme activity or 1o increased or de-
creased cell growth relative to a constant rate of enzyme synthesis.
Tetal activities are also expressed as semi-log and log-log
plots. A straight line semi-log plot indicates an exponential syn-
thetic rate and inflexions in the curve indicate rate changes. The
slope of the line is a measure of the doubling time. A straight
line on & log-~log plot indicates a parabolic synthetic rate of the

mx

type y = ¢ Both types have been observed, and the possible sig-

nificance of these results is discussed in Chapter 4.
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Estimates of the errors imvolved in the analytical data
(i) Enzyme assays
All samples were passed through the French press fwice
to ensure maximum cell breakage. Each sample was then assayed
three times for each activity, and the values recorded in the re-
sults is the average for the three estimates. The data in Table
I (I) illustrates the range of some estimates. In general, indivi-
dual estimates agreed within 5%. [cf. Table 1(1)]
(11) DNucleotide analysis
The data in Tables | (II) and | (III) illustrates
recovery of nicotinamide and adenine phosphate nucleotides exper-
ienced with the respective extraction techniques. Duplicate samples
were taken at each point in the experimental time course and then
each sample was extracted separately. Each sample was assayed three
times, with individual estimates agreeing within 5%. The points
used in The results represent the average of six estimates (three
for each sample).
(1i1) Other analysese
Assays for glucose, galactose, alcohol, protein and
DNA were all performed in duplicate on single samples. The values
used in the results represent a mean of ftwo estimates; in general

estimates agreed within 5% or less.
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TABLE I (1)

The Effect of French Pressing on the Recovery
of Cyt, ¢ oxid. Activity

Extract* # of times AEggqg/min/ Average Specific Activity
mg.protein pressed 0.01 ml IST order rate const./mg
/mi protein
0.0285
56.0 1 0.0270 1.07
0.0290
0.0290
50.0 | 0.0275 .27
0.0300
0.0275
54.0 2 0.0250 1.07
0.0260

*¥ 25.0 mls of aerobic yeast: 24.0 hrs, 2.7% glucose Y.AnO,



TABLE I (11)

Recovery of ATP from adenosine phosphate cell extracts

Sample % change in fluorescence Expected Average %
% change

ATP 16.5

standard 16.5

solution * 17.5 7.5 98.7
18.5

ATP 17.5

standard 17.75

solution 16.75 17.5 98,0
15.5

ATP & 22.5

5.0 mls 23.0

of cells** 21.1 22.13 100. |
21.15

2 x ATP 53.0

& 10.0 mls 50.25

of cells 52.25 23.0 99.0
54.0

¥

samples
*%

wt/10.0 mis.

equivalent aliquots of ADP and AMP were also included in these

yeast suspensions were aerobic, 5% glucose-grown; 54,6 mg, dry
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TABLE I (111)

Recovery of NAD and NADH from cell exfracts

NAD NADH
Sample % Recovery Samp le % Recovery
Standard Standard
NAD 94.7 NADH I15.0
Solution® Solution®
Standard + Standard + 94.0
5.0 mls of 83.8 5.0 mls of
** cells cells
Standard + Standard +
10.0 mls of 98.7 10.0 mls of 120.0
cells cells
%

version
¥ %

NAD and NADH were added To each sample to check for intercon-

yeast suspensions were aercbic, 5% glucose-grown; 54.6 mg. dry
wt/10.0 mls.
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Chemicals

Horse heart cytochrome ¢ (Type III), adenosine phosphates,
NAD+ and NADH were purchased from the Sigma Chemical Co. (St.
louis, U.S.A.). Bovine serum albumin was obtained from Armour
Pharmaceutical Co. (Kankakee, 1l1., U.S.A.). Snail gut enzyme
(Suc d'Helix pomatia) was secured from Industrie Biologique
Francaise (Seine, France). Caselin hydrolysate (acid) originated
from Oxo Ltd., (London, England), yeast extract from Difco Lab-
oratories (Detroit, U.S.A.), D-galactose (glucose-free) from
Thomas Kerfoot Co. (Vale of Bardsley, lLancs, England)}. D (~)
threo- and L (+) threo-chlorampheniccl were donated fo us by
Parke-Davis Co*. (Detroit, Michigan). "Glucostat" and "Galacto-
stat" reagents were obtained from Worthington Biochemical Corp.
(Freehold, N.J., U.S.A.). Glucose-6-phosphate, phosphoenolpyru-
vate (disodium salt) pyruvate and all other enzyme utilized in this
study were obtained from C. F. Boehringer & Soshne (New York, U.S.A.).

All other chemicals were of the highest grade available.

Medium Inorganic Salts

KH, PO, 9.0 gn/l
(NHy,) S04, 6.0 an/l
MgC1,6H,0 0.5 gm/1
CaCl, (anhydrcns) 0.3 gm/1

¥ We are indebted to Dr. H. E. Machamer for the generous gift

of the D (=) and L (+) threo isomers of chloramphenicol,



CHAPTER 2

Preliminary Experiments

(1) The Growth Characteristics of S. Cerevisiae

Anaerobic Growth

Growth on 2.7% glucose anaerobic medium (YAn.Ny) is char-
acterized by a 9,0 hr lag pericd, followed by a fast, 3.0 hrs long
fermentatative phase. At This point glucose becomes exhausted and
the cells enter a terminal stationary phase, On 2,7% galactose
(YAn.No) the lag phase is 14.0 hrs long and the fermentative growth
rate is sliower. Galactose becomes exhausted aftfer 6.0 hrs of ex-
ponential growth and the cells enter stationary phase., The dry
weight yield/unit carbon source is the same for both sugars [Fig.

2¢1)71.

Aerobic Growth

The rate of increase in dry weight with Time varies with the
carbon source. A pronounced di-phasic curve is observed when yeast
are grown on 2.7% gluccse, sucrose or fructose, Fig., 2(ii)A. The
lag period is 7.5 hrs long, followed by a fast logarithmic pnase of
3.5 hrs in which glucose is completely fermented fo ethanol and
carbon dioxide. The cells then enier a plateau or lag period before

logarithmic growth is resumed. This second growth phase Is respir-

28



LEGEND

Flg. 2(1).

Yeast grown on maintenance slopes for 48 hrs. at 30°C. were Inoculated
Into Y.An. medium to a concentration of 0.4 mg. dry welght/mi. Oxygen pre-
nitrogen was bubbled through the cultures which were contalned In tightly
stoppered flasks. Cells wore kept suspended by gentle shaking. Incubation

was at 30°C.
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Flg. 2(11) A and B.

Yeast grown on maintenance slopes for 48 hrs. at 30°C. were
Inoculated Into Y.An. medlum to 8 concentration of 0.4 mg. dry welght/ml.
Cultures were aarsted by vigorous shaking and the temperature was main-
tained at 30°C.
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atory in nature, the yeast utilizing the products of the earlier
fermentation as carbon-energy source. Galactose grown yeast also
exhibit a di-phasic growth curve but the fransition from the fer-
mentative mode to the respiratory mode is achieved gradually and

the transition is initiated before galactose is completely utiliz-
ed (22 hrs) [Fig. 2(ii) BJ]. Both the lag period, 14.5 hours, and
the dry weight yield/unit carbon source in the fermentative phase
are much greater than those observed for the glucose grown culfure.
Yeast grown on 2.7% maltose, Fig. 2(ii) A, show intermediary char-
acteristics. The lag period is 10.5 hrs. long, and the fermenta-
tive » respiratory fransition is achieved with a minimal lag period.
The infermediacy of the maltose grown yeast between the alternatives
represented by glucose and galactose cells also appears in the other
general parameters of growth. The final dry weight yield/unit car-
bon source is similar for all cultures at the time of ethanol exhau-

stion.

Ethanol metabolism

Anaercbically, the rate of production of ethano! Is propor-
tional fto the growth rate and the dry weight yield is similar for
both galactose and glucose grown yeast. Aerobically, glucose grown
cells produce ethanol much more rapidly than do galactose grown cells
[Fig. 2(iii)]. The yield of ethano! for glucose cells is 37.5 umoles/
mi., whereas The vyield for galactose cells is only 23 umoles/ml. The
maltose culture exhibits an intermediate rate of ethanol production.

Ethano! production continues for a short while after the primary



LEGEND

Flg. 2¢111)

Ethanol analysis was performed on supernetants derlved from the
growth curves shown in Figs. 2(11)A and B,
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carbon source has been exhausted from the medium and utilization
commences just prior fto the initiation of the second growth phase

[cf. Fig. 2(ii1) A and B and Fig. 2(iii)].

Respiration

The Zn situ respiratory ability (Qoz) Fig. 2(iv) illustrates
the most striking difference between the three cultures. The Qoz at
the beginning of logrithmic growth (see also Table I) is very dif-
ferent in each case; QO2 galactose > QOZ maltose > Q02 glucose. This
difference is reflected in the total respiratory ability Fig. 2(v).
However, the rates of increase in Total respiratory ability for all
the carbon sources tested, as shown by the parallel slopes in this
seml~logarithmic ploT‘are the same. Perhaps the most striking fact
Is the coincidence of the curves in time, as measured from the time
of inoculation (data for sucrose and fructose are omitted for clarity),

Table I shows the QO2 at various times for cultures grown

aerobically on 2,7% glucose, 2,7% maltose, and 2.7% galactose.
TABLE 2 (1)

Respiratory ability (QO ) at various times during aerobic growth
2

on glucose, galactose and maltose

B Inoculum Farly Log Plateau lLate Log
glucose 0,074% 0.005 0.013 0.07
maltose 0.072 0.025 0,30 0.125
galactose 0.075 0,073 0.85 0,150

¥ umotes Oy/min/mg. dry weight
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Fig. 2(1v) and 2(v)

The oxygen consumption data shown In these two fligures (Q0p and
total respiration) were determined on samples taken from aerobic yeast cul-
tures. The culture conditions were Y.An. medium, 30° C and aeratlon by

vigorous shaking. Carbon source at 2.7% was added ss Indiceted.
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Flg. 2(vl)

Growth conditions were the same as those for Flg. 2(iv). These
observations |ljustrate the change In Q0, between the onset of glucose
utlilzation and the mid-fermentative phase. The dllution curve was cal-
culated on the premise that there wouid be no further Increase In the

total respiratory ablilty after 4.0 hrs.
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The observed curve in Fig. 2(vi) shows the way in which the
glucose Q02 is reduced during the latter part of the lag period.
The theoretical curve is calculated on the assumption that there
would be go net synthesis of respiratory ability, and that the 002
would be reduced in proportion fo the increase in dry weight. Ob-
viously there is a net synthesis of respiratory ability during
this phase, although the data gives no insight info whefher this
total respiratory potential is being expressed as respiratory abil-

ity or not [see also Chapter 3, Fig. 3(ii)J.

Discussion

The three characteristic growth curves Fig. 2(ii) A and B
are conditioned by the rate at which the primary carbon source can
be fermented. Utilization time is 3.5 hrs., 6.0 hrs., 10.0 hrs,,
for glucose, maltose and galactose respectively. The ethancl pro-
ducTion>is a result of the balance between the pyruvate - alcohol,
pyruvate - acetyl CoA and pyruvate - stored carbohydrate reactions.
When compared to glucose grown yeast, maltose and galactose grown
yeast show a slower rate of ethanol production and a lower ethanol
yield, and these changes are probably due to the added respiratory
ability possessed by these cells.

