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ABSTRACT

GLUCOSE REPRESSION RESISTANT MUTATIONS OF
MITOCHONDRIAL BIOGENESIS IN YEAST
by
Saroj Dhar

Adviser: Professor Corinne A. Michels

Glucose repression resistant mutants have been isclated
that are capable of growth on lactate in the presence of
repressing levels of glucosamine. The mutants GSAr-4 and
GSAT-5 are found to be resistant o glucose repression for
cytochrome ¢ oxidase and NADH: cytochrome ¢ reductase. The
other electron transport chain enzymes such as succinic
dehydrogenase and succinic: cytochrome c¢ reductase are :
still repressed by glucose to the same extent in the
glucosamine resistant mutants as in the parent. The enzyme
citrate synthase of the citric acid cycle is also repressed
in the glucosamine resistant mutants. The enzymes maltase,
galactokinase and of ~galactosidase are also repressed by
glucose to the same level in the mutants as in the mrent.

The relationship between the rate-limiting enzyme of
heme biosynthesis, 8-aminolevulinate dehydratase, and the
derepression of the cytochromes has been investigated in
GSAT-4 and GSA"-5. It has been found that while the mutants

exhibit increased levels of glucose insensitive synthesis of
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the cytochromes relative to the parent on 5% glucose, the
level of §-aminolevulinate dehydratase remains comparable
to that in the parent. It is proposed that heme synthesis
may play an indirect role in derepression of the cytochromes.

A detailed genetic investigation was conducted on the
GSAT-4 and GSAT-5 mutants to identify the loci involved in
the derepression process. Three unlinked nuclear loci, GRC1,
GRC2, and GRC3 were found to be involved. Mutations at the
GRC1l and GRC2 loci in GSAr-4 and at the GRC1l and GRC3 loci
in 6sa¥-5 allow for the glucose insensitive synthesis of
cytochrome ¢ oxidase and NADH: cytochrome ¢ reductase. The
effect of each mutation on the respiratory chain was studied
and no correlation was found between the presence of a
specific grc mutation and the derepression of a specific
segment of the respiratory chain. The presence of both
grcl gre2 in GSAT-4 and of grel gre3d in GSAT-5 was necessarv
for the glucose insensitive phenotypes.

The independent genetic control of the various complexes
of the respiratory chain is interesting in light of the
studies of the derepression of these enzymes. The two grc
mutations we have isolated in GSAY¥-4 and GSAr-S may be
regulating the NADH: cytochrome ¢ reductase and cytochrome c
oxidase separately but since the effect of each gene is
thought to be tightly linked to the other gene it may not be
possible to study their expression in an environment devoid

of the other gene. Also, our studies indicate that NADH:
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cytochrome c reductase and succinic: cytochrome ¢ reductase
are regulated independently and only the gene(s) regulating
NADH: cytochrome ¢ reductase has been identified.

The role of the grc mutations in requlating mitochondrial
biogenesis has been discussed. This requlation can occur on
many levels from transcription of the structural gene to the
insertion of the final polypeptide into the mitochondrial
membrane. The regulation may also occur at the level of
insertion of prosethetic groups. Several of these possible

mechanisms have been discussed.
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I. INTRODUCTION

Since as early as 1919, it has been known that glucose,
as well as a number of other sugars, inhibited the development
of various fermentative capacities in bacterial and in yeast
cultures (l). These early studies pointed out that inhibition
produced by glucose was the most severe inhibition and the
phenomenon therefore came to be known as the 'glucose effect'.
The terms 'carbon catabolite repression' and 'catabolite
repression' have also been used to describe this phenomenon.
These terms were first used by Magasanik (2) to describe a
similar phenomenon of ®pression in E.coli, and refers to the
inhibition of certain degradative enzymes of carbohydrate
metabolism by unknown product(s) or catabolites of sugar
catabolism. In yeasts, glucose repression is a complex and
maltifaceted phenomenon in which a number of enzymes are
regulated by the level of glucose in the growth media. In the
following sections some of these glucose requlated functions
and the possible mechanisms underlying their regulation are
described.

IX. MITOCHONDRIAL ASSEMBLY AND THE
EFFECT OF GLUCOSE ON MITOCHONDRIA

The mitochondria are complex sub-cellular organelles
with a classical double membrane structure. The outer membrane
is smooth and somewhat elastic while the inner membrane has
inward folds, or invaginations, called cristae. There is also
a central cavity within the mitochondrion, the matrix, in which

the Krebs cycle enzymes are located. 1In addition, the matrix
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centains DNA molecules, mitochondrial ribosomes and the
mitochondrial protein synthesizing machinery which acts
indepeondent of the cytoplasmic protein synthesizing system.

The inner membrane of the mitochondrion contains the
enzynes associated with the electron transport chain and
oxidative phosphorylation., The electron transport chain is
organized into four distinct lipid protein complesxces. The
proetein composition of cach complex is different and on isclation
of ecach complex in vitro, each catalyzes a specific segment of
the overall oxidation reaction. The arrangeinent of various
complexes as proposed by Hatefi et. al (3) is shown in Fig. 1l(pg.32).

Complex T (NADI: coenzyme ¢ reductase) catalyzes the
reduction of coenzyme Q by NADIl. It contains covalently bound
flavin mono mnucleotide (FMN), and in most organisms four non-hcome

iron centers (4). However, yeast Saccharomyces contains less

than four non-heme iron centers (5). Also, NADPH is oxidized
directly without the intervention cf NAD and the transhydrogenation
reaction (See rig. 1 pg. 32).

Complex II (Succinate: cocnzyme Q reductase) contains

succinic dehydrogenase, flavin adenine dinucleotide (FAD), a b
type cytochrome (with absorption maximum at 557.5 nm, like that
of cytochrome b in complex I1I) and certain non-heme jiron centers.

Complex III (coenzyme QHy: cytochrome ¢ reducatse)

catalyzes the reduction of cytochrome ¢ by reduced coenzyme Q.
The complex contains cytochromes b, ¢;, and g.

Complex IV {cytochrome oxidase) catalyzes the oxidation

of reduced cytochrome ¢ by molecular oxygen. It is strongly



inhibited by cyanide, carbon monoxide and azide. The enzyme
contains cytochromes a and a,.

In addition to this, there is complex V, mitochondrial
ATPase. This is an energy conserving complex and the energy
released during electron transport chain is coupled to ATP
synthesis (oxidative phosphorylation) by this complex. In
yeasts, there are two sites where oxidative phosphorylation
occurs: site II (between cytochrome b and cytochrome c) and
site III (between cytochrome ¢ and oxygen).

Most of the proteins of the citric acid cycle and the
electron transport chain are coded for by nuclear genes as
revealed by the presence of these proreins in chloramphenicol
(mitochondrial translation inhibitor) grown cells and in neutral
cytoplasmic petites (6). However, mitochondrial DNA does seem
to code for all mitochondrial tRNA's, rRNA's and a limited
number of protein subunits of some of the respiratory enzymes
(6, 7, 8). The genetic and biochemical investigations of mit~
markers and antibiotic resistant markers indicate that the
mitochor.drial DNA is involved in the synthesis of cytochrome
oxidase, cytochrome b and mitochondrial ATPase. (9-18). The
most direct evidence thatmitochondrial DNA codes for the
mitochondrially synthesized polypeptides comes from the in vitro
transcription and translation of isolated mitochondrial DNA to
produce polypeptides whichare precipitable using antiserum
against mitochondrial membrane (19). Further, using antibodies
directed specifically against cytochrome oxidase, Padmanaban

et. al (20) have precipitated proteins synthesized in vitro



from a mitochondrial poly-A RNA fraction which was capable of
specific hybridization to mitochendrial DRA,

The study of synthesis of those proteins that are coded
for partly by nuclear andjartly by mitochondrial genes has
resulted in a great deal of information about the assembly and
development of mitochondrial membrane. Also, it reveals how
two different translation systems in the cell communicate with
each other to synthesize a functional enzyme. These proteins
will be briefly described here:

Cytochrome oxidase : Cytochrome c oxidase (from bakers

yeast and Neurospora crassa) is an gligomeric enzyme, consisting

of seven polypeptide chains (21,22,23). The biosynthesis and
assembly of these subunits resulls from the coordinated functioning
of the cytoplasmic and mitochondrial protein synthesis (23,24,25).
Three subunits (I-III) are synthesized on mitochondrial ribosomes
whereas the remaining four subunits (IV-VII) are synthesized on
cytoplasmic ribosomes (6). Recent evidence indicates that the
mitochondrially made subunits I, II and III are coded for by
OXI 3, OXI 1 and OXI 2 regions respectively of the mitochondrial
DNA (26).

The mitochondrially made subunits are found to be
relatively hydrophobic whereas the cytoplasmically made
gubunits are relatively hydrophilic (27). This could explain
the localizationdo two largest mitochondrially made subunits
in the interior of the enzyme complex and perhaps buried in
the lipoprotein complex of the inner mitochondrial membrane

(28).

e o = o —a ..



Mitochondrial ATPase: The yeast enzyme has been

extensively studied by Tzagoloff and co-workers. It is believed
to contain at least ten distinct polypeptides (29, 30). Five

of these subunits, associated with the Fl part of the mitochondrial
ATPase complex, are synthesized on cytoplasmic ribosomes and

are present in neutral cytoplasmic petites (6, 31, 32). The
oligomycin sensitivity conferring protein is also a cytoplasmic
product (33). The four hydrophobic subunits in contrast are

made in the mitochondria (34, 35). These are coded for by

pho-1, pho-2, 0l1li-3 (for 6a and 6b) and oli-l (for 9) regions

on mitochondrial DNA (26).

Cytochrome b: The apo-cytochrome b (the protein part

of the cytochrome without the heme) is cbded for by cob-box
region on mitochondrial DNA (for review see 26). Mutants
lacking a functional cytochrome b map in seven discrete
clusters within the cob-box region of mitochondrial DNA. These
seven clusters are non-adjacent to each other and are referred
to as box 1-7. Of these, mutations at box 4/5, 1 and 6 fall
into a single complementation group while 2,3 and 7 fall into

a different complementation group. The coding sequence for
cytochrome b is believed to be put together by splicing and
linking together4,5,1 and 6 regions in a specific manner.

This situation is similar to many eukaryotic systems where
coding sequences are often interspersed with non-coding
sequences (36, 37). Regions 2, 3 and 7 on the other hand

act independently in the regulation of cytochrome b and cytochrome

oxidase.



a. Glucose effect on mitochondrial structure

The effect of glucose on mitochondrial structure and
biogenesis have been studied in detail by numerous workers. One
of the big advantages of this system is that cells grown in
glucose satisfy their energy requirements by glycolysis and not
by respiration and hence, mitochondrial function, at least as
far as respiration and energy transduction are concerned, becomes
dispensable. Once glucose is exhausted from the medium, the cells
elaborate functional mitochondria. Thus, by following glucose
repression and derepression of the mitochondrial structure, one
can gain insight into the elaboration of this complex organelle.

It has been found that the mitochondria of glucose grown
cells are fewer in number and exhibit very little inner membrane
organization (38-41)., Also, mitochondria in repressed cells
appear considerably larger, more irregular in shape than the
relatively symmetrical ones seen in cells released from glucose
repression or in cells growing exponentially on ethanol or
lactate as a carbon source (42). Electron microscope studies
of yeast grown in 5% glucose show that it is not until the
transition from the exponential phase to stationary phase that
large numbers of mitochondria appear. The cristae of these
mitochondria are well organized and exhibit a normal function.
Glucose is found to be more effective in producing repression
than any other fermentable carbon source.

The effect of glucose on mitochondrial structure and
enzymes is more severe than on the total oxygen uptake of whole

cells (43). There is a sharp decrease in the oxygen uptake on



transferring the ®lls from lactate to gluccse. This decrease
is faster than can be explained by the absence of oxidative
ability in newly arising cells, since maximum decrease occurs
in absence of growth. This decrease is found to be preceded

by a sharp decrease in the levels of mitochondrial oxidases,
dehydrogenases and cytochromes. Adaptation to growth on
ethanol produces an increase in the level of oxygen uptake
preceded by an increase in the level of these enzymes. Hence,
it seems that during the presence of glucose in the medium,
existing mitochondrial machinery is dismantled and upon removal
of glucose perhaps reassembled and reorganized. Schatz and his
co-workers (44) have postulated that respiratory adaptation
involves conversion of mitochondria like particles in
anaerobically glucose grown cells into functional mitochondria.
In this regard, they have named the anaerobic particles
'promitochondria', analogous to 'proplastid', chloroplast
precursors of light deprived plants (45}). In support of this
view, Schatz et. al showed that when promitochondria were
specifically labelled with 3H-leucine in the presence of
cycloheximide (cytoplasmic translation inhibitor) and allowed
to adapt in unlabelled medium after the removal of the
antibiotic, the label was associated with cytochrome oxidase
stain, as judged by electron microscopic autoradiography (46).
Thus, respiratory adaptation, according to these authors, does
not involve proliferation of new mitochondria but structural
differentiation of pre-existent mitochondria. Glucose repression

may involve a similar differentiation pattern.



b. Glucose effect on mitochondrial enzymes

The changes in mitochondrial structure correlate with
the change in the activity of mitochondrial enzymes (44, 47, 48,
49). All enzymes are subjected to varying degrees of repression
by glucose and undergo derepression upon removal of glucose
from the medium. In addition, effect of glucose has also been
looked at for some cytosolic enzymes because they are either
intimate part of carbon metabolism [(gluconeogenic enzymes) or
because they are important in cytochrome synthesis (heme
synthesis enzymes).

The Krebs cycle functions both in the catabolic generation
of ATP and in anabolic synthesis of important biosynthetic
precursors. The major kiosynthetic products are derived from
ofl-ketoglutarate {which serves as the source of glutamate) and
oxaloacetate (this provides aspartate). These by-products in
turn give rise to various amino acids. The other essential
product of the Krebs cycle is succinyl-coA, a precursor of both
methionine and mrphyrins. Such diversity of functions has
produced a complex set of repressive controls for the synthesis
of the enzymes involved.

The change in the activity of the Krebs cycle enzymes
and the gluconeogenic enzymes upon aerobic growth on several
different carbon sources has been studied by Polakis and
Bartly (47). It has been found that under high glucose growth
conditions, with low activity of the electron transport chain
enzymes and no well-developed mitochondria, a low but significant

activity of the Krebs cycle enzymes is observed. Under fully



derepressed conditions of growth on ethancl and acetate, an
increase in the activity of these enzymes is observed but the
derepression is not as dramatic as for the glucose regulated
enzymes of E. coli or even other yeast enzymes. For instance,
citrate synthase shows a derepressed value of 300-400 & of the
repressed level while aconitase shows only a 20% increase in the
activity on transfer toc ethanol.

The repression observed for the enzymes of gluconeogenesis
is more complete (47, 50). It is observed that isocitrate lyase
and malate synthase are repressed to 1/150 and 1/100 that of
non repressed cells. Both of these enzymes function only in
gluconeogenesis. However, enzymes like malate dehydrogenase
and alcohol dehydrogenase, which function both in gluconeogenesis
from ethanol and in the Krebs cycle exhibit a different set of
controls. Both enzymes are present as isozymes which exhibit
differential sensitivities to glucose. The enzyme malate
dehydrogenase is found to exist in two different forms in the
yeast cell and both forms respond differently to external glucose
conditions (51). The mitochondrial malate dehydrogenase resides
in the mitochondrion andparticipates in the Krebs cycle. It is
repressed by only high concentrations of glucese. The cytoplasmic
malate dehydrogenase functions in the gluconeogenic pathway and
is affected by even slight amounts of glucose and is also
inactivated by glucose (52). Similarly, alcohol dehydrogenase
is present as three isozymes in the yeast cell. ADHl is cytosolic
and constitutive, ADHII is cytosolic and glucose repressible,

and ADM is mitochondrial (53,54).
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The enzymes of the respiratory chain, including the
mitochondrial ATPase, are subject to repression by glucose
(43,55). The repression varies from strain to strain and from
one complex to another. For instance, the derepression for
NADH: cytochrome c¢ reductase is to 200-300% of the repressed
level while for some cytochromes it is about 1000%.