The QO2 is a ratio, umoles 0,/min/mg dry weight. All the

38

growth rates are different but logarithmic, and the rates of increase

in tolal respiratory ability are also logarithmic but similar., Using

this information it is possible to calculate the changes in the QO2

which would resul!t from changes in the growth rate while the rate of
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(a) similar - much faster (b) similar - faster

(c) fast - slow (d) slow - fast

Fig 2(vii) Theoretical QO0,/time profiles: showing the changes in

the QO0,/time when various changes occur in the growth rate during
the maintenance of a constant rate of increase in total respiratory

ability.
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increase in total respiratory ability remains constant. Some of
these are illustrated in Fig. 2(vii). (a) shows the transition
from similar rates to a relatively very fast growth rate (glucose
early ltog.), (b) shows this same transition for a relatively fast
growth rate (malfose early log.), (c) shows the fransition from

a fast growth rate to a very slow one (glucose, plateau phase)

and (é) shows a fransition from a very slow growth rate to a much
faster one (glucose, end of plateau phase). Using these calculated
curves it is possible to construct curves similar fo those ob-
served in Fig. 2(iv). The Q02 values for galactose cells Table I,
show that under this condition the rate of growth and the rate of
fotal respiratory ability production are the same (QO2 maintained)
until the yeast cell becomes dependent upon mitochondrial energy
generation and the total growth rete decreases.

Glucose has been shown to repress the function of the res-
piratory chain enzymes (Crabtree Effect) and it is uncertain as to
what role this repression plays in the experiments described above.
For this reason it is not possible to draw any real conclusions
about the synthesis of mitochondrial proteins from these data. How-
ever, the constant logarithmic rate of respiratory ability increase
may indicate that some limiting substance in the mitochondrion is
being synthesized at a steady logarithmic rate. |f this is so,
then this synthesis is not responding to TheAexhausfion of the pri-
mary carbon source or the tfransition to ethanol metabolism. The

rate change in Fig. 2(v) occurs at similar times in all the cultures,

suggesting that this is the point at which the yeast finally becomes
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dependent on mitochondrial energy production, and therefore the point
at which the fermentative utilization of the primary carbon source
finally ceases. Other workerseq have observed that the amount of
stored carbohydrates varied with carbon source, and that the fastest
fermentative growth condition (glucose) gives rise to the greatest
deposition of carbohydrates. This phenomenon may explain the appar-
ent inconsistency between The rate transition in Fig. 2{v) and the
ethano! utilization curves show in Fig. 2(iii).

In summary, it {s clear that the fermentative carbon source
has a very great effect upon the physiological characteristics of

yeast growth, and that these differences are further compounded by

The anaerobic/aerobic modes of growth available o the yeast.



CHAPTER 3

The Effect of Carbon Source and Anaerobiosis on the Loss of Respira-

tory Functions.

(2) Preliminary experiments
In these experiments yeast were grown aerobically fo mid-

fermentative phase, harvested, and then re-inoculated for anaerobic
‘grOWTh on the same or a different carbon source. After transfer
the changes in dry weight, QOZ’ malic dehydrogenase (MDH) and
cytochrome oxidase (cyt. c. oxid.) were monitored. The QO2 was
taken To be a measure of the functional integrity of those mito-
chondria present in the yeast before transfer and was deftermined on
aerated culture samples as described in the Methods. MDH was chosen
as being an enzyme representative of those which are most probably
coded for by nuclear DNA, synthesized in the cytoplasm and then in-

tegrated into the mitochondricn.
TABLE 8 (I)

Transfer |Ist growth condition  2nd growth condition Condition Tested

| 2.7% galactose 2.7% galactose slight repression
aerobic aerobic aerobic control

2 2.7% galactose 2.7% galactose slight repression
aerobic anaerobic + anaerobiosis

3 2.7% galactose 2.7% glucose strong repression
aerobic anaerobic + anaerobiosis

4 2.7% glucose 2.7% glucose anaerobiosis on
aerobic anaerobic repressed cells

42
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Flg. 3(1), 3C11), 3(111) and 3(Iv).

Yeast were Initially grown aeroblcally to mld exponential phase
on 2.7% galactose Y.An. medium. At this polnt the cells were harvested
and Inoculated Into a second growth conditlon to a concentration of 4 gms.
wet walght/iltre. The Inlitlal and secondary growth conditions, together

with the conditions tested are Iisted In Table 3(I) p. 42.
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CyT. c. oxidase was chosen as representative of those
enzymes of mitochondrial origin which are coded for by mitochon-
drial DNA and synthesized in the mitochondrion . The transfers
performed are summarized in the Table above.

Since yeast utilize glucose and galactose at different
rates the results of the transfers are compared in terms of dry
weight in order to normalize the activities to the same stage of
physiological development [cf. Fig., 3(i)J. All curves show an in-
crease in total respiratory ability, indicating that there is no
net destruction of oxidative activity (i.e. mitochondria ). The in-
itial Q02 and subseguent total respiratory ability of the galactose
aerobic cells transferred to anaerobic conditions are both condition-
ed by the carbon source in the second growth condition. The initial
Qoz's in the control and galactose aerobic + galactose anaerobic
transfers are however almost identical, suggesting that growth is
required to initiate the anaerobic conditioning [Fig. 3(ii)].

The specific activities for cyt. c. oxid. activity are shown
in Fig. 3(iii). The two curves for transfers 2 and 3 are parallel
and the differences between the initial and final activities are
very similar, suggesting that the atmospheric condifion,.rafher than
the carbon source, is controlling the synthesis of this enzyme.
There is a maintenance of speciiic aciivitiy in transfer 4 which sug-
gests that cyt. c¢. oxidase is being synthesized under anaerobic-
repressed growth conditions.

Fig. 3(iy) shows ‘the change in the specific activity of MDH
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for the same experiments. There is an obvicus difference between
all of the conditions. The degree 1o which the specific activity
is repressed is 3 > 2 > |. The maintenance of specific activity
in transfer 4 strongly suggests that synthesis of this enzyme is

also taking place under anaerobic-repressed growth conditions.

(i1) A Further Study of Transfer 4

I+ was thought that one way to prove that synthesis is
taking place under anaerobic-repressed conditions was to determine
the total activity of the mitochondrial enzymes in the culture. To
this end, fransfer 4 was repeated and fotal activities of several
other key enzymes were also defermined. Pyruvate decarboxylase,
hexokinase and glucose-6-phosphate dehydrogenase were determined
in addition o MDH and cyt. ¢ oxidase in order to provide a control
on the methodology. Glucose-6-phosphate dehydrogenase is plotted
in both Figs. 3(v) A and B and Figs, 3 (vi) A and B to illustrate
the scale involved in the rates of synthesis of the two fermenta-
tive enzymes [Fig (v) BJ compared to the rates of synthesis of the
two mitochondrial enzymes [Fig. (vi) BJ under anaerobic-repressed
conditions. [In contrast to the transfer 4 previously described in
this experiment the aerobic cells were harvested about 0.5 hours
after de-repression had commenced [cf. Fig. 3 (vi) A, MDH curves].
The correlation between specific activity and synthetic rates amply
illustrate the validity of this experimental approach.

In Fig (v) B pyruvate decarboxylase synthesis accelerates

to a very fast and steady rate. This is reflected in the specific

48
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Flg. 3(v) A and B and Fig. 3(vl) A and B.

in a more detalled Investigation of transfer 4 [Table 3(1)], cells
were grown initlally on 2.7% glucose, Y.An.O3 to the end of the fermenta-
tive phase, harvested and transferred into 2.7% glucose, Y.An.Np growth con-
ditlons. Mallc dehydrogenase curve #! derives from Flg. 3(iv) #4 and s

Included In Fig. 3{vl) A for purposes of comparison.
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activity as an initially steady state followed by an increasing
specific activity. At a later stage of anaerobic growth (3.0 hrs)
the synthetic rate for hexokinase is increased, halting the loss
of specific activity and returning this activity to its initial
fevel. The same changes on a smatiler scale, are undergone by
glucose-6-phosphate dehydrogenase [Fig. (v) and (vi)].

Similar interpretations may be applied to the curves shown
in Fig. (vi) A and B for MDH and cyt. c. oxidase. As synthesis of
MDH adjusts to the new conditions, the specific activity of the
enzyme approaches the steady state level appropriate fo this physiol-

ogical condition. The MDH curve from Fig. 3 (iii) is included for
comparison. The cyt. ¢, oxidase activities are expressed as iSJr
order rate constant and are not directly comparable to those for
MDH, but the kinetics observed demonstrate that synthesis of cyt.

_c. oxidase is taking place under anaercobic-repressed growth condi-

tions.

Discussion

The data from the comparative transfers [Figs. 3 (i) + (iy)]
suggests that there are two factors which are exercising indepencent
control over the synthesis of mitochondrial enzymes. MDH is an en-
zyme which is involved in various anapleurctic functions, and it
seems reasonable to suppose that the synthesis of This, and similar
mitochondrial enzymes chould be sensitive to the general metabolic
requirerents of the cell. |In contrast to this, cyt. ¢. oxid. is a

specific enzyme, concerncd with the fransfer of efectrons to oxygen,
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At first sight it would appear that the synthesis of cyt. c. oxi-
dase is induced by oxygen, but this does not explain the data for
transfer 4 [Figs. 3(vi) A and BJ. The alternative explanation is
that the cyt. c. oxidase synthesizing system is responding fo its
immediate metabolic environment, and that its functioning under
aerobic condifions alters this environment in such a way as To make
it more favourable to cyt. c. oxidase synthesis. This in furn im-
plies that the cyt. c. oxidase synthesizing system is free of direct
nuclear control and is not responding to the specific metabolic
needs of the cell, as is the MDH synthesizing system. Thus one

may conclude that oxygen induction is not a necessary condition

for the synthesizing of cyt. c¢. oxid., but that the mitochondrial
information - synthetic system responds to the cellular environment

in which it is fuﬁcfioning.



CHAPTER 4

The Direct Effects of Chloramphenicol on Cellular Metabolism

(1) The Effect of Chloramphenicol on Growth Kinetics and Respira-
tion in Whole Yeast and Isolated Mitochondria.

The experiments described below were designed to describe
and delineate the effécfs of the D(-) and L(+) threo isomers of
chloramphenicol (CAP) on growth and <m vive respiration in whole
yeast, and the in vitro respiration of isclated yeast mitcchond-
ria.

5% glucose YAnO, growth conditions were chosen for these
experiments. Clark-Walker and Linnane®> published experiments in-
dicating that under their experimental conditions, CAP did not
céuse any further inhibition in glucose repressed (5%) yeast. Pre-
liminary experiments in this laboratory utilizing 2.7% glucose YAnO,
conditions suggested that this might not be true. Also, the yield/
ml of culture is much higher on 5% glucose and this facilitated
the fast sampling necessary for the metabolic intermediate study
reported in this Chapter. Experimentaily, the 5% glucose YAnO,
condilion was the most convenient and it is also the most repressed
condition previously studied. The differential effects of CAP are
apparent throughout the aerobic growlh cycle, but in order to facii-
itate The expression of results, only that part of the growth curve

from mid-fermentative phase » stationary phasc Is presented here.
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Figs. 4(1) to 4(111) B.

Yeast were harvested from 48 hr. malntenance slopes and inoculated
Into 5% glucose, Y.An, medlum. Aeration was by vigorous shaking: D (-)

and L (+) chloramphenicol (CAP) were added at 4.0 mg/ml as Indlicated.
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Effects of Chloramphenicol on Aerobic Growth

A comparison of the growth curves [Fig. 4(i)] of yeast grown
in the absence and presence of either threo isomer of chlorampheni-
col at a concentration of 4.0 mg/ml of medium revealed striking
differences (contrast Fig. |, Clark-Walker and Linnanees). Cells
grown in the presence of D{(-) chloramphenicol demonstrated a longer
lag phase (by | 1/4 hr) than either the control or L(+) chloramphen-
icol grown cells. This difference was further emphasized by the fact
that complete glucose utilization was similarly out of phase. It
will be noted that the control curve is diphasic. The initial ex-
ponénfial phase reflects growth which occurs at the expense of fer-
mentation of glucose to ethano! [cf. Fig. 4(ii)]. When glucose is
exhausted from the medium, an Intermediate lag phase in growth occurs,
during which time more ethanol accumulated but apparently could nof
be utilized as a primary energy source [cf. Fig. 2(iii)]. Further
growth, exemplified by the secondary exponential phase, commences
only when a new oxidative enzymic potential is achieved (contre-Pasteur
effec%ee) and then the accumulated alcohol is metabolized [cf. Fig.
2(ii1)J. This metebolism promotes further cell proliferation until
final stationary phase conditions are achieved (22 hrs). Although
ethanol is still present in the medium further cell growth is "shut
off" due to the exhausticn of some other medium constituent.

in the presence of D(-) chloramphenicol the secondary respir-
atory phase of cell growth is never reached and the shape of this
curve is similar to a classical anaerobic growth curve [Fig. 2(i)].