Of the various cytochromes subject to glucose repression,
only kinetics of glucose repression of cytochrome c synthesis
has been looked at in great detail (56, 57). Cytochrome ¢ is
a mitochondrial protein coded for by a nuclear CYCl gene (58).

In Saccharomyces cerevisiae addition of 5 or 10% glucose to a

derepressed culture leads to a decrease in the rate of synthesis
of cytochrome ¢ with a half life of 2 min. (56). The level of
CYCl mRNA was followed using hybridization to cloned CYCl

DNA. Themte of transcription of the CYCl gene reduces to

the repressed levels for this enzyme within a 2-5 min period
following addition of glucose (57).

The kinetics of formation of different respiratory enzymes
and cytochromes during release from glucose repression have been
studied by Kim and Beattie (55) and Perlman and Mahler (72).

It has been found that various enzyme complexes of the
mitochondrial membrane are assembled in the membrane in an
asynchronous way (55). Each enzyme starts to increase at a
unigque time in the growth curve, increases at a characteristic
rate and reaches a maximum at a unique time. Proteins of both
cytoplasmic as well as mitochondrial origin are synthesized

during this derepression process and even the synthesis of

- 1] -



different components of the same enzyme seems to be asynchronous.
For example, synthesis of cytochrome oxidase involves first the
formation of cytoplasmically made subunits followed by synthesis
of the mitochondrially made subunits of this enzyme. Furthermore,
these subunits may accumulate to a limited extent in the cell
before their integration into a functional enzyme complex. Aas
for the sequence of elaboration of different enzymes, mitochondrial
ATPase is elaborated first, followed by other enzymes of the
respiratory chain with cytochrome oxidase being the last enzyme
to be induced.

The derepression process is believed to take place in
two distinct phases (42):

l) Fermentative phase: is characterized by the synthesis

and accumulation of various respiratory enzymes
(except for cytochrome oxidase). This phase begins
even when the external glucose concentration is as
high as 0.4%. The products of mitochondrial
translation system and components of the
respiratory chain are not regquired for this phase
as jillustrated by its insensitivity to Antimycin A,

2) Oxidative phase: takes place after respiration has

begun and this phase depends upon the mitochondrial
respiratory function. This phase is sensitive to
chloramphenicol and is found not to occur in
cytoplasmic petites. Only cytochrome ¢ oxidase

and oxygen uptake appear to undergo derepression

during this phase.
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c. Glucose effect on heme synthesis

Cytochromes are heme containing proteins and since
cytochromes are subject to repression by glucose, it is
conceivable that repression may be occuring at the level of
heme synthesis. Two of the enzymes involved in the synthesis
of leme are « —aminolevulinate synthetase (alv synthetase) and
§ -aminolevulinate dehydratase (alv dehydratase). These two
enzymes catalyze the first two steps in heme synthesis and both
are found to be glucose repressed (59, 60).

Alv synthetase is an exclusively mitochondrial enzyme.
The derepression of this enzyme from glucose is abolished in
the presence of cycloheximide and chloramphenicol.

Alv dehydratase is a cytosolic enzyme and believed to
be themte limiting enzyme in heme synthesis (6l1). This enzyme
is present in lower levels than Alv synthetase. Its release
from repression is rapid. Thederepression is inhibited by
cycloheximide (inhibitor of nuclear transcription in yeast)
but ot by chloramphenicol. It has been found that enzyme
formation in response to derepression requires the participation
of both nuclear transcription and cytosolic translation (61).

d. Glucose effect ;n mitochondrial DNA

Ancther apparent consequence of glucose effect is the
decrease in the mitochondrial DNA content of the cells (40,41,62).
It is proposed that there are fewer mitochondrial genes in
repressed cells (62) and the transmission of these loci to the
daughter progeny is markedly reduced from the glucose grown

parent (63, 64).
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I1T GLUCOSE EFFECT ON ENZYMES OF CARBOHYDRATE
METABOLISM

The synthesis of various enzymes of carbohydrate
metabolism is affected by glucose. These enzymes include the
galactose, maltose, sucrose and melibiose fermenting enzymes.
All are relatively clearly genetically defined and lend
themselves easily to biochemical investigations.

a. Galactose fermentation

The genetics of galactose fermentation is best
understood. Four enzymes are found to be required for galactose
utilization, of which one is a transport protein. The other three
enzymes, galactokinase, transferase and epimerase are coded for by

GALl, GAL7 and GAL 10 respectively (65) and together constitute

the gal region. All the three enzymes are co-ordinately induced
in the presence of galactose (66) and the three gene loci map in
a tightly linked cluster (67). There are at least three loci
that are believed to regulate the expression of gal region:

GAL 80(i), GAL Bl (4 and c) and GAL3. The galactose induced
enzymes seem to be synthesized constitutively in gal80 mutants.
Also, the GALB8l gene product appears to be a constitutively
synthesized protein (68,69). Fine structure mappingcaf this
region indicates the presence of only one structural gene (70)
where two loci (GAL4 and GALc) were thought tole present. The
following sequence of events has been proposed in the regulation
of galactose fermentation (68,71,72,73). The GALB0 gene is
believed to code for a repressor protein while GAL81 gene codes
for another protein that regulates the expressiondf the
galactose fermentation structural genes positively. 1In absence

of galactose, the GALB0 gene product combines with GALB8l gene
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product turning off the synthesis of the GAL 1, 7 and 10 genes.

However, the presence of galactose removes the repressor from
the medium leaving the GALBl gene product free to turn on the
synthesis of the structural genes.

Glucose represses the synthesis of the first enzyme in
galactose utilization, galactokinase, in a manner similar to
that of p-galactosidase repression in E.coli (74). Glucose
affects the synthesis of galactokinase in three ways. First,

an inducer exclusion effect, wherein glucose prevents the

uptake of galctose (inducer) into uninduced cells; this can be
overcome by inducing the cells prior to glucose addition or

by using large guantities of the inducer., Secondly, addition of
glucose to cells growing on galactose results in a severe but
temporary inhibition of galctokinase synthesis. This phase is

called transient repressionand is followed by resumption of

enzyme synthesis ar a somewhat reduced rate called catabolite
repression. In sharp contrast to E.coli, if the yeast cells
are grown on glucose and then transferred to galactose medium,
3-5 hr time lag is observed before the induction of galactokinase
activity as compared to 6-8 min time lag if the cells are
previously grown on lactose. In E. c¢oli, no such dependence on
the prior carbon source is seen. The 3-5 hr time lag for
enzyme synthesis in yeast probably results from the repressed
state of the mitochondrial apparatus.

In addition to catabolite repression, glucose also
causes catabolite inactivation of the galactose uptake system

(75). This inactivation is thought to occur by a decrease in
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the affinity for galactose of the galactose uptake system.

The inactivation can be prevented by addition of cycloheximide,
indicating the participation of a protease either activated by
glucose or whose synthesis is induced by glucose.

b. Maltose fermentation

The utilization of the sugar maltose by yeast cells
requires the presence of maltase and maltose permease (76,77).
Maltose fermentation requires the presence of any one of the

seven polymeric genes (MALl to MAL7) (78,79,80). MALZ2, MAL4

and MAL6 (and probably all the other MAL genes) are the
regulatory genes for maltase {Bl-85) and the structural gene for
maltase has not been identified as yet. ten Berge et.al (81,82)
have isolated different classes of mutants for the MAL6 gene and
found that although some of the mutants produce very low levels
of maltase and some others produce maltase constitutively, the
maltase produced is not biochemically different from wild type
maltase. Had MAL6 been the structural gene for maltase, any
mutation in this gene wouldgive a structurally altered form of
maltase. Similar results were also reported for MAL4 gene

(84). Some recent reports indicate that each MAL gene is
linked to the structural gene of maltase but further work is
needed toclarify this situation (86).