The yield of growth of these inhibited cells was approximately €59
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of the control stationary cells. This isomer of the antibiotic
also caused the yeast to produce more ethanol per unit time than
for the control, and then inhibited further ethanol metabolism.
In contrast the L{+) threo isomer of chloramphenicol did not affect
either the growth kinetics or the production and utilization of
ethanol .

The respiratory ability of these different cell populations
is illustrated in Fig. 4(iii) A and B. From the 002 data [Fig. 4
(iii) AJ it can be seen that cells grown on glucose alone are fully
repressed (cf. Utter et aZZI) during their fermentative phase [cf.
Figi 2(iv)] and then become oxidatively functional when glucose is
exhausted from the medium. This de-repression phenomenon occurs
late in the initial exponential phase of growth and maximinizes
during the secondary lag phase. When final stationary growth con-
ditions are attained (22 hrs) the respiratory ability of these cells
is markedly decreased and is of The same magnitude as repressed or
fermenting cells. In the presence of D(~) chloramphenicol on the
other hand, the respiratory rate associated with fermentation is only
a third of the control rate., The anticipated rise in Q02 associated
wiTh carbon source de-repression does not develop and on the contrary,
The Q02 drops to almost zero, When this data is expressed as total
activity [Fig. 4(ii1) B} i+ will be seen that these inhibited cells
do in fact respire at a steady rate, indicating that the Q02 decrease
is due To difution by increasing cell mass. Control cells maintain
net synthetic kinetics (upward slope of curve) foilowed by "degradation'

of oxidative function which is conditioned by stalionary phase con-
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ditions.

Effect of ethanol transfer on growth kinetics and respiration

The inhibition of respiration of yeast grown on glucose in the
presence of D(-) chloramphenicol may be due to either a direct effect
on the respiratory apparatus or to an indirécT effect upon the
assembly of this respiratory apparatus (i.e. protein synthesis). In
order to resolve this paradigm, chloramphenicol was added to a yeast
population which was de~repressed and had functioning oxidative org-
anelles. To this end yeast were grown on 5% glucose medium into their
secondary lag phase and then harvested at 30°. These de~repressed
cells were used to inoculate two flasks both containing 5% ethano! an-
aerobic media, with one of the flasks supplemented with 4,0 mg/ml D(-)
chloramphenicol. The results of these experiments are shown in Fig.
4(iv) and Fig, 4(v) A and B. Fig. 4(iv) clearly shows that these de-
repressed transferred cells accommodate very slowly to ethanol under
the experimental conditions and that in the presence of the antibiotic
growth is further suppressed. The respiratory ability of the conirol
cells [Fig. 4(iv) AJ after transfer to ethanol continued to increase and
showed that de-repression is fully affected in the presence of this end
product of fermentation. Cells ftransferred to the ethanol medium containing
the drug began to lose their respiratory capability (Qoz) within 4 hours.
When these results are replotted as total respiratory ability, rather
than as 002 [Fig. 4(v) Al, cells grown in the ethancl medium rapidly
demonstrated a positive synthetic response to Their environment which

continued for 7 hours and then leveled off. Chloramphenicol-grown



LEGEND

Figs. 4(1v) to 4(v) B.

Yeast were grown aerobically for 16.0 hrs. In 5¢ glucose Y.An.
medium, harvested and re-Iinoculatred at & concentration of 4.0 mg. wet
welght/i1tre Intoc 5% ethanol Y.An. medlum. Growth was continued asro-
bically. Thls constitutes a transfer of partially de-repressed glucose-
grown yeast Into aeroblic, non-fermentable conditions. D (-) chloramphen-

lcol (CAP) was added to a concentration of 4.0 mg/ml.
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cells on the other hand maintained a constant rate of respiration
with no net increase in activity. These results are iden+i;al to
those obtained from cells grown initially in the presence of chlor-
amphenicol utilizing glucose as the primary carbon source [Fig. 4
(iii) A and B]. These results tend to support the hypothesis that
the assembly of the respiratory apparatus is be%;g affected by the

drug.

The effect of chloramphenicol on the oxidative and phosphorylative
activity of isolated mitochondria.

In order to localize the site of activity of chlorampheni-
col, experiments were carried out with isolated yeast mitochondria.
The oxidation of various NAD- linked cifric acid cycle substrates
were measured polarographically and the results of some of these
experiments are shown in Table 4I. These mitochondria [Fig. 4(ix)]
are coupled and functionally similar to those found by Ohnishi et
aZ.67. The ADP/O ratios and respiratory control (R.C.) values for
yeast oxidizing NADH, succinate, isocitrate, oxo-glutarate and eth-
anol were found to be |.4, 2.2; 1.5, 1.7; 1.5

I.1; 2.5, 5.6;

> 1l
and 1.6, 1.4, The threo isomers of chloramphenicol, D(-) and L{+)
did not alter the oxidative rate of any of the substrates tested,
even Though the relative concentrations of the antibiotics were much
higher Than those used in the whole cell experiments. The data for
succinate and NADH oxidation are reported in Table 4 (I), the other

substrates tested gave similar results. The stimulation of oxygen

uptake by ethancl reflects mitochondrial ethanol oxidase activity
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Table 4(I) and Fig. 4(1x).

Cells were grown seroblcally in 2.7% glucose for 20 hrs. (late
resplratory phase) before harvesting. Mitochondria were Isolated Immed-
lately, using the snall-gut enzyme - spheroplast technique. Table 4(I)
shows the effects of D (~) and L (¢) chloramphenicol (CAP) on the oxlda-
tion of NADH and succlinite by these mltochondria. Flg. 4(Ix) shows a

typlcal polarographic technique from which ADP:0 and R.C. were calculated.



TABLE 4 (I)

Effect of Chloramphenicol on the Oxidative Rates of Isolated

Mitochondria

Yeast mitochondria were isolated and assayed for oxidative capacity
polarographically as described in the method's section.

Addition pwAtoms 0,/min
/mg protein

Succinate (3.4 mM) 0.34
" + ADP (0.6 mM) 0.52

" " + EfOH (55.0 mM) 0.6l

" " " + D(-) CAP (2 mg/ml) 0.61

" " " + L(+) CAP (2 mg/ml) 0.60
NADH (0.5 mM) 0.49
" + ADP (0.6 mM) F.13

" " + ETOH (55.0 mM) .47

" " " + D(=) CAP (2 mg/ml) .44

" " " + L(+) CAP (2 mg/ml) 1,44
Endogenous respiration 0.06

ETOH (55,0 mM) ADP (0.6 mM) 0.29



68

NADH

ADP (0.6 mM)
paal

yeast mito.

‘//’/ ADP (0.6 mM)

3.92 uMO2

%

1.5 min

Fig 4(ix) Oxygen electrode trace - isolated mitochondria

exhibiting respiratory control while oxidizing
NADH




69

67
described by Ohnishi et al .

Discussion

Chloramphenicol has a dual effect on the physiclogic resp-
onse of yeast to glucose. During the fermentative or primary ph-
ase the antibiotic causes a prolongation of the lag phase of grow-
th, loss of respirafofy ability and a decreased production of cell
mass per unit of fermentable substrate. This decreased respira-
tory ability [Fig. 4(iii) AJ can be due to a direct or indirect
effect of chloramphenicol and this fype of experiment gives little
or no insight into the mechanics of action of this drug. When
"petite" strains of yeast are grown without this drug under similar
condiﬂons68 the lag phase is increased and the yield decreased in
comparison to respiratory competent strains. It is of interest that
metabolic inhibition and genetic pre~emption of mitochondrial func-
tion elecit similar physiological responses. The D(-) chlorampheni-
col inhibited cells do nol have a good respiratory capacity and this
is reflected in the higher rate of ethanol production (contre-
Pasteur effect) [Fig. 4(ii)]. As suggested by Holzer69 This is
probably mediated via competition between pyruvate oxidase and de-
carboxylase. The rate of utilization of glucose is similar and this
in conjunction with the slower rate of oxidative removal of pyruvate
in the inhibited cells would cause an increase in the intracellular
concentration of pyruvate [Fig 4(vii)] thus favouring the decarboxy-

lase reaction. The decreased yield also reflects the amount of oxi-

dation being carried out in the culture, oxidation producing much
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more energy per unit of hexose than fermentation.

When wild type yeast cultures enter their final stationary
phase, respiration decreases precipifously. This phenomenon is ab-
sent in the inhibited cells [Fig. 4(iii) AJ] demonstrating that the
plateau induced by chloramphenicol is not a frue stationary phase,
From a comparison of Fig. 4(v) A and B it can be seen that the in-
crease in the confrol Q02 is due fo continued synthesis of respira-
tory capacity, whereas the decrease in the inhibited culture is due
to continued proliferation of cell mass. Under these conditions
then, there is no degradation of mitochondrial activity.

The ethanol transfer experiments were performed in order
to test the effects of chloramphenicol upon cells undergoing de-
repression. The transfer method was selected so that any effects
due to the residual medium i.e. accumulated extracellular end-
products, nearly exhausted medium etc., would be minimized. The
slow reproducible growth rate [Fig. 4(iv)] was unexpected since the
oxidative capacity of these cells was very high. What clearly em-
erges from these transfer experiments is that the antibiotic in vive
prevents any further increase in respiratory ability without impair-
ing the function of pre-constituted enzyme systems [Fig. 4(iii) B
and Fig. 4(v) BJ, and that the drug is not altering the function of
The cellular mechanisms which control the "de-repression” phenomenon.

The evidence accumulated demonstrates that only the D(-)
threo isomer of chloramphenicol affects the growth characteristics
of yeast. The respiratory capacity of these inhibited cells is re-

duced in all physiclogic stages of aerobic growth on 5% glucose
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CFig. 4(iii) A] and the other changes in growth parameters [Fig. 4
(i) and (i1)] result directly from the loss of respiratory ability.
The ethanol tfransfers eliminate the possibility that inhibition by
chioramphenico! is a secondary manifestation resulting from a pri-
mary inhibition of electron +ranspor+70. This substantiates the
suggestion of Linnane65 that the inhibition of cytochrome a+ a3, b
and cj synthesis is due to a direct effect by the antibiotic during
mitochondrial genesis.

The experiments with coupled mitochondria isolated from res-
piratory competent yeast (Table I) demonstrate quite conclusively
that in vitro neither D(-=) or L(+) threo-isomers of chloramphenicol
affect the oxidation of various substrates tested. The sum of this
evidence indicts protein synthesis as the most likely site at which

D(-) chloramphenicol inferacts with cellular metabolism.

(11) The effects of chloramphenicol on some intermediary metabolites

The measurement of nicotinamide adenine nucleotides [oxidized
(NAD) and reduced (NADH) forms], adenosine phosphates (ATP, ADP, AMP),
inorganic phosphate (Pi), pyruvate, and glucose-6~POy, was carried out
on the same aerobic 5% glucose~grown cultures described in the previous
section [Chapter 4(i)]. Preiiminary experiments showed that the levels
of the reduced and oxidized nicotinamide adenine phosphates (NADPH and
NADP+) were ten times lower Than those observed for NAD+ and NADH (cf.
Polakis and Barfley60) and it was decided not fo study these compounds
in detail. NADP' and NADPH are not directly involved in the major

energy-generating pathways operative under the growth conditions studied
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here, and it seems reasonable to suppose that any fluctuations in
these minor intermediates would not affect the respiration:fermen-

tation energy-balance to any great extent.