Presence f maltose in the medium induces the production
of maltase and maltose permease while glucose represses their
synthesis. Glucose also causes catabolite inactivation of
maltose permease (76). In media containing both glucose and

maltose, release from repression occurs upon consumption of
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glucose. Adaptation to growth on maltose or galactose (as the
case may be) is found to be inhibited in the presence of
respiratory inhibitors such as erythromycin and during
anaerobiosis (87,88).

c. Other fermentable sugars and catalase

Invertase, another enzyme of carbohydrate metabolism,
hydrolyses sucrose intc fructose and glucose. The presence of
any one of a series of six non-allelic SUC genes is necessary
for the fermentation of sucrose (89). However, there is no
clear evidence to prove whether these genes are structural or
regulatory in function. A single point mutation in one of the
genes, allelic to SUC3 gene, leads to loss of both external and
internal (see below) invertase. This suggests either a
regulatory role for this gene or that it codes for a polypeptide
common to both the enzymes (90).

Yeasts contain two classes of invertase, an internal and
an external (cell bound but not extracellular). In the presence
of glucose, only internal invertase is found (91). Under
derepressed conditions the external type dominates (91,92). It
is suggested that these two kinds are immunogically related and
at least one subunit is common tv both of these multimeric
enzymes (93).

The fermentation of migar melibiose requires the
participation of the enzyme & -galactosidase. A series of five
polymeric MEL genes are believed to be involved in the
fermentation of this sugar (94). There is no clear evidence

whether these MEL genes are structural or regulatory in
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function. The enzyme o«~galactosidase is repressed by glucose
but inducible by both melibiose and galactose. It is under

the regulation of GAL structural genes (i.e. GALBO, GALSl

and GAL3) (95).

The enzyme catalase is a heme containing enzyme and
therefore the study of this enzyme may reveal how other
related heme containing enzymes (such as cytochromes) are
regulated. There are two types of catalase in the yeast
cell, catalase A and catalase T. Both are sensitive to
glucose repression but exhibit differential sensitivies to
glucose (96,97). Catalase A is more severely repressed
and requires respiratory competence for its derepression from
glucose. Catalase T is less sensitive to repression by
glucose. The results indicate that catalase A and catalase
T are under the control of different regulatory systems.

IV REGULATION OF GLUCOSE REPRESSION

The effect of glucose on various aspects of cell

metabolism and mitochondrial structure has been discussed
in the preceding sections. Although a large class of mutants
with altered sensitivities toglucose have been isolated, none
of them reveal a clear picture of the mechanism of glucose
repression. In the following studies an attempt has been made
to group together the facts that are known at present concerning
the regulation of this phenomenon. Although glucose also causes
catabolite inactivationd certain enzymes, this topic is
restricted to the mechanism of glucose repression only.

A great deal of knowledge regarding the mechanism of

catabolite repression comes from the study of the lac operor in
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E. coli. The three enzymes of the lac operon are coordinately
induced in the presence of lactose and glucose inhibits their
synthesis. However, the repression of P-galactosidase (product
of lac z gene of the lac operon) has been found to be overcome
by addition of extracellular cyclic adenosine 3', 5'-mono
phosphate (cyclic AMP) (98). Also, there is a direct correlation
between the level of cyclic AMP and the degree of repression

of this enzyme (99). The lower the level of cyclic AMP,
greater the repression of this enzyme. Another protein factor
seems to be involved in the regulation of P-galactosidase,
catabolite gene activator protein or CGAP or CAP (100). The
action of cyclic AMP and CGAP on the lac operon in E.coli can
be summarized as follows: lac promotor contains two distinct
physical regions; one site binds to RNA polymerase apd the
other to CGAP-cyclic AMP complex. In the presence of lactose,
CGAP-cyclic AMP complex binds to the lac promotor and in doing
SO enhandes the ability of RNA polymerase to transcribe the
lac operon more effectively (10l1}. In the absence of cyclic
AMP (as is thease in the presence of glucose), transcription

of the lac operon occurs at a reduced rate.

a. Role of cyclic AMP in veast

It has been shown that the level of cyclic AMP is
6-8 fold higher (102) or as much as 20 fold higher (103) in
yeast cells grown on non glucose medium than in the cells
grown on 5% glucose. A direct correlation between the
intracellular levels of ¢yclic AMP and the activity of alcohol

dehydrogenase has been shown (103). Cyclic AMP has also been
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shown to rovovse the repressive offects of glucose on maltase
synthesis (J04) and on mitochondrial respirvation (105) in yeast
protoplasts., This phonomenon is found to be sensitive to
chloramphenicol (104). 1In higher concentrations (10 mM) cyclic
AMP may also cause stabilization of at lecast one enzyme in
vivo (106).

A wide variety of cnzymes can be relieved from the
effects of glucose repression by addition of extracellular
cyclic AMP. These include mitochondrial cnzymes &«-aminolcvulinate
synthctase, malate dehydrogenase, HADH: cytochrome ¢ reductasc
and cytochrowme oxicdase (106). The kinetics of d&repression are
indistinguishable from the cells transferred from glucose to
ethanol. Other nucleotides like cyclic GMP, ADP, 5'-AMP or
5'-GMP are inactive in producing derepression.

A cyclic AMP binding protein has been isclated from some
yeast strains which could lmve a role similar to the CAP protein
in E. coli but no evidence is available (107). The level at

which cyclic AMP may be regulated is also not known. Saccharomyces

fragilis contains a membrane bound adenyl cyclase whose activity

is 7-8 fold higher in lactate grown cells as compared to

cells grown in glucose (108). However, §. cerevisiae and

S8. carlsbergensis could not be shown to have any such cyclase

activity by Sy and Richter (108), but other workers have found

a Mn-dependent adenyl cyclase in S.cerevisiae (109). A cyclic

AMP phosphodiesterase may have amgulatory role in S. carlsbergensis

(110).
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b. Role of intermediary metabolites

The role of glycclytic intermediates in glucose
repression has been studied by Ciriacy (1ll). A number of
mutants in which glycolysis is blocked at a particular step
have been isoclated. Such mutants with increased amounts of
various glycolytic intermediates (due to a defect in the
activity of the enzyme that catalyzes their utilization)
show normal repression for succinate dehydrogenase, isocitrate
lvase and fructose-1l, 6-bisphosphatase. This reveals that
glycolytic intermediates are not the control molecules in
glucose repression.

Several glucose analogues such as 2-deoxyglucose and
D-glucosamine produce repression similar to that exerted
by glucose (112, 113). 2-deoxyglucose in yeast is
phosphorylated and then converted to UDP-deoxvglucose (158).
D-Glucosamine in yeast is only phosphorylated (159). This
suggests that it is either glucose or a phosphorylated
derivative of glucose that is the controlling molecule in
glucose repression. Thus, the terms catabolite repression
and carbon catabolite repression should be reserved only for
bacteria and instead the term glucose repression should be
used to describe this phenomenon in yeast.

¢. Role of the mitochondrion

Since many of the enzymes subject to glucose
repression reside and are functional in the mitochondria

and since the mitochondrial DNA itself is subjected to
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glucrse repression, it asaf interest to know whether the
mitochondrion contributes to glucose repressior. This regulation
could he achiecved in termg of ecither functionally or genetically
compotent mitochondria. In a study done by Haubmann and
Zimmcrmann (114), normal, respiratory compotoent (RHQ) strains
were found to have lower guecific activities for maltase and
invertase as compared to their counterpart mutants (rho). It

was postulated that some factor transcribed on mitochondrial

DNA ana then translated in the cytoplasm was exerting a negative
influence on the activity of these cnzymes. In certain other
cases there may actually be an increase in the activity of

some enzywes in yespiratory proficient strains as compared to
respiratory deficient strains (115, 116). The derepression

of catalase A is believed to be dependent upon the respiratory
competence and availability of ATP from the mitochondrion (97).
However, mitochondrial function or an intact mitochondrial
genome and the products of its expression arc not required

fbr the derepression of §-aminolevulinate dehydratasce (61).

The influence of the mitochondrion on some of the
respiratory enzymes can occur either by nuclearly coded or by
mitochondrially coded repressor proteins (117, 118).

Nuclearly coded mitochondrial 'organizers' may exist. A
number of nuclear mutations having the petite (pet)

phenotype haveleen studied (117). These mutants retain
mitochondrial protein synthesis but are pleiotropic in

their cffects upon the synthesis of cytochromes c;, b, aajy and

mitochondrial ATPase. It is suggested that a nuclearly coded



mitochondrial protein is involved in mitochondrial asscembly.
A mitochondrially made repressor is also thought to be
invoelved in the regulation of mitochondrial proteins in fungi
other than yeast. Evidence of this comes from the work of
Barath and Kuntzel (118) who found that growth of Neurospora
crassa cells in ethidium bronide and chloramphenicol leads
to an increased production of mitochoﬁdrial enzymes. Also,
Keyhani and Keyhani (119) have found that low concentrations
of adriamycin (cytotoxic compound) in exponentially growing

veast Candida utilis induces cytochrome biosynthesis and also

increases the incorporation of radioactive leucine in all
classes of mitochondrial polypeptides. On the basis of this
observation it has been suggested that during exponential
growth of yeast cells, there is an increase of all classes
of mitochondrial protcins, among which is also a repressor
mitochondrial protein. This repressor protein, in turn,
requlates the expression of other respiratory enzymes.
However, if the cells are grown in the presence of
mitochendrial inhibitors, the synthesis of this repressor
protein is turned off thoreby leading to a temporary increase
in mitochondrial proteins.

V TRANSCRIPTIONAL, POST-TRANSCRIPTIONAL OR
TRANSLATIONAL CONTROL

Glucose repression could be operating at the level
of transcription or could exert its effect post-transcriptionally,
translationally or post-translationally. As noted for P~
galactosidase in E. coli, the regulation seems to occur at the

level of transcription. The problem, however, is more complex
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for cvukaryotic organizms nuch as yeast in which mRNA is longer
lived withm average half life of 20 min (120-126}. Thus, the
requlation in systems with longer lived mRMNAS should be more
effecrive if it operates at the translational level. On the
other hand, Sripati and Warner (126) reported that a significant
ameount of ycast mRNAs have half life of 3-6 min., in which

case transcriptional contreol could be equally effective. The
evidence available presently indicates both sets of controls.

a. Transcriptional and post-transcriptional control

Cytochrume ¢ in yeast is believed to be regulated
both at the level of transcription and post-transcriptionally
by glucose (56, 57). The addition of glucose to a derepressing
culture results in an immediate decrease in the rate of
synthesis of CYCl mRNA. This decrease takes place with a
half life of 2 min. Also, the amount of cytochrome ¢ protein
is repressed within the same time period. However, the
half-life of CYCl mRNA as measured by DNA-RNA hybridization
is about 13 min (57). Clcarly, this mRNA is not available
for translation. It is proposed that, on addition of
glucose, the rate of production of CY¥Cl mRNA is reduced and
the existing mRNA for CYCl is rendered untranslatable by an
endonucleolytic cleavage. Other forms of post-transcriptional
controls can also be available to the cells but must be
operative in the presence of glucose. Other enzymes believed
to be regulated at the level of transcription are «(-aminolevulinate

synthetase and §-aminclevulinate dehydratase (61).
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The enzyme maltase is regulated both at the level of
transcription and translation in yeast. The effect of
actinomycin D on the induction of maltase and its repression

has been studied in protoplasts of Saccharomyces carlsbergensis

(77). The induction of maltase synthesis is actinomycin D
sensitive only during the first 90-120 min following inducer
addition. This suggests that the mRNA coding for maltase

is stable. However, addition of glucose during the actinomycin
D insensitive phase also represses maltase synthesis and
therefore gluccese must be exerting its influence post-
transcriptionally. High glucose concentrations during the
actinomycin D sensitive phase also reduced the level of mRNA
indicating its control on transcription.

b, Translaticonal control

The enzyme invertase is thought to be regulated both
at the level of translation as well as post-translationally.
The effects of lomofungin, an RNA synthesis inhibitor,
cycloheximide and fructose on the synthesis of invertase
have been compared (127). Both cycloheximide and fructose
caused an immediate inhibition of invertase synthesis. 1In
contrast, lomofungin inhibited invertase synthesis after a
40 min delay, a response consistent with the inhibition
of synthesis of a messenger of moderate half-life. The
glucose repression of invertase synthesis therefore resembles
the inhibition produced by a protein synthesis inhibitor
indicating that, as for maltase, glucose repression may be

occuring at the translational level. Until the level of SUC
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mRNA can be measured by hybridization, other post-
transcriptional controls can be advanced. A recent study
gives evidence for the post-translational contrcl of this
enzyme. It was found that glucose prevented the addition of
carbohydrate moiety to the polypeptide segment of invertase
and thereby preventing the secretion of mature invertase
(128).

¢. Possible mechanisms of translational and Post-
translational control in Mitochondrial Biogenesis

Since, even in presence of glucose, yveast cells
are found to have mitochondria like particles, or promito-
chondria, it can be conceived that restoration of functiocnal
ability to these promitochondria on removal of glucose
involves (i) changes in inner mitochondrial membranes and
(ii) reorganization of the enzymes within the mitochondria.
It is not known whether development of inner mitochondrial
membhrane is a prerequisite for the activity of membrane
associated glucose sensitive enzymes or restoration of
activity to these enzymes precedes the development of the
inner mitochondrial membrane.

Translational and post~translational regulation of
mitochondrial biogenesis could take place at several levels
in the yeast cell: 1) by controlling heme synthesis and
2) during elaboration of different subunits of a multimeric
respiratory enzyme. These controls will be briefly described
here.

1. Heme synthesis: The possible regulation of

mitochondrial biogenesis by heme was first put forward
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by Sugimuro (129) and in rat liver by Reattie (130). Beattic
showoed that administration of porphyrinngenic drugs to rat
liver mitochondria incrcased thoe rate of synthesis of cytochromes.
Since this colfect was abolished in the prescnce of inhibitors
of heme synthenis, it appeared as if the effect was due to
elevated levels of cellular heme caused by the drugs. Cabral
et. al (131) have shown that the rate of mitochondrial protcin
synthesis is markedly reduced in a mutant lacking
& -aminolevulinate synthetasce. Also, mutants lacking
of —aminolevulinate synthetase exhibit a doeficiency in the
synthesis of all cytochromes. However, cytochrome ¢
synthesis was restored in the mutants supplemented with
K ~aminolevulinic acid (132).

A role for heme synthesis in the regulation of
cytochrome oxidase during respiratory adaptation was
further suggested by Charlampous (133). Heme deficiency
may also have effects at the integration lcvel of certain
cytochromes into the inner mitochondrial membrane. Ross
and Schatz (134) have shown that the apo-protein of
cytochrome c; may accumulate in the cytoplasm of the heme
deficient mutants, as it does in the anaerobic cell. Also,
in an earlier study (135} it has been reported that addition
of heme a to isolatedpetite mitochondria was sufficient to
reconstitute cytochrome oxidase activity. It is not clear
wvhether this reconstitution of activity indeed reflected

formation of cytochrome oxidase holoenzyme.



Interestingly, regulation ¢f globin (of hemoglobin}
synthesis in mammalian reticulocytes is controlled by the
availability of hemin; in the absence of hemin, reticulocyte
polyribosomes disaggregate as a result of a bleck in re-
initiation of protein synthesis (for review see 136). In
the absence of hemin, a repressor (called 'Hemin controlled
repressor' or HCR) acts at the level of translation of protein
synthesis or specifically on (met—tRNAf.4OS) ribosomal
initiation complex and stops protein synthesis by inactivating
an initiation protein elF~2. Addition of hemin inactivates
their repressor. It is possible that glucose repression of
cytochromes occurs through regulation of heme in a similar
manner.

2. Elaboration of different enzymes and different
subunits of one enzyme:

The presence of subunits of cytoplasmic and
mitochondrial origin in a number of mitochondrial enzymes
suggests that some mechanism exists to insure their
proportionate productionin the cell. The first indication of
this kind of ®gqulation came from the work of Tzagoloff
(137), who found that the ratedf mitochondrial protein
synthesis could be greatly increased if the cells were
first preincubated in chloramphenicol, which allowed for the
accumulation of proteins synthesized in the cytoplasm
It was postulated that this accumulation of cytoplasmic
products stimulated the production of their mitochondrial

counterparts. Further, it was also postulated that proper
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integration of cytoplasmically made proteins requires production
of mitochondrially made subunits. Hence, a sort of inter-
dependence of the two protein synthesizing systems occurs

during mitochondrial biogenesis.