Changes in the levels of pyruvate and the nicotinamide nucleotides
Changes in nicotinamide nucleotide levels [Fig. 4(vi)]
mirror the general pattern already observed. The ratio of [NADH] /
[NADH] + [NAD+] in cells grown in the glucose medium begins fo in-
crease when the glucose is completely utilized (10 hrs) indicating
that the production of reduced equivalents of This nucleotide over-
shadows its consumption. De-repression of the oxidative system be-
gins to occur at this time. As the Q02 of the yeast suspension in-
creases [cf. Fig. 4(iii) AJ the magnitude of the nucleotide ratio
drops reflecting a maximum rate of oxidation of reduced NAD+. When
secondary exponential conditions are reached the ratio increases un-
til equilibrium condifions are attained. The concentration of [NAD+]
increases as stationary phase conditions are approached and the cells
become conditioned for metabolic "shuf-down'.
In the presence of chloramphenicol the ratio of [NADH] /[NAD+] +
[NADH] initially is much higher than in the control cells. This is
reflected in Tthe respiratory potential of these cells since their oxi-
dative ;apacify is much lower than glucose~grown cells even though they
both share the same pathways for NADH production. When glucose becomes
exhausted from the medium a slightly lower ratio is established which

is higher than any control value. This high ratio results from the

metabolism of tricarboxylic acid cycle intermediates by NAD+—mediaTed
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Flg. 4(vi) to 4(vill) C.

Pyruvate, glucose-6-P, nicotinamide and adenine phasphate nucleo-
t1des were determined on yeast growing aeroblicsiiy In 37 glucose Y.An.
medlum. The condltions of growth were as described for Fig. 4(1). Assays
wore performed fluorometrically as described In the Method's sectlon.
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enzyme systems producing NADH which is not utilized. As this coenzyme
accumulates a negative feedback becomes operative and less cycle sub-
strates are metabolized (curve drops).

The levels of reduced\and oxidized nicotinamide nucleotides
affect the pyruvate concentration in yeast. Holzer and Goeddeu9 re-
ported that pyruvate decarboxylase occurs in the cytoplasm while py-
ruvate oxidase is found in the mitochondrion. Both enzyme activities
account for the removal of pyruvate in the control system and each is
contingent upon the supply of NADH and NAD+ respectively. When glu-
cose disappears the NAD+ levels are high and this supports oxidase
activity [Fig. 4(vi)] and when NADH levels rise decarboxylase activity
is potentiated and more ethanol is produced. The curve representing
pyruvate levels at various physiological stages of cell growth is bas-
ically diphasic with a break occuring at 14 hours. This coincides
both with the maximum 002 attained by these cells and the mid point of
the secondary lag phase.

In the presence of D(-) chloramphenicol the concentration of
pyruvate initially follows that cof the control. However, when glucose
disappears from the medium, pyruvate accumulates intracellularly for
3 hours and then is metabolized at nearly the same rate as that of the
control. The rate associated with de-repression is maintained for a
much shorter period, but the slcpes of these two curves are basically

the same.

Changes in the levels of the adenosine phosphates, inorganic phosphate
and glucose-6-phosphate

Changes in celiular adenosine phosphates during the various
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physiological growth phases of yeast cellis metabolizing glucose as
carbon source are illustrated in Figs. 4(viii) A, B and C. When
glucose is fotally consumed from the medium the level of ADP rises
slightly while AMP drops markedly and ATP mainfains a slow rise.
These changes are associated with the secondary lag phase where the
most active respiration occurs. When secondary exponential phase
conditions prevail a sharp increase in ATP concentration occurs and
this rise is complemented by a drop in AMP and a sfatic ADP state.
During the secondary lag phase there is a rapid uptake of inorganic
phosphate from the medium. Thus it appears that the phosphorylation
seguence in yeast is Pi + AMP » ATP and the AMP » ADP -+ route is
secondary. After 20 hours the inorganic phosphate uptake reaches
equilibrium and slows down considerably without becoming rate limit-
ing. The concentration of ATP levels off whereas AMP drops. When
stationary phase conditions are achieved ATP levelis fall to those
observed prior to glucose disappearance and AMP values increase,

In the presence of chloramphenicol, inorganic phosphate up-
take abruptly stops after complete utilization of gluccse, Glucose-
6-phosphate was detected for a short period after this Time. ATP
levels, which were very high prior to glucose disappearance, dropped
precipitously and reached a low level while both AMP and ADP in-
creased indicating an almost complete cessation of phosphorylation

in the presence of this drug.

Discussion

The data on the pyridine and adenine nucleotides [[Fig. 4(vi)

79
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and (viii) A, B, CJ and pyruvate [Fig. 4(vii)] illustrates the meta-
bolic equilibration involved in a transition from a fermentative to
respiratory mode of metabolism. The inhibited culture shows the ef-
fect of a reduced respiratory capacity on the way in which these eq-
uilibria are attained. The pyruvate and pyridine nucleotide data
[Fig. 4(vi) and (vii)] are remarkable for the parallelism of the re-
sponses exhibited in the contrasting cultures, reactivity being gov-
erned by the ratio of the catalytic systems responsible for enacting
these changes. While glucose is still being metabolized, the primary
source of NADH is fermentation. This NADH will be oxidized via cell
growth respiration, and alcoho! production. The high level of NADH
in the inhibited cells reflects the lowered oxidative capacity for
regenerating NAD'. Under aerobic-glucose growth conditions the fer-
mentative capacity of the yeast is very high when compared to that of
yeast grown aerobically on other carbon sources. There Is only a
slight "contre-Pasteur'" effect [see Fig, 4(ii)] and this, together
with the nucleotide data, shows that the yeast is only able to com~
pensate to a limited extent for its loss of oxidative ability by in-
creasing ethanol production, suggesting that The control culfure is
exhibiting a fermentative ability very close to that which is maximally
available to the yeast. The continued maintenance of a high [NADH] /
[total pyridine nucleotidel] ratio after glucose is exhausted reflects
the ability of these cells 1to continue generation of this reduced nuc~
leotide., The consequent decrease in alcohol production which ensues
fixes the route of This synthesis to the citric acid cycle. Thus al-

though the cells now have virtually none of the characteristics of
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respiratory competent yeast, the citric acid cycle is still function-
al. This indicates the maintenance of a compartmentalized function
despite the structural disorganization acruing from the suppression
of respiratory chain enzyme acTiviTyla. The lower nucleotide levels
observed at 22 and 24 hours are similar to the respiratory phase eq-
uilibrium values observed in the control. This probably reflects a
Type 111 negative feed back control, in that the functioning turnover
rate of the citric acid cycle has equilibrated to the rate of oxida-
tion of its products; the respiratory rate remains relatively con-
stant during these phases in both cultures [Fig. 4(iii) BJ.

The control culture shows similar kinetics. The initial
increase in NADH levels preceeds the respiratory de-repression. As
the rate of oxidation continues to increase the level of NADH falls
and the low point in the [NADHj / [total nucleotide] ratio coincides
with the peak of oxidative ability. The higher ratios nofted in the
late stages of growth reflect the establishment of an infegrated in-
Terplay between the citric acid cycle and the respiratory chain when
ethano! is being metabolized. [+ is plausible that the de-repression
of the citric acid cycle, which produces the elevated [NADH] level,
initiates the metabolic de-repression which preceeds de-repression of
enzyme synthesis. The dynamic kinetics of pyruvate metabolism are
more profound. The accumulation of pyruvate in the inhibited system
is difficult to explain. Immediately after this elevation both curves,
control and inhibited, manifest the same diphasic shape and similar

rates of oxidation. It is possible that the elevated pyruvate con-
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centration reflects an adaptive mobilization of stored carbohydrates
in response to glucose exhaustion, and that the accumulation is hal-
ted by a feed back mechanism coupled to the oxidative removal of the
released pyruvate. In order tfo maipTain the observed levels of py-
ruvate the control cells must produce as well as oxidize pyruvate.
The inflection point in the control curve coincides with the point
at which de-repression maximizes [compare Fig. 4(iii) A and 4(vii)J.
The secondary rate of pyruvate utilization probably reflects an ap-
proach to equilibrium conditions, whereas the primary rate indicates
a rapid utilization of pyruvate which would generate the energy nec-
essary for the internal rearrangements inherent in the secondary ad-
aptive lag phase. These observations reinforce the concept that all
the normal control mechanisms are operative in the presence of D(-)
chloramphenicol.

The major difference befween control and drug inhibited cul-
tures is the ability To generate ATP. The inhibited system demonstr-
ates a very restricted ability to generate ATP once glucose is exhaus-
ted [Fig. 4(viii) AJ. A dramatic fall in ATP concentration concomi-
tant with glucose disappearance is complemented by a sequential in-
crease in AMP and then ADP. During this period the change in ADP
levels relative to the total adenosine phosphate concentration in
this culture is more significant than that observed in the control,
Since chloramphenicol had no effect on the coupling mechanism in iso-
lated mitochondria, the impaired phosphorylation must be atiributed
To a reduced or suppressed level of respiratory chain proteins. The

control culture not only provides a contrast to the drug inhibited
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cells but also illustrates the changes in adenosine phosphate ratios
during de-repression. Polakis and BarTleyeo monitored changes in
these nucleotides but only to where the fermentable carbon source

was consumed. The relative concentrations of these nucleotides at
this stage as reported by them are similar to those reported here
[Fig 4(viii) A, B, and C]. The interconversion of adenosine phospha-
tes appears to be a complex process under our experimental conditions.
From equilibrium data of this nature it should be possible fo deduce
the control sequence by applying the crossover Theoremqs. During
this experiment there is a rapid uptake of inorganic phosphate and

a subsequent increase in the total adenosine phosphates which pre-
cludes the direct application of this theorem. The ATP concentra-
tion in the control culture alters markedly but it is not possibie
to suggest whether this increase is at the expense of preformed ADP
and AMP or from nascent ADP and AMP synthesized in response to the
altered conditions resulting from glucose exhaustion,

Immediately after glucose is consumed in the control experi-
ment the ATP and ADP levels increased s!lightly while AMP decreased.
These changes precede the rapid inorganic phosphate uptake and must
be associated with the metabolic de-repression of respiration. The
addition of an excess of ADP fo isclated mitochondria causes an im-
mediate increase in oxygen uptake and in electron transport. This
is reflected in a shift from "state 4" to "state 3" according to
Chance and Williamslo. The conditions necessary for this change

(excess NADH and a limiting oxidative phosphorylating enzyme system)

are fulfilled at the Time when de~repression is first manifested,
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Such a change in state would successfully relate the changes in res-
piratory rate and the pyridine and adenine nucleotide levels. As

the inorganic phosphate is taken up, the level of ADP is maintained
whereas the AMP level drops slightly and the ATP level increases rap-
idly. This can be explained by several! mechanisms. Pyrophosphate
formed from inorganic phosphate reacts with AMP to form ATP or else
inorganic phosphate reacts with AMP to form ADP which in tfurn reacts
with another molecule of inorganic phosphate fo finally form ATP,

This latter sequence may be a minor pathway or else the relative rates
of this reaction are such that ADP is in an equilibrium undergoing
synthesis and conversion, resulting in an apparent constant concentra-
tion. The rapid formation of pyrophosphate has been described in
yeast metabolizing eThanol7l. The formation of ATP from this compound
is conceivable, and an enzyme has been found recently which catalyzes
This reacfion72. The alternate reaction AMP + ADP -+ ATP would allow
ADP to increase before AMP [cf. Fig. 4(viii) B, Fig., 4(viii) C, control
curves] and would also permit the obverse change, AMP to increase
prior to ADP [Fig. 4(viii) A and C, inhibited curves]. The pyrophos-
phate pathway would not allow this transition. Maitra and EsTabrook71
who observed a complementarity in the kinetics of AMP and ATP [Fig. 4
(viii) A and CJ together with a constant ADP concentration in yeast
oxidizing ethanol suggested that this "buffered" ADP level was the
result of an active adenylate kinase., This third explanation is also
consistent with the observed results. |1 seems probable that fthe sim-

ilar levels of ADP in these cultures are, considering the very different

response profiles observed for ATP, AMP and inorganic phosphate,



85

coincidental and do not reflect any real similarity between the
cultures. Assuming that the pathways for generating adenosine
phosphates are similar in both cultures the second hypothesis ex-
plains the data more completely than the others.