The regulation of the protein subunits of respiratory
enzymes can again occur at the levels of transcription, post-
transcriptionally and/or at the level of translation. In the
previous section it was shown that cytochrome ¢ synthesis is
regulated transcriptionally as well as post-transcriptionally
by glucose (56, 57). Even though the information about the
regulation of other respiratory enzymes is limited, it is
possible that they may be regulated in a similar manner.

The co-ordinated regulation of production of mitochondrial
and cytoplasmically made subunits of respiratory enzymes can
occur at the level of lipid synthesis of mitochondrial
membranes. The respiratory adaptation in yeast cells is
accompanied by an increase in the levels of long chain
unsaturated fatty acids (ergosterol and ubiquinone) that
constitute the lipid inner membrane of mitochondria (138, 139).

Another important feature of enzymes assembled from
both the mitochondrial and cytoplasmic translation systems
is the transport of their cytoplasmically made subunits into
the mitochondria. Study of the uptake of subunits of
mitochondrial ATPase show that precursors are synthesized on
cytoplasmic ribosomes and their transport into the
mitochondria is accompanied by their proteclytic cleavage into

the mature subunit (164). Glucose repression of such
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respiratory enzymes of dual origin can occur during the
transport and/or maturation of their cytoplasmically made
subunits.

Presuming such tight interdependence between the
cytoplasmic and mitochondrial translation systems, it can
be thought that repression of synthesis of either mitochondrially
made subunits or cytoplasmically made subunits would lead to
repression or shut down of the respiratory chain. This would
mean utilization of fewer key effector molecules in repression.

The physical effects of glucose repression have been
discussed in the preceding sections. However, relatively
little is known about the genes involved in the phenomenon
of glucose repression in yeasts. In order to understand the
genetics, mutants must be isolated that are altered in the
synthesis of enzymes 1in the presence of glucose. Although a
large number of mutants have been isclated to this purpose
none of them have clearly identified any gene locus (loci}
that regulates glucose repression. The present study was
undertaken to identify the gene loci involved in glucose
repression of mitochondrial biogenesis and their possible

participation in mitochondrial assembly.



Fig. 1. Mitochondrial electron transport system.
Abbreviations: Succ, succinate; Fum, fumarate;
FAD-Fes, iron-sulfur flavoprotein subunit of succinic
dehydrogenase; Fe~S, iron sulfur protein; FeSl,

FeS2, FeS3 and FeS4, respectively iron-sulfur centers
1,2,3 and 4; Q, Coenzyme Q; b, c3, ¢, a, a3,
respectively cytochromes b, Cy, €, &, ayi TTFA,
thenoyl-trifluorocacetone. The various respiratory
inhibitors are shown by broken lines. For details

see text. {From Ref. 3.)
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MATERIALS AND METHODS

Strains: The following hapleoid strains of yeast

Saccharomvces Ccarlsbergensis were used: M18-19F (of -adel

trps MAL6- constitutive mgl GAL SUC)and M18-23F (a adel ura
MAL6- constitutive mgl GAL SUC). Both were obtained from
Dr. Deborah Mowshowitz, Columbia University, Department

of Biological Sciences, New York, N.Y.

Media: YP, containing 1% Difco bacto-yeast extract
and 2% Difco bacto-peptone was used as the basic media. To
this the final concentrations of 2 or 5% glucose, 2% lactic
acid and 0.1% D- glucosamine were added as appropriate for
each experiment.

Isolation of mutants: The mutants were isclated using

nitrous acid (HNOZ) as a mutagen in the following manner.

The parent strain was grown to saturation in liquid YP + 2%
glucose. The cells were mrvested, resuspended in an egqual
volume of water and starved at 4°C for one to four days. The
starved cells were then harvested and concentrated 10 fold
into water. Sodium nitrite was added to a final concentration
of 6 ng/ml. The cells were mutagenized to give about 10-20%
survival rate. Following mutagenesis, the cells were washed
twice with buffer (potassium phosphate buffer, pH 6.8),
resuspended in YP + 2% glucose medium and divided into a
number of separate cultures. Each culture was allowed to grow

to saturation at 30°¢ and, from each, a heavy inoculum of



cells was plated on to plates containing YP + 2% lactate + 0.1%
glucosamine. The plates are incubated at 30°¢ until colonies
appeared. One colony from each culture was selected for study.

Growth conditions: The cells were grown aerobically

at 30°C in a New Brunswick gyrorotary water bath. Growth was
followed by reading the optical density of the cells at 520
nm. The optical density values ranging from 0.4 to 0.8 were
selected corresponding to the log phase of cellular growth.

Cell breakage and sub cellular fractionation : A

highly concentrated suspension of cells was prepared in
3.5 ml MTE buffer (0.25 M Mannitol, 0.05 M Tris-acetate
buffer, pH 7.5 and 1mM EDTA, pH 7.2). The cells were
broken in screw captest tubes, containing glass beads
{0.45 - 0.5 mm diameter), by vigorously shaking the
mixture on a vortex genie mixer for 2 and a half minutes.
The ells were chilled at intervals of 30 seconds. Cell
extracts were obtained by centrifuging the homogenate at
3000 rpm for 10 minutes and saving the supernatant fluid.
The mitocaondrial particles were obtained from the cell
extract by centrifuging the 3000 rpm supernatant at 15,000
rpm for 20 minutes. The mitochondrial pellet obtained was
resuspended in 0.3 - 0.5 ml of MTE buffer togive a final
protein concentration of 2«3 mg/ml.

In the case of § -aminolevulinate debydratase assay,
the homogenate was centrifuged at 17,000 rpm for 30 minutes
to remove most of the cellular particles. The supernatant
obtained was used for §- aminolevulinate dehydratase

measurements.
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Respiration measurements: Oxygen uptake was measured

by the method of Sherman, Fink and Lukins (140) with the
following exceptions: Early to mid-log phase cells were used
exclusively, samples of cells were washed and resuspended in
cold 0.05 Mpotassium phosphate buffer, pH 6.8. Oxygen uptake
of aliquots containing 0.6-2.0 mg cells was determined using
a YSI model 53 oxygen electrode with 3% glucose added as the
carbon source. Respiration rates were calculated by the
method of Lessler (141) and are expressed as nl 0,/mg/hour.

Enzymatic assays: All enzyme assays were performed in

a Beckman DB spectrophotometer (Model 25) at room temperature.
The enzymatic assays were performed in triplicate and the
standard deviation was from 5-10% on samples run on

different days. The only exceptions were cytochrome ¢
oxidase and NADH: cytochrome ¢ reductase which showed a
variation of as high as 20-25% from day-to-day.

a) Enzymes of the respiratory chain

(i) Succinate dehydrogenase was measured by the

modified method of Kim and Beattie (55). The rate of
reduction of 2-6 dichlorophenol indophenol was measured at
600 nm after addition of 0.1-0.2 mgs of mitochondrial
protein to the cuvette containing 1 ml of 1lmM dichlorophenol
indophenol, 1.2 mM phenazine methosulfate, 1.5 mM KCN,

0.05 M phosphate buffer (pH 7.6) and 9mM succinate. The

1

absorbance coefficient of 21 mM™ cm-l was used.



(ii) NADF dehydrogenase was measured by the method of

Kim and Beattie (55). The decrease in absorbance at 420 nm

was measured after addition of 40-50 ugms of mitochondrial
protein to a 1 ml cuvette containing lmM potassium ferricyanide
0.1M tris buffer (pH 7.4), 10 ugms of antimycin A solution
(prepared in ethancl), and 0.25 mM NADH. The absorbance

1 1

coefficient of 1.0 mM ~cm™* was used.

(iii) NADH and Succinate: cytochrome ¢ reductase: The

rate of reduction of cytochrome ¢ was monitored at 550 nm

for both the enzymes. The reaction was started by addition

of 25-100 mgs of mitochondrial protein to the cuvette containing
100 mgs cytochrome ¢, 0.9 ml phosphate buffer, pH 7.2 (0.05M
sodium phosphate, 2mM EDTA}, 2 pgs KCN and either 0.4 mgs

of NADH, (142) or 9 mmolesof Na, succinate (68) in 1 ml

2
reaction mixture. The absorbance coefficient of 18.5

-1

mM~tem was used.