The increased level of NADH which provides excess substr-
ate to the limiting functional enzymes of the electron transport
system is a necessary condition for the "state 4" » "state 3"
transition. Thus the primary event in the de-repression phenomen-
on would be the release of the citric acid cycle from an inhibition
due to fermentative intermediates, which in turn would facilitate
an increased level of electron transport. The ADP necessary for the
"state 4" - "state 3" transition begins fo accumulate as a result of
a slower genesis of ATP from fermentation. These changes would then
initiate further alferations in the levels of fthe various metabolic
intermediates leading, via Type III control, fo the various synthe-
tic responses associated with the de-repression phenomenon [cf.
Chapter 5]. Polakis and BarTleyGo, observing the changes in nucleo-
tides associated with fermentative growth, concluded that ADP was the
key nucleotide in the control of the respiration/fermentation bal-
ance. Our data indicate that although ADP can exercise a control
function, it is not the substance involved in the primary frigger

mechanism of de-repression.



CHAPTER o

The Effects of D(-) Chloramphenicol on Enzyme Synthesis

The experiments described in fThis chapter were performed
in order to study the kinetics of enzyme synthesis during aerobic
galactose fermentation, and the transition from galactose fermen-
tation to ethanol respiration. The control culture should provide
insight into normal synthetic patterns for aerobic yeast, and the
kinetics should reveal the sequence in which enzyme synthetic rates
are altered during de-repression [see Chapter 4, Fig. 4(iv)]. The
chloramphenicol experiment was performed in order to test the effect
of inhibiting the synthesis of mitochondrial proteins. It is felt
that the evidence provided by Linnane et al. (see Introduction) to-
gether with that reported in Chapter 4, justify the claim that D(-)
CAP is inhibiting mitochondrial protein synthesis, without directly
altering any other facets of cellular metabolism.

Fig. 5(1) shows the aercobic control growth curve, an anaero-
bic growth curve, and an aerobic + 3.0 mg/ml D(-) CAP growth curve;
the carbon source was 2,7% galactose in each case. The yield at
9.0 hrs reflects the relative amounts of respiration occurring in
the cultures, as respiration provides for a more efficient utiliza-
Tion of the primary carbon source. D(-) CAP, at a concentration of

3.0 mg/ml causes a very great inhibition of respiration and [Table 5
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Fig. 3(1) and Table 5(I).

Yoast were grown aeroblicelly in 2.7% galactose Y.An, medium Yo
mld-exponential phase before harvesting and transfer to a second growth
condltlon. Flg. 5(1) shows the growth rates under varlous conditlons;
Table 5(I) shows the changes In the speciflic activity of cytochrome ¢

oxldase and mallc dehydrogenase In the same aexperiments.
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Mid-Exponential
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A Comparison Between the Effects of Chloramphenicol and Anaerobiosis

TABLE & (I)

Gal (05) control Gal (0p) 3.0 mg/m! Gal (05) 3,0 mg/ml

D(-) CAP L(+) CAP

Cytochrome c Oxidase (lst order rate constant/mg protein)

1.720
0.509
0.581
1.360

5.7
5.3
4.8
7.3

1.760 1.490
0.941 0.580
0.207 0.880
0.055 1.600

Malic Dehydrogenase (ﬁmoles/min/mg protein)

4,6 5.15
4.9 4,55
3.6 3.6
4,5 6.35

Gal (0,) to
Gal (,Nz)

1,380
0.930
0.530
0.260

4,15
2,85
2.3
2,1
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Flg. 5(11) and (111).

The parameters shown In these dlagrams were measured on yeast
grown aerobically to mid-exponential phase In 2.7% galactose Y.An. medium
before transfer to the second conditlon. The control condition was 2.7%
galactose Y.An.; D (~) chloramphenicol (CAP) was added to a concentration
of 1.0 mg/mi. Growth was aseroblc throughout the experiment.
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(I)] in the synthesis of cytochrome-c oxidase (cyt. c. oxid)

I+ was thought that too drastic an inhibition of mitochon-
drial protein synthesis might disrupt the cellular contfrol systems
to an extent which would rob the kinetic results of any physiolog-
ical significance which they might have. Preliminary studies had
shown that the effect on growth yield and respiration of 1,0 mg/ml
of D(-) CAP was intermediary between that observed for the aerobic
control and the 3.0 mg/ml D{(-) CAP inhibited culture. This more
gradual loss of respiratory ability should be equivalent to a slow
transition from aerobic to anaerobic growth conditions., For these
several reasons the experiments described below were performed with
1.0 mg/ml of D(-) CAP in the inhibited culture. The experiments
were performed as fransfers (see Methods) and the growth conditions
were aerobic, on 2.7% galactose complete medium (2.7% galactose
Y.An.05.)

Fig. 5(i1) shows the rate of production and utilization of
ethano! under these contrasting conditions. For the first four hours
after transfer the rate of ethanol production is the same in both
cultures; after this time the rate of production in the inhibited
culture begins to increase and this leads fo an increased final yield.
Galactose becomes exhausted at 9.5 hrs in the control and 9.75 hrs
in the inhibited culture. Ethanol production continues for a short
time after this point, and then utilization begins. The utilization
rate is much reduced in the inhibited culture, probably as a resulft

of the low Q02 [Fig. 5Civ)].



LEGEND

Flg. 5(Iv) and (v),.

The respiration data shown here were estimated under experlmental
condltlons simllar to those of Fig. 5(11) and (11). The transfer condi-

tions were 2.7% galactose Y.An.O3. D (-) CAP was added to a concentratlon
of 1.0 mg/ml.
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Although the control growth curve shows two phases [Fig.
5(i)], both of which are logarithmic, DNA synthesis, [Fig. 5(iii)]
exhibits only one logarithmic phase before synthesis ceases alto-
gether. The inhibited and control cultures are identical in this
respect.

As expected D(-) CAP inhibits the synthesis of respiratory
ability [Fig. 5(v)] and causes the QO2 to be gradually decreased
[Fig. 5Civ)]. In the control culture the doubling rate for respir-
atory synthesis is 2.0 hrs, and this is the same as that observed
for other growth conditions [Fig. 2(v)]. The inhibited culture
shows an initial doubling Time of 3.0 hrs which continually increases
as growth continues until no further increase in total }espirafion
is observed.

The total activity curve (log-linear plet) for malic dehy-
drogenase (MDH) [Fig. 5(vi)] shows diphasic logarithmic kinetics
in The control culture, and the inhibited culture duplicates this
result up until the advent of galactose exhaustion. The secondary
synthetic phase is inhibited by D(-) CAP., Holzer et alsz " have
characterized two isozymes of MDH in yeast and the ratios of the
cytoplasmic:mitochondrial isozymes are shown in Table 5 (II). It
can be seen from these results that CAP represses the induction
or de-repression of mitochondrial isozyme synthesis.

The values in Table 5 (II) were determined by column chrom-
atography as described in the Methods section. Fig. 5(vii) A shows

the distribution of the isozymes in the column eluents. The polarity
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Fig. StvD).

tallec dahydrogenase was determined on samples taken from a 2.7¢
galactose Y.An.0g + 2.7% galactoss Y.An.Dp transfer. D (-) CAP was 1.0

mg/mi .
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Table (I1)

Shows the ratio of the ratlo, cytoplasmic:mlitochondrial for the

Isoxymes of mallc dehydrogenase. Ratlos were determined chromatographically
(cf. Flg. 5(vli)A). Growth conditions were as described In Flg. 5(vi).
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TABLE 5 (II)

Changes in the Isozymes of MDH During Aerobic Growth: 2.7% Gal-
actose Y.An.O,.

Time (hours)

0.0 4.0 10.0 14,0
Control :4.73% - |:4.76 1:10.75
D(-) CAP - 1:5.5 - 1:5.56

¥ ratio cytoplasmic:mitochondrial

of the yeast isozymes is reversed compared to that observed by
Schmidt et al.38, the mitochondrial enzyme appears in ffacTion 11.
The rat liver isozymes give a normal distribution and this
validates the methodology. The oxaloacetic acid sensitivity of
these isozymes is also reversed when compared to those described
by Holzer?% [cf. Fig. 5(vii) BJ]. Growth on acetate favours the
synthesis of The cytoplasmic isozymes7q; under our growth condit-
fons the yeast do not begin metabolizing acetate until 24.0 hrs
after inoculation (Polakis and BarT!ey75) and the results of pro-
longed aerobic growth on the isozyme distribution are shown in Fig.
5(viii) #5. When compared to the disc electrophoresis pattern of
24.0 hr grown yeast the 36.0 hr culture exhibits a much increased

proportion of the cytoplasmic isozyme. As predicted by the column

polarities, the cytoplasmic isozyme does not migrate in this system,
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Flg. Stvll) A.

Shows the elutlion proflle for the malic dehydrogenase lso-enzymes

In the eluent from 0.E,A.E. Sephadex A lon-exchange chromatography column,

Etution wns stepulise as Indlcated.
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Fig. stvi)g

The traction showing the highest activity for each peak In Fig. 5
(vil)A was asssyed for sensitivity of oxanlcacetic acld Inhidbition. Assay
conditions were as described in the ‘tethod's sectlion: oxalcacetic acld

concentration was varled ass indlcated.
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but is retained in the spacer gel. In the region in which one would
expect to find +the mitochondrial enzyme there are four or possibly
five bands, [Fig. 5(viii) #4 and #5]. The crude extracts are the
result of french press breakage, and do not contain intact mitochon-
dria. 1In This respect the results obtained with rat l|iver mitochon-
dria, run as a systems control, are extremely interesting. The MDH

of intact, carefully isolated rat liver mitochondria migrates slowly
into the running ge! and is not appreciably "stacked". When rat

Iiver mitochondria are treated with triton "X" (5% solution) two

more bands appear and fthe initial distribution is blurred through-

out the sample and spacer gels. Treaftment with osmotic shock (1/10
dilution) and freeze-thawing liberates a large portion of the '"bound"
MDH and the resulting pattern is similar to that observed for the
yeast crude extracts. Throughout these experiments with the rat liver
system a small amount of enzyme is retained in the sample gel, and this
is probably a small amount of cytoplasmic isozyme,

Alcohol dehydrogenase (ADH) [Fig. 5(ix)] is another enzyme
which is reported to exist as isozymes in yeas+76. These are most
probably the soluble ADH, fraditicnally associated with glycolysis,
and the alcohol oxidase associated with the mitochondrion [see Chapter
4, Table 4(1)]. By analogy with MDH the diphasic synthefic curve ob-
served in the control is probably the result of a preferential synthe-
sis of the alcochol oxidase once galactose is exhausted. The upturn,
or resumption of synthesis co-incides with the initiation of ethanol

utilization [Fig. 5Cii)]. The kinetics of ADH synthesis are parabolic

MCMASTER UNIVERSITY. LIBRARY,
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and D(-) CAP does not alter these kinetics until after galactose is
exhausted, when the induction or de-~repression synthesis of the secon-
dary growth phase is inhibited.

Parabolic kinetic curves for enzyme synthesis (see Chapter I)
are also observed for hexokinase (HK) [Fig. 5(x)], isocitric dehydro-
genase (IDH) [Fig. 5(xv)] and pyruvate decarboxylase [Fig. S5(xiv)].

A parabolic curve is characterized by a straight line on a log-log
plot [Figs 5(xi) and 5 (xiii)] and a parabolic curve on a log-linear
plot [Figs. 5(x) and 5(xii)]. The log-linear plot was retained for
the majority of these enzymes to provide a more easily recognizable
contrast to cyt. c. oxid. and NADH-cytochrome~c-reductase (cyt, c,
red.), [Figs. 5(xvi) and 5(xvii)] which demonstrate logarithmic
rather than parabolic synthetic curves.