{(iv} Cytochrome ¢ oxidase: was assayed according to

the method of Smith (143). Reduced cytochrome ¢ was

prepared by addition of sodium dithionate to give a pale

orange colour. The rate of oxidation of cytochrome c

was followed at 550 nm after addition of 25-100 pgms of
mitochondrial protein to the aivette containing 80 nugs of
reduced cytochrome c, 0.9 ml of phosphate buffer (0.05 M sodium
phosphate and 2 mM EDTA, pH 7.2) in 1 ml reaction mixture.

The absorbance co-efficient of 18.5 mM “cm ) was used.
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b} Enzyme of heme synthesis

é:aminoleVulinate dehydratase was measured by the

method of Nandi, Baker-Cohen and Shemin (144) as subsequently
modified by Mahler and Lin (61). The amount of porphokilinogen
formed was measured at 555 nm. The 2 ml reaction mixture
containing 3001pmoles tris (hydroxymethyl) aminomethane buffer
(pH 8.5), 150 pmoles KC1, lsdpmoles P—meracaptoethanol, l.6
mg-3.2 mgs of cytosolic protein and 10 umoles of
d-aminolevulinic acid neutralized with tris to pPH 8.5, was
incubated at 37°C for 60 minutes. The reaction was stopped

by addition of 0.4 ml of 20% Trichlorcacetic acid containing
0.1 M chlz. The mixture was centrifuged at 5000 rpm for

10 min. and 1 ml of modified Ehrlich's mercury reagent was
added to 1 ml of the supernatant. The absorbance was read

at 555nm after 15 min. The amount of porphobilinogen formed
was read against a standard porphobilinogen chart.

All samples were run at least four times and the values
reported are an average of these values. A standard deviation
of 20 -~ 25% was observed in the numbers from day-to -day. The
amount of porphobilinogen formed was shown to be linear with
time and the amount of cytosolic protein added.

¢) Enzyme of citric acid cycle

Citrate synthase was assayed according to the

method of Srere et. al (1l45). The reaction monitors the
rate of acetyl-CoA cleavage. The jincrease in absorbance

was monitored at 412 nm after addition of freshly prepared
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2.3 mmoles oxaloacetic acid to 1 ml cuvette containing 0.2
mmole 5,5' - Dithicbis (-2-nhitrobenzoic acid) prepared in
2% sodium bicarbonate and 0.4 - 0.6 mgms of the mitochondrial

protein. The absorbance coefficient of 13.6 nM-lcm was used.

d} Enzymes of carbohydrate metabolism

i) Galactokinase assay measures the phosphorylation

4
of 1 C galactose (146). The procedure utilized to prepare the

cells for measurements of enzyme activity is different from
the one described previously and is therefore described below:

Preparation of cells: The procedure followed is that

of Adams (74). The cells were grown overnight to log phase
in 5 ml of YP + the appropriate sugar(s) and harvested. The
cells are resuspended in 0.5 ml of 40% dimethyl sulfonate
(DMSO) and then incubated in a water bath shaker at 30°C for
20 min. 4.5 ml of cold 0.1 M tris buffer, pH 8.0 was added
to the cells, mixed and the cells were then centrifuged.
The cells were next washed twice with tris buffer and
finally suspended in 5.0 ml of this buffer. The optical
density of the cell suspension at 650 nm served as a
measure of cell density.

Assay: 50 ul of the DMSO treated cells were added
to 504p1 of prewarmed galactokinase assay media

(3 mu 14

C galactose, 3 mM ATP, 8mmM MgCl,, 2 mM
dithiothreitol in 1 mM tris-HCl, pH 8.0). 20 nl of
the sample is immediately removed from the reaction
mixture and spread on a Whatman DE 81 (2.5 cm diameter)

filter paper. This serves as the blank. After 30 min

- 39 -



incubation period, 20 ul of the sample is removed from

the reaction vial and spread on the DE8B81 filter paper. After
drying for about 30 sec. the DE81 papers are put in 80%
ethanol. Each (DE81) filter paper is then washed 3 times with
5 ml of water to remove unphosphorylated 14C-galactose.

After drying, the papers are placed in the scintillation vial
containing the scintillant (toluene and omnifluor) and amount
of radicactivity determined. The enzyme activity is reported
as the nmoles of galactose-~l-phosphate produced/min/0O.D. 650
of the cells. The number of counts per minute was converted
to nmoles of galactose-l-phosphate by dividing the number of
cpm by nmoles of galactose in the assay media.

(ii) Maltase activity was measured by following the
rate of splitting of p-nitrophenyl «-glucoside (PNPG)
(colorless) to p-nitrophencl (yellow). 0.4-0.6 mgs. of
cellular protein was added to the reaction mixture containing
0.1 gms p-nitrophenyl &«-glucoside, 0.5 ml 20 mM
dithiothreitol, 0.05 M phosphate buffer, pH 6.8 (l6l, 162)}.
The reaction mixturewas incubated and timed at 30°C in a
water bath until yellow color appeared. The reaction was then
stopped by addition of 2,0 ml of Na2C03 and optical density read
at 400 nm. One unit ofmltase catalyzes the hydrolysis of
1.0 nmol of PNPG in 1 min.

(iii) o -Galactosidase activity was measured

according to the method of Kew and Douglas (95). The
amount of p-nitrophenol liberated upon hydrolysis of

p-nitrophenyl-«-D galactopyranoside (PNPGal) was measured
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at 400 nm. Assays were performed in 5.0 mM PNPGal bhuffered

2 PO4 and 31 mM citric acid. Since

ofl-galactosidase is an extracellular enzyme (163), assays were

at pB 4.0 with 39 mM KF

performed with whole cells. The reaction was started by
addition of whole cells to the assay reagent and 0.1 ml

samples were transferred to 0.9 ml Na, CO, and the optical

3
density read at 400 nm. One unit of e(-galactosidase is that
amount capable of hydrolyzing 1.0 nmol of PNPGal per min under
described conditions.

Protein determination: Protein was measured by the

method of Lowry et. al. (160) using bovine serum albumin
as the standard.

Matings: The parent strains are streaked on YPD
plates and replicated on SD + adenine, wherever the
selection of diploids was possible. If not, the plates
were replicated on fresh YPD plates and allowed to grow
for 2 days at 30°C. The diploids were then transferred
on to sporulation medium and allowed to sporulate for
4-5 gdays.

The dissection on the diploids was carried out
using Lawrence Precision dissecting microscope. The
germination ratedf the dissected spores was about 70-80%.

Chemicals and media, All the chemicals were

obtained from Sigma Chemical Co. Saint Louis, Missouri,
with the exceptiondaf the following. Sodium dithionate
and glacial acetic acid from Fisher chemical Co. Fair Lawn,

N.J., perchloric acid (from Dr. J. Berech, Biology Dept.
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Queens College, Flushing, N,Y,}! and chl2 (from Mr. T. Hayden,
Chemistry Dept., Queens College, Flushing, N.Y.).

Yeast extract, bactopeptcone, bactoagar, bacto-glucose
and syntheticvminimal media were purchased from Difco

Laboratories, Detroit, Michigan.
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CHAPTER 3

BIOCHEMICAL CHARACTERIZATION OF GLUCOSAMINE RESISTANT

MUTANTS
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PESULTS

The study of glucose repression involves isolation of
mutants that are altered in their regulation bv glucose. A
number of glucose analogues such as 2-deoxyglucose and
D-glucosamine have been studied to determine their effectiveness
in producing repression similar to that of glucose (112,113)
with the aim of using them for isolating glucose repression
insensitive mutants., Both 2-deoxyglucose (to a lesser extent)
and D- glucosamine were found to produce such repression in
yeast cells. Using D-dlucosamine, the kinetics of repression
and derepression of some mitochondrial enzymes and maltose,
galactose fermentation enzymes was found to be similar to
that of glucose (113). Since 2-~deoxyglucose {(which is
phosphorvlated and converted to UDP~deoxyglucose) (158) and
D-glucosamine (only phosphorvlated) (159) gave similar
repression patterns to glucose, it suggested that it is either
glucose or a phosphorylated derivative of glucose that is the
controlling molecule in glucose repression. 2-deoxyglucose
has been implicated in causing cell wall related changes, we
have therefore used D-glucosamine as a gratuitous repressor
to isclate 'glucose repression' resistant mutants.