Chloramphenicol does not affect the synthesis of HK or IDH
until galactose is exhausted, when further synthesis of IDH is in-
hibited. |IDH provides the third real case of induction or de-
repression. In both the confrol and inhibited cultures IDH synthesis
is furned off for the first 2.5 hrs when it resumes at a normal rate.
The doubling times for HK and IDH, calculated from the log-log plots
[Figs 5(xi) and 5(xiii)] are identical and probably reflect the gen-
eral synthetic rate for proteins synthesized in the nucleo-cytoplasmic
system, (nuclear genes plus cytoplasmic ribosomes). Synthesis of
both pyruvate decarboxylase and succinic dehydrogenase (SDH) is par-
tially inhibited by the drug. Pyruvate decarboxylase retains the

same Kinetics of synthesis, but the final yield of total activity is
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Flg. 50x) A to SGxvlll).

All the parsmaters shown In thase flguraes wers detarmined on the
samo experimants. The control culture was a 2.7% galactose Y.An.Op »
2.7% galectose Y.An.0y transfer. The test culture was ldentical In every
respect except thet D (-~) CAP was added to a concentration of |.0 mg/mi
[et. Fig. 3C11), C(111) and (v1)]. Activities were measured es described
in the Method's.
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reduced by 25%. In the case of SDH the kinetics approximate to a
logarithmic curve and the final total activity is reduced by 40%.

In the control culture, only the synthesis of HK and pyruvate de-
carboxylase are turned off at the end of the fermentative phase.
However, growth will continue for a further 12.0 hrs under these
conditions, and the pyruvate decarboxylase which is a component of
The pyruvate oxidase system may enter a further secondary synTheTic'
phase.

In contrast to all the above enzymes, cyt. c. oxid., cyt. c.
red. activities, and total respiration increase logarithmically. The
synthetic rate for these two enzymes is constant throughout the exper-
iment, and is not affected by the galactose » ethanol transiticn.

The doubling time for cyt. c. oxid. is 2.25 hrs and that for cyt. c,
red. is 2.0 hrs. These agree well with the figures for the total
respiratory ability reported in Fig. 5(v) and Fig. 2(v). [In the pre-
sence of D(-) CAP the synthetic rate is reduced but the kinetics are
still logarithmic, The doubling time for cyt. c. oxid. under inhi-
bited conditions is 6.0 hrs and that for cyt. c. red. is 3.0 hrs.

22
The de-repression phenomenon reported by other workers [Mahier et al.

Utter et aZ.ZJJ is absent in the case of cyt, c., oxid. and cyt. c.
red. if one considers the rates of synthesis derived from the fotal
activities. Only IDH exhibits a de-repression profile during fermen-
tative growth, and the de-repression or induction exhibited by MDH
and ADH occurs only after the galactose is completely utilized. The

apparent de-repression observed by these workers probably results

from the use of specific activity as a parameter of cellular synthesis,
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This is amply illustrated in Fig. 5(xviii) which shows the specific
activity of cyt. c. red. as compared to total activity, Fig. 5(xvii)
contro!l curve. I+ is obvious that in this case the increase in
specific activity is due To a decrease in the rate of synthesis of
other cellular proteins rather than to a de—repression of cyt. c.
red. synthesis. Similar results have been observed for cyt. c. oxi-
dase [cf. Fig. 3(iii) and Fig. 5(xvi), confrol curve] and MDH [cf.

Fig. 3(iv) and Fig. 5(viii), control curves].

Discussion

As the respiratory ability of the cells decreases [Fig. 5
(iv)] the glycolytic pathway should be released from respiratory in-
hibition, (Crabfree effect) and glycolysis should be stimulated.
This is in fact observed in the rate of ethanol production [Fig. 5
(ii)]. The reduced rate of ethanol utilization in the inhibited
culture is attributed to the reduced respiratory ability.

The DNA data is of interest in that both dry weight increase
[Fig. 5(i)]} and enzyme synthesis [Figs. 5(viii), (ix), (Xii), (xiv)
and (xv)] occur in The absence of DNA synthesis. The parabolic
synthetic curves exhibited by most of the enzymes studied, which
are not affected by the '"petite" mutation and therefore presummed
to be coded for by the nuclear DNA, are probably generated by the
transition from a fast initial growth rate to the second slower
growth rate. Through Type II controls (general RNA »> DNA feedback),
one would expect the rate of franslation of m-RNA to be gradually

decreased. Also, the rate of m RNA production will be affected by
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the number of genomes present in the culfure, and the cessation
of DNA synthesis would remove one log factor from the kinetics of
synthesis [cf. Fig. 5(iii)]. It therefore seems very probable that
The parabolic kinetics are a reflection of the gross cellular phy-
siology. The kinetics exhibited by the control curves of IBH and
SOH [Figs. 5(xii) and (xv)] fit this hypothesis very well. Hexo~
kinase and pyruvate decarboxylase deviate from these kinetics once
the galactose is exhausted, and this lack of synthesis probably
represents a cessation of gene transliation, associated with the fer-
mentation =+ respiration fransition. The gross kinetics exhibited
by ADH and MDH are complicated by the presence of the isozymes, and
although the MDH kinetics more closely resemble a logarithmic rather
Than a parabolic curve, the synthetic rate is very different from
that of cyt. c. oxid. and cyt. c. red. Another reason for including
MDH in this group isthat Munkres38 working with N. crassa has demon-
strated that the structural genes for the MDH isozymes are located in
the nucleus. The secondary synthetic phases are obviously a response
to the carbon source tfransition, and this also sets these two enzymes
(ADH and MDH) apart from those of the respiratory chain. In the in-
hibited culture, the synthesis of all the enzymes stops once galactose
is exhausted. This probably reflects a metabolic "shut down" in re-
sponse to the energy starvation enforced by the removal of the yeast's
oxidative capacity. Prior to galactose exhaustion the kinetics of HK,
IOH, ADH and MDH synthesis remain unaltered, so that one may conclude
that D(-) CAP is not affecting the synthesis of these enzymes, ana

that the loss of respiratory ability is not conditioning the synthetic
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rate in any way. |t seems probable that the synthetic rate of these
enzymes is controlled by the fermentative capacity of the yeast [cf.
Fig. 3(iv)]. That the fermentative capacity is already maximal can
be seen by comparing the growth curves in Fig. 5(i) and also from
the fact that galactose is present in the inhibited culture for at
least half an hour longer than in the control. Thus one would ex-
pect the results observed.

Pyruvate decarboxylase and succinic dehydrogenase are en-
zymes which exhibit kinetic parameters similar to those of the nucl-
ear-system group, yet their synthesis is affected by D(-) CAP. Py~
ruvate decarboxylase, as measured in this experiment, represents the
soluble pyruvate decarboxylase77 and the pyruvate decarboxylase which
is part of the pyruvate oxidase sysTem78. This latter multi-enzyme
complex is mitochondrial in location, and depends upon an integrated
structure for maximal activity. |In the presence of D(-) CAP the
kinetics of synthesis are gradually altered and the final yield Is
decreased by 25%.

This inhibition may well be due to structural disorientation,
resulting from the primary inhibition of mitochondrial protein syn-
thesis. In the case of SDH the changes are a little more drastic;
the kinetics more closely approach those expected for logarithmic
synthesis, and the final total activity is reduced by 40%. SDH is
a respiratory chain enzyme, structurally linked to complex 1179, and
any disruption of the mitochondrial membrane structures would be ex-

pected 1o affect the acT?viTy of This enzyme. The logarithmic kine-

tics suggest that SDH synthesis in the inhibited culture is limited
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by some protein, or other factor of mitochondrial origin, and that
the decreased total activity is due to a disruption of mitochondrial
structures. The fact that cyt. ¢. red. synthesis is inhibited by
approximately 50% adds further credence fo this conclusion. [As
assayed in these experiments cyt. c. red., consists of complex I and
11T as described by Green79].

The kinetics of cyt. ¢. oxid., cyt. c. red. and the total
respiratory ability are obviously related; the doubling time in the
control culture is approximately 2.0 hrs, D(-) CAP affects this
doubling rate fhroughout growth, and the kinetics are logarithmic
in form. {1 seems highly probable that these two enzymic activities
are produced by the "rate limiting substances" alluded to in the dis-
cussion of Chapter 2. D(-) CAP inhibits the synthesis of cyt. c. oxid.
to twice the extent that it inhibits the synthesis of cyt. c. red.
This difference probably explains the continuously decreasing rate
of synthesis of total respiratory ability observed in the inhibited
culture, [Fig. 5(v)]; although this provides a nice illustration of
the interaction of two logarithmic synthetic rates to produce para-

80
bolic kinetics, it is still puzzling . A similar differential in-

hibition was observed by Mahler et aZ.8l and these authors were un-
able to find a rational explanation for this phenomenon. The rates
of synthesis observed in the centrel culture suggest that under nor-
mal conditions the rate of gene transcription and subsequent frans-
lation is the same for both enzymes. D(-) CAP does not affect trans-

cription, therefore the effect must be manifested either at fransla-

Tion or in the subsequent assembly of the mitochondrial complexes
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[eyt. c. oxid. = complex IV79]. If cyt. c. oxid. activity is de-
pendent upon more than one protein of mitcchondrial origin, perhaps
the "elusive" structural protein, then the inhibition of transla-
tion would result in a greater accumulative inhibition of an act-
ivity dependent upon two proteins (cyt. c. oxid.) than it would
have on an activity dependent upon only one (cyt. c. red.).

That D(-) CAP inhibition of cyt. c. oxid. and cyt. c¢. red.
synthesis causes an alternation in the activity of other enzymes
dependent upon the strucutral integrity of mifochondrion for maximum
activity, correlates well with the cytological studies performed on
yeast treated with CAP [Linnane et al.ssj and with the other condit-
ions (anaerobiosis, glucose respiration, "petite" mutation) which
cause the yeast to lose cytochromes ataz, b and c, and produce de-
generate mitochondrial profileslz’ls. The results recorded above
illustrate the metabolic events leading to the production of degen-
erate mitochondrial profiles. One can conclude from this, as from
The previous studies of other workers (see introduction) that the
production of specific proteins from mitochondrially inherited fac-
tors is a necessary condition for the maturation of mitochondria.
The QOZ and total respiration data show that mature mitochondria do
not degenerate under repressive conditions [see also Fig. 3(ii)]
and this, together with the data presented above, implies that de-
generate mitochondrial profiles may result from the synthesis of
mitochondrial components controlled by the nucleus in the absence

of a simultaneous synthesis of profeins produced and controlled in-
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tramitochondrially. The kinetic data show that the mitochondrial
protein synthesizing system does not respond to changes in the cell-
ular growth rate, or to substrate and energy source transitions
[Figs. 5(xvi) and (xvii) control curves] and that it is independent
of any direct nuclear control.

These experiments indicate that cellular control of mitochon-
drial proliferation is limited to preventing mitochondrial prolifer-
ation under conditions where the cell itself is unable to grow. This
is managed by starving the mitochondrial system of necessary building
materials e.g. amino acids, lipids, nucleosides etc., and contro! of
this kind is exhibited by the inhibited culfure. Cellular metabol-
ism is shut down due to energy starvation, and this in furn causes
the inhibited mitochondrial system to shut down completely. Under
conditions of rapid cellular growth (see Chapter 2) the mitochondria
are diluted out of the yeast. Both the nuclear-cytoplasmic DNA-RNA-
protein system and the mitochondrial DNA-RNA-protein system are com-
pletely independent with respect to genetic and metabolic control
mechanisms during rapid cellular proliferation. However, |ike many
other symbionts, there are occasions e.g. growth on non-fermentable

substrates, when these two systems become mutually dependent,



CHAPTER 6

General Discussion and Conclusions

The evidence derived from the experiments reported in
Chapters 2, 3, and 5 provide information about the general control
of energy metabolism in yeast. Detailed analysis, at the level
of specific enzyme control is atpresent scanty, but some general
conclusions may be extracted from the data.

The éxperiments in Chapter 4 illustrate the effects of the
fermentation:respiration transition on infermediary energy metabol-
ism, and the effect of a lowered respiratory capacity on these
changes. A detailed discussion of these Type III control inter-
actions is contained in Chapter 4 and this will not be elaborated
below. Suffice it fo say that, as indicated by the in vivo and
in vitro studies referred to in the Introduction and in Chapter 4
(discussion), the three major energy generating systems of yeast
are linked by Type III controls (allosteric confrol of enzyme action),
and these mechanisms are continuously operative throughout the
growth cycle.

The data of Chapter 2 demonstrate that under conditions
where cell growth is not limited by respiration the rates of pro-
[iferation of the respiratory system and of cellular mass are en-

tirely independent. This conclusion implies that during growth

119
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on non-fermentable substrates the cellular proliferation will be
[imited by the rate of synthesis of the respiratory apparatus,

and that the rates of synthesis will be co-ordinated. This is
actually observed [Fig. 2(vi)] in the early stages of aerobic

growth before the onset of fermentation, and probably accounts for
the rate change observed in the latter part of the aerobic growth
curve [Fig. 2(v)]. This conclusion is also reinforced by the data
on cyt. ¢. oxid. and cyt. c. red. synthesis obtained in Chapter

5 [Fig 5(xvi) and Fig. 5({xvii). The logarithmic doubling time for
the synthesis of These enzymes is The same as that for the synthesis
of respiratory ability under the various growth conditions reported
in Chapter 2.

A large portion of the data discussed in the latter part of
the introduction implies that fthe yeast mitochondrion possesses all
the biochemical equipment necessary.for the replication of its own
DNA. So far very little evidencé(haS\accumulaTed with respect tfo
the in vivo functioning of this éys+em. The recent work of Mahler
et al.gl demonstrates that there are two separate protein synthesiza
ing sysTems\operaTive in yeast im vivo under conditions where the
yeast is undergoing a fermentation » respiration fransition. One
system, sensitive to D(~) CAP and insensitive fo cycloxheximide is
characterized by a rapid uptakc of radiocactive amino acids into an
"insoluble" fraction of the mifochondrion, and then a transport of
This activity to other more soluble fractions of the mitochondrion.

The second system, sensitive to cycloxheximide inhibition, but in-
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sensitive to D(-) CAP is characterized by a rapid incorporation

of radioactive amino acids info the microsomes, followed by a

rapid, and proportionally much larger, transport of this activity

to all fractions of the mitochondrion. The characteristics of

These two systems fit well with what one would predict from the
synthetic data observed in Chapter 5. In addition to the separ-
ation of these two synthetic systems, Mahler was also able to
demonstrate that prolonged inhibition of the cytoplasmic synthesi-
zing system resulted in an inhibition of the mitochondrial system.
This is equivalent to the energy-starvation "shut-down" observed

in Chapter 5. Mahler et aZ.81 were also able to demonstrate that
when the mitochondrion is deprived of respiratory energy, (Anti-
mycin A used as an uncoupler of phosphorylation) synthesis of pro-
teins by the D(-) CAP sensitive system is inhibited. This is anal-
agous to the loss of cyt. ¢. oxid. activity observed in Chapter 3,
Fig. 3(iii) which is conditioned by the removal of oxygen, MaT’roon82
has reported that oligomycin which inhibits electron fransfer in-
hibits the synthesis of cyfochromes a+ajz, b and c, in aerobically
grown yeast, and preliminary results from this laboratory indicate
that 2,4 dinitropheno! (an uncoupler) also causes the same type of
inhibition, The conclusion drawn in Chapters 2 and 5 that the mito-
chondrial protein synthesizing system is independent of nuclear con-
trol, and that the synthesis of proteins in this system is related

To its oxidative function is well corroborated by the experimental

results of other workers in this field. (See also Chapman and
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83
Bartley ).

The data on MDH presented in Chapter 3, and that for the
other nuclear derived enzymes (Chapter 5) strongly suggests that
these enzymes are synthesized in response to the macro-environment
outside the yeast cell. These enzymes, which belong to the gly-
colytic pathway and the Kreb's cycle are not directly related to
the respiratory chain either functionally or structurally, in the
same way that the constituent parts of the respiratory chain com-
plexes are. One would expect the synthesis of these enzymes to
be subject to Type II control (general RNA » DNA feedback), and
this is observed in the experiments of Chapter 5., Also, the var-
ious and diverse responses of these enzymes to the changing condi-
tions of the aerobic growth cycle would suggest that these enzymes
are also subject to Type I contfrol (specific induction of DNA fra-
nscription). From a consideration of the substrate/product relation-
ships of these enzymes the Type I control mechanism of induction/
repression by specific substances seems entirely plausible, This
Type of conitrol has been demonstrated for the enzymes which meta-
bolize galactose > glucose-6-POy and it seems reasonable to suppose
that similar mechanisms are controlling the synthesis of the gly-
colytic and Kreb's cycle enzymes. The turning off of HK, ADH, MDH,
and pyruvate decarboxylase synthesis at the end of the fermentative
phase and the subsequent resumption of MDH and ADH synthesis with
the onset of ethanol oxidation, emphasize this point.

The data so far discussed, including those from other labor-



atories, suggest that there is an independent DNA-RNA-protein,
information processing system in the yeast mitochondrion. The
synthetic data in Chapter 5 suggest that the mitochondrial pro-
teins (cyt. c. oxid., cyt. c. red.) share a common translation-
transcription rate and that synthesis of these enzymes is co-
ordinated. This system should be amenable to Type II control,

but it is doubtful that this system is affected by Type I con-
trols. The proteins concerned are large molecules which are in-
tegrated into a large lipid-protein complex. The substrates with
which these enzymes (cyt. c. oxid., cyt. ¢. red. : complexes III
and IV) interact are macromolecules, and the products generated,
hydrogen ions, hydroxyl ions, ATP, ADP and Pi, are general con-
situents of the cellular metabolism which are obviously equilibra-
ted with the cellular metabolic pools (see also introduction, page
4). Thus there are no specific substances available from which
Type I control mechanisms could be derived. In contrast, any dis-
ruption in the components necessary for complex formation e.g. in-
hibition of cellular metabolism, would result in an accumulation
of free proteins in fthe mitochondrion and Type II feedback confrol
should become operative. This is probably the mechanism by which
the inhibition of petite "sensitive" protein synthesis by anaero-
biosis, antimycin A, oligomycin, and di-nitrophenol,and fermenta-

tion is mediated.
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A discussion of the control of mitochondrial protein synthesis

leads directly to the problem of mitochondriogenesis in yeast. By



analogy with the systems observed in bacteria, plants, fuﬁgi,

and higher animals, there must be a relationship between the

rate of mitochondrial DNA replication and the rate of synthesis
of the products coded for by fthis DNA. From the foregoing, one
concludes that some form of integrated structure, which would
prevent Type 11 feedback by "free" mitochondrial proteins must

be necessary to the continued proliferation of the mitochondrial
DNA. That this DNA is proliferated under conditions where mito-
chondrial function is inhibited seems certain from the nature of
the organism. Prolonged anaerobic or fermentative growth does
not cause the majority of cells to become "petite", which implies
that the fnformafion necessary for the synthesis of cytochromes

a + a3, b and ¢, i.e. the mitochondrial DNA, is retained in all
the cells, and this can only be attained by DNA replication, In-

hibition of mitochondrial DNA replication by acriflavin causes

the cells to become "petite", and interestingly enough, this muta-

84
gen is inoperative in the absence of cell growth . The indepen-

dent proliferation of mitochondrial DNA envisioned [see Fig. 6(i)]

would also explain the very high normal frequency of "petite

formation common fo facultative yeast. Compared to the mutational
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frequencies common to bacteria, mutation rates in excess of !% are

very large. The curing of wild type yeasts by the loss of mitochon-

drial DNA could easily be explained by the independent prolifera-
Tion theory.
The scheme outlined in Fig. 6(i) is a tentatiye and highly

schematic attempt to correlate the factors which affect the mani-
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festation of respiratory function in yeast. Cytological studies
of anaerobically grown ygas+ have revealed degenerate mitochon-
drial profiles and depending upon the a&aerobic growth conditions
these profiles vary in number and degree of degeneraﬂon12 20
Criddle et al.uz have recently examined these degenerate profiles,
both cytologically and biochemically and have dubbed these stru-
ctures pro-mitochondria. There is DNA associated with these
structures as well as SDH and cyt. c. red. activity. Biochemical
confirmation of these resulfs appeared previously in the work of
Soumonalienes, who isolated "mitochondrial fractions" from anaero-
bic, glucose repressed, and ethanol metabolizing yeast. His data
show that although the amounts of the mitochondrial enzymes/cell
are altered to a very considerable extent, cyt. c. red., cyt. c.
oxid. and NADH oxidase activities are associated with the same
fractions under all conditions. It seems likely that Soumonalien
observed the tfransition from the pro-mitochondrion > mature mito-
chondrion, by the addition of outer membrane structures derived

42
from nuclear information, which was proposed by Criddle et al.

Although this daJraL*z'85 suggests the existence of a pro-
mitochondrion, some anomalies become apparent when the data are
scrutenized more carefully. Soumanalien used the gentle sphero-
plast Technique (cf. Chapter I) fo isolate his "mitochondrial
fractions" and obtained particles which were larger, and possessed

a greater range of respiratory activities than those of Criddle

et al. The digestion was carried out in tightly stoppered flasks
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so that post-harvesting exposure to oxygen would be minimized.

In contrast, Criddle et aZ.‘+2 took excessive pre-cautions against
post-harvesting oxygen exposure and protein synthesis, but used

a mechanical homogenization technique to liberate the pro-
mitochondria. This resulted in a much smaller particle (harvested
at 105,000 x g. v. 20,000 x g. for mature mitochondria) which

did not possess cyt. c. oxid. or NADH oxidase activity (cf.
Soumana!ienss). From a theoretical view point one would expect
the pro-mitochondrion fo be even more fragile than the mature
mitochondrion which favours the data of Soumanalien. Also from
the discussion of Type II control (see above) one would expect fo
find an integrated respiratory chain in the pro-mitochondrion. It
seems therefore that the experimental approach to the isolation of
the pro-mitochondrion must be improved if its isolation and char-
acterization are to be completely credible.

Also under anaerobic situations other workers [Polakis,
Bartiey and Meekzo, Linnane et aZ.Zé] have reported the formation
of "vacuole like" membraneous structures. |t is possible that
under some conditions where mitochondrial proliferation is re-
pressed, the structural integrity of those parts of the mitochon-
drion not essential to the respiratory chain are in fact essential
to cellular proliferation. Preliminary studies on the re-assembly
of the mitochondrion (Green et aZ.79) indicate an auto-assembly

like method of manufacture. |1 is therefore possible that these

membraneous "vacuoles" are formed as a result of the auto-assembly
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of outer membrane consitutents. The location of the various mito-
chondrial enzymes within the mitochondrion is still in dispute, but
it seems probabfe that the respiratory chain enzymes are located
in the inner membrane, and the other mitochondrial enzymes are
largely located in the outer membrane. In Fig. 6(i), N, represents
conditions which limit the rate of synthesis éf mitochondrial com-
ponents derived from either synthetic system. The protein - DNA
(Type II control) and substrate/product -+ DNA (Type I control) feed-
backs are omitted for the sake of clarity. This diagram also
emphasizes the indirect (amino acids, lipids etc.) but definite,
dependency of mitochondrial proliferation upon cellular metabolism.
Altmanns original theory characterized the mitochondrion
as a degenerate bacterium. The role of the mitochondrion and its
method of proliferation described above fit well with this concept.
Perhaps the mitochondrion is not a true degenerate bacterium, but
as suggested by Sagan®®, a symbiotic relationship evolved between
two pre-protist organisms at a Time when The earthly environment
was changing from one of a reducing atmosphere to that of an oxi-
dizing atmosphere. The system envisaged for the facultative yeas™T
is what one would expect to find in the half way stage between
parisitology and obligarve symbiosis. Perhaps the mitochondria of
higher organisms, which appear to contain less DNA than do yeast
miTochondria32, represent a further degeneration to the stage of
obligate symbiosis.

The data described in this thesis is consistent with The
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hypothesis that the proliferation of mitochondrial DNA, and the
translation of the information encoded in this DNA, is indepen-
dent of direct nuclear control. Also, the data indicate that

the nucleargenome does not respond to any direct feedback con-
Trols from the mitochondrial system. The general body of |it-
erature relevant to these studies support this conclusion, and

in general supports the schematic diagram for mitochondriogenesis

illustrated in Fig. 6(i).



CURRICULUM VITAE

NAME : Alan John Stuart BALL

BORN: l1/5/43 at Ross-on-Wye

PRIMARY EDUCATION:

[947-1954: Monmouth, England.

SECONDARY EDUCATION:
1954~1962: Monmouth School, Monmouth, England.
Passed: "Ordinary Level" 11.
"Advanced Level', Biology, Physics,

Chemistry and Zoology.

UNIVERSITY EDUCATION:

1962-1965: Queen Elizabeth College, University of
London, England.
B.Sc. (Hons) Microbiology, 2nd Class,
Upper Division.

}965-Present: Molecular Biology Unit, McMaster
University, studying for a Ph.D.
Topic: The Controt of Energy Metabolism

in Facultative Yeast.

130



131

At present "off campus" in the Department
of Pathological Chemistry, University of

Western Ontario, London, Ontario.

SCHOLARSHIPS:1966-1967: Ontario Graduate Fellowship.
1967-1968: Canadian National Research Council
Student Bursary B.
1968~1969: Canadian Medical Research Council

Student Bursary.

PUBLICATIONS:
A.J.S. Ball and E.R. Tustanoff. The effect of various
growth conditions on the respira+o?y ability of yeast.
Canad. Fed. Biol. Soc., 10 (1967) 76.
A.J.S. Ball and E.R. Tustanoff. The anaerobic synthesis
of mitochondrial enzymes, Fed. Proc. 27 (1968) 782.
A.J.S. Ball and E.R. Tustanoff. The effect of chloram-
phenicol on respiration in yeast, Canad. Fed. Biol.
Soc., |l (1968) 215,
A.J.S. Ball and E.R. Tustanoff. The contro!l of mitochon-
drial enzyme synthesis: A new hypothesis, FEBS letters,
I (1968) 255.
A.J.S. Ball and E.R. Tustanoff. The effect of chloram-

phenicol on respiration in yeast. Submitted for publi-



132

cation, January [969.
A.J.S. Ball and E.R. Tustanoff. The control of mito-
chondriogenesis. Submitted to Canad. Fed. Biol Soc.,

1969.



BIBLIOGRAPHY

B. Axelrod, Glycolysis, in D.M. Greenberg (ed) Metabolic
Pathways. I (1960) 97, Acad. Press, N.Y.

C. DeDuve, The Separation and Characterization of Subcellular
Particles, Harvey Lectures 59 (1965) 49.

F. Jacob and J. Monod, Cold Spring Harbor Symp. Quant. Biol.
26 (1961) 193.

S. Pontecorvo, Proc. Royal Soc. 158 B (1963) 1.

L. Gorni, W. Gunderson and M. Burger, Cold Spring Harbor Symp.

Quant. Biol. 26 (1961) 173.

H.O0. Halverson, Cold Spring Harbor Symp. Quant. Biol. 26
(1961) 231. |

1.C. Gunsalus, J. Bact. 66 (1955) 149,

0. Maaloe and N. Kjeldgaard, Control of Macromolecular Syn-
thesis (1966) 97, 125, 154, W.A. Benjamin, N.Y.

J. Sykes, J. Theoret. Biol. 12 (1966) 373.

B. Chance, R.W. Estabrook and J.R. Williamson, Control of
Energy Metabolism (1965} 9, 157, 193, 415, Acad. Press. N.Y.
B. Ephrussi, Nuclec-cytoplasmic Relations in Micro-organisms,
(1953) Oxford:Clarendon Press.

Y. Yotsuganagi, J. Ultrastructure Res. 7 (1962) 121, 141,
G. Shatz, H. Tuppy and J. Klima, Naturforsch 18 b (1963)

1945.

[33



20.

21.

22.

23,

24.

25.

26.

27.

134

P.P. Slonimski, Proc. Intern. Cong. Biochem. 3rd, (1955)
Academic Press, N.Y.

P.P. Slonimski and F. Sherman, Biochem. Biophys. Acta 90
(1964) 1.

K.K. Tewari, W. Votsch, H.R. Mahler, Biochem. Biophys. Res.
Commun. 21 (1965) 141.

M. Somlo, Biochem. Biophys. Acta., 97 (1965) 183.

P.P. Slonimski, "lLa formation des Enzymes Respiratories chez
la Levure" (1956) Mason Paris.

E.R. Tustanoff and W. Bartley, Biochem J. 91 (1964) 595.
E.S. Polakis, W. Bartley and A.G. Meek, Biochem. J. 97 (1965)
303.

M.F. QTTer, E.A. Duell and C. Bernofsky, in Some Aspects of
Yeast Metabolism (ed. R.K. Mills) Oxford Univ. Press, Oxford.
J. Jayaramann, C.C,Aman and H.R., Mahler, Arch. Biochem.
Biophys. 116 (1966) 224

P.P. Slonimski, Soc. Chem. Ind, Monograph No 3 (1958)

E.R. Tustanoff and W. Bartley, Canad. J. Biochem, 42 (1964)
651

A.W. Linnane, D, Biggs, M. Huang and G. Clark Walker in Some
Aspects of Yeast Metabolism (R.K. Mills ed.) Oxford Univ,
Press, Oxford.

G. Shatz and J. Klima, Biochim, Biophys. Acta. 81 (1964)
448,

A. Gibor and S. Granick, Science 145 (1964) 890.



28.

29.

30.

31,

32,

33,

34,

35.

36.

37.

38.
39.
40.
41.
42.

43,

K.K. Tewari, W. Votch, H.R. Mahler and B. Mackler, J. Mol.

‘Biol. 20 (1966) 453.

J.L. Mononlou, H. Jakob and P.P., Slonimski, Biochem. Bio-
Phys. Res. Commun, 24 (1966) 218.

E. Winterberger and G. Viehause, Nature 220 (1968) 679,

E. Winterberger, "Regulation of Metabolic Processes in Mito-
chondria". (1966) (Ed. J.M. Tager, S. Papa, E. Quagliarello
and E.C. Slater) Elsevier, Amsterdam.

T.S. Work, J.L. coote and Margaret Ashwell, Fed. Proc. 27
(1968) 1174,

D.B. Roodyn, Biochem. J. 97 (1965) 782,

AW. Linnane, A.J. Lamb, C. Christodoulou and H. B. Lukins.
Proc. Nat. Acad. Sci, 53 (1968) 1288.

A.W. Linnane, G.W. Saunders, E.B. Gingold and H.B. Lukins,
Proc. Nat. Acad. Sci. 59 (1968) 903.

D.Y. Thomas and D. Wilkie, Biochem. Biophys. Res. Commun.
30 (1968) 368.

A.L. Lehninger, The Mitochondrion (1964) 234, W.A. Benjamin
inc. N.Y.

K.D. Munkres, Ann. N.Y. Acad. Sci. 151 (]968) 294.

F. Sherman, Genetics 49 (1964) 39,

D. Pennial and Nancy Davidian, FEBS Letters 1 (1968) 38.
D.J.L. Luck, J. Cell Biol. 16 (1963) 483,

Shatz and Criddle, Biochemistry 8 (1968) 322, 335, 339.

L. Meites and T. Meites. Annal, Chem. 20 (1948) 984,

135



44,

45.

46.

47.

48.

49.

50.

51,

52,

53.

54.

55.

56.

57,

58.

|36

E.A. Duel, S. Inone and M.F. Utter, J. Bacteriology 88
(1964) 1762.

B. Chance and G.R. Williams, Advan. Enzymol. 17 (1956) 65.
O.H. Lowry, N.J. Rosebrough, A.L. Farr and R.J. Randal,

J. Biol. Chem. 193 (1951) 265.

Worthington Biochemical Company, "Glucostat" and "Galactostat'.
R. Bonnichsen and H. Theorell, Scand. J. Clin. Lab. Invest,.
8 (1951) 58.

M. Hollzer and H.W. Gecdde, Biochem. 1756 (1957) 329,
Methods of Enzymic Analysis ed. H.U. Bergmeyer. p. I17
(1963) Academic Press, N.Y,

Methods of Enzymic Analysis ed, H. U, Bergmeyer. p. 744
(1963) Academic Press, N.Y.

I. Witt, R. Kroneau and H. Holzer, Biochim. Biophys. Acta.
128 (1966) 63,

J. Hauber, Eur, J. Biochem. 3 (1967) 107.

B.D. Sandwal, M.W. Zink and C.S. Stachow, J. Biol. Chem,
239 (1964) 1597,

Methods of Enzymic Analysis ed H.U. Bergmeyer. p, 969,
(1963) Academic Press, N.Y.

Y. Hatefi and J.S. Rieske, Methods in Enzymology 10 2726
(Ed. R.W. Estabrook and M.E. Pullman) Academic Press, N,Y,
L. Smith in Methods in Enzymology 2 (Ed. S.P, Colowick and
N. 0. Kaplan) Academic Press, N,Y,.

Ellten Schmidt, F.W, Schmidt and J. Mohr. Clin, Chim. Acta,

16 (1967) 337.



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70,

71.

2.

73,

74,

37

B.J. Davis, Ann. N.Y. Acad. Sci. (1964) 404.

E.S. Polakis and W. Bartley, Biochem. J. 99 (1966) 521.

R.W. Estabrook and R.K. Maitra, Annal. Biochem. 3 (1962)
369.

P.K. Maitra and R.W. Estabrook, Annal. Biochem. 7 (1964)
472.

K. Burten, Bilochem. J. 62 (1956) 315.

D.W. Tempest and D. Herbert, J. Gen. Microbiol. 41 (1955)
143,

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

P.P. Slonimski, Actualities Biochemiques. No. |7 (1953) Mason
et Cie, Paris.

T. Ohnishi, K. Kawaguchiand, A. Hagihara, J. Biol. Chem. 24
(1966) 1597.

G.D. Clark-Walker and A.W. Linnane, Oxid. Phosph. Inf. Exch.
No. I, (1966) #757,

H. Holzer, Cold Spring Harbor Symp. XXVI (1961) 277.

D, Haldar and K.B, Freeman, Biochem, Biophys. Res. Commun,
28 (1967) 8.

P.K. Maitra and R.W. Estabrook, Arch. Biochem. Biophys, 121
(1967) 129.

R.W. Estabrook, personal communication to E.R. Tustanoff.

P. Berkes-Tomasenic and H, Holzer, Eur, J, Biochem, 2 (1967) 98,

J.J. Ferguson Jr, M,Boll and H, Holzer, Eur, J, Biochem. I (1967)



75.

76.

77.

78.

79.

80.

81.

82,

83.

84.

85.

86.

E.S. Potlakis, W. Bartley, and G.A. Meek, Biochem. J. 90

(1964) 360.

L.0. Krampitz, |. Suzuki and G. Greull, Fed. Proc. 20
(1961) 971.

M. Koike, L.J. Reed and W. Carroll, J. Biol. Chem. 238
(1963) 30.

D.E. Green and R.F. Goldberger, Molecular Insights into
the Living Process (1967) 188, Acad. Press. N.Y.

H.D. Van Liew, J. Theoret, Biol. 16 (1967) 43.

C.P. Henson, C.N. Weber and H.R. Mahler, Biochemistry 7

(1968) 4431, 4445,

J.H. Parker, |.R. Trimble Jr., and J.R. Matoon, Biochem.

Biophys. Res. Commum. 33 (1968) 590.

C.C. Lapman and W. Bartley, Biochem. J. 107 (1968) 455.

P

B. Ephrussi, H. Holtinguer and A.M. Chimenes. Ann., Inst.

Pasteur. 76 (1949) 35].
H, Soumalainen and T. Numinen, J. Gen. Microbiol, 53
(1968) 275.

Lynn Sagan, J. Theoret. Biol. 14 (1966) 225,

| 38