Wild type yeast cells are unable to grow on lactate in
the presence of glucosamine because glucosamine represses
mitochondrial function (113). However, mutants can be isclated

that are capable of growth on lactate in the presence of



glucosamine. Among such glucosamine resistant mutants, one
should be able to identify mutants that exhibit reduced
sensitivity to glucose for mitochondrial functions. Such
class of mutants have been used for the purpose of present
study.

Two parent strains have been used : M18-19F and
M18-23E. The two strains are random spores from cone cross.
The genetic background could therefore be non-identical.

While both these strains are sensitive to glucosamine,
M18-23E is a little less sensitive to glucose repression
than M18-19F., Table 1 shows the rates of oxygen uptake
(QOZ) value of 27% on 5% glucose. This value closely
corresponds with the derepression values obtained with other
wild type strains used in our laboratory. M18-23E shows a
derepressed value of oxygen uptake higher than M18-19F and
therefore has been used in isclating glucosamine resistant
mutants, in addition to M18-19F.

The parent strains M18-19F and M18-23E were mutagenized
with nitrous acid (HNOZ) and glucosamine resistant mutants
were obtained by selecting on YP + 2% lactate + 0.1 % glucosamine.
Eight glucosamine resistant mutants were obtained from the
M18-19F parent and eleven glucosamine resistant mutants were
obtained from the M18-23E parent. The initial screening of
the mutants involved the measurements of oxygen consumption
following growth under repressed and derepressed conditions.
All the mutants obtained from M18-19F parent showed 002 values

similar to that of the parent, based on a comparison of the
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Table 1. The rate of oxygen consumption of
glucosamine resistant mutants. The log phase
cells were suspended in medium containing

0.6 M glucose and the rate of oxygen uptake was
measured usinga ¥YS1I model 53 oxygen electrode.

The activity is reported as pl 0,/mg of cells/hr.
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TABLE 1

Derepressed QOC

(2% Lactate

Repressed QO
(5% glucose

Repressed QO2 x 100

Strain Grown) Grown)
Derepressed QO,
M18-19F 54,7 14.7 27
M18-23E 50.9 26.6 52
Gsat-1 54.1 40.7 75
GSAF-4 46.90 36.5 80
GSAT-5 41.0 39.0 95
GSAT-11 53.9 42.4 79
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repressed and derepressed ratios of O, consumption. However,
four mutants obtained from the M18-23E parent showed higher
values of O, consumption suggesting some degree of insensitivity
of the respiratory chain to glucose repression. These values
are shown in Table 1. Two of these four mutants, Gsat-4 {(for
glucosamine resistance) and GSAT-5 have been studied in detail.

The resistance to glucosamine seemed to be associated
with a partial derepression of the respiratory chain. This
suggested that the enzyme complexes involved in 0, uptake,
namely the enzymes of the electron transport chain and that
of citric acid cycle (or only some enzymes from these groups)
may be derepressed or exhibit partial insensitivity to
glucose. For this reason biochemical assays for various
respiratory enzymes were performed on these mutants.

The biochemical assays are also performed on 25A
(glucosamine resistant spore) and 8C (glucosamine sensitive
spore}). These are spores obtained by a series of backcrosses
to M18-23E. This backcrossing process will be described in
detail in tre next section, but, for present purposes 25A
and 8C should be considered isogenic to GSsAT-4 at better
than 9B% of the loci except for the mating type locus, certain
nutritional markers and the glucosamine resistance loci.

The results of succinic dehydrogenase and succinic:
cytochrome ¢ reductase assays are given in Table 2. The
repression ratio is expressed as the percentage of the
enzyme activity found under repressed conditions (5% glucose)

as compared to the activity found under derepressed conditions
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Table 2. The specific activities of Succinic
dehydrogenase (A) and Succinate: cytochrome c¢
reductase (B) of mitochondrial suspensions obtained
from cells grown on 2% lactate and 5% glucose. The
specific activity for succinic dehydrogenase is
reported as {4 O.D.gggp/Min/mg mitochondrial protein)
x 100 and for succinate: cytochrome c reductase as

MM cytochrome c reduced/min/mg mitochondrial protein.
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TABLE 2

A. Succinic dehydrogenase
Derepressed Repressed Repressed x 100
Derepressed
Strain 2% lactate 5% glucose
M18-19F 32.0 3.0 9
M18-23E 38.0 3.6 9
GsaF-4 35.0 4.0 11
GSa®-5 32.0 4.3 13
252 31.0 4.7 15
B. Succinate: cytochrome ¢ reductase
Derepressed Repressed Repressed x 100
Derepressed
Strain 2% lactate 5% glucose
M18-19F 0.243 0.011 4
M18-23E 0.2 0.027 13
GSAF-4 0.38 0.051 13
GSAT-5 0.429 0.051 11
25A 0.312 0.023 7
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{2% lactate). The parent strains exhibit a repression ratio
of 9% for succinic dehydrogenase. A value of only 11%, 13%
and 15% was observed for GSAY-4 and GSAT-5 and 25A respectively.
This indicates that the glucosamine resistant mutants exhibit
about the same sensitivity to glucose repression of succinic
dehydrogenase as the parent strains. In the case of succinic:
cytochrome ¢ reductase, the two parent strains M18-19F and
M18-23E exhibit a repression ratioc of only 4% and 13% respectively.
Comparison of these values to repression ratios of GSAT-4,
GSAT-5 and 25A reveal no difference between the parent strains
and the mutants. Based on these observations it is concluded
that the phenotype observed in the glucosamine resistant
mutants is not associated with the glucose insensitivity of
the succinic dehydrogenase and succinic : cytochrome ¢ reductase
activities.

The next step involved in the study of these mutants
was to assay for NADH : cytochrome ¢ reductase and cytochrome c
oxidase activities. Table 3 shows the repressed and derepressed
levels of NADH : cytochrome c reductase and cytochrome
oxidase in the two parents M18~-19F, M18-23E and in GSAr-4,
GSAY-5, 25A and 8C. The M18-19F parent exhibits a repression
ratio of 24% and 31% for cytochrome ¢ oxidase and NADH :
cytochrome ¢ reductase respectively. The M18-23E parent has
however slightly elevated levels for cytochrome ¢ oxidase,
38%, and NADH : cytochrome c¢ reductase, 54%. The latter value
indicates less than 50% repression of this enzyme as compared

to fully induced levelsm 2% lactate. The two mutants show
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Table 3. The specific activities of NADH:
cytochrome ¢ reductase (A) and cytochrome ¢
oxidase (B) of mitochondrial suspensions
obtained from cells grown on 2% lactate and
5% glucose. The specific activity for HADH:
cytochrome ¢ reductase is reported as uM
cytochrome ¢ reduced/min/mg mitochondrial
protein and for cytochrome ¢ oxidase as uM
cytochrome c oxidized/min/mg mitochondrial

protein.
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TAELE 3

k. NADH: cytochrore c recuctacse
Derepressead Repressed Repressed x 10¢C
Derepressed

Strain 2% lactate 5% glucose

M18~19F 1.20 0.376 31
M18~23E 1.08 0.582 54
Gsa©-4 1.02 0.94 92
GSAT-5 0.916 0.992 + 100
25A 0.954 0.86 90
8C 1.00 0.586 58

B. Cytochrome ¢ oxidase
Derepressed Repressed _Repressed x 100
Derepressed

Strain 2% lactate 5% glucose

M18-19F 2,11 0.515 24
M18-23E 2.03 0.768 38
GSA* -4 2.20 1.38 64
GSAT-5 2.05 1.44 70
25A 2.20 1.39 63
8cC 2.25 0.729 32
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repression ratios for cytochrome ¢ oxidase to be 64% in GSAY-4
and 70% in GSAT-5, Thesewmlues are significaﬁtly higher than
the parental values. Also, NADH : cytochrome c reductase levels
are distinctly higher under repressed conditions in the two
mutants. A repression ratio higher than 90% is observed in the
mutants. Thus, GSAY-4 and GSAT-5 seem to be insensitive to
glucose repression for NADH: cytochrome ¢ reductase and
cytochrome ¢ oxidase activities.

The next enzyme to be studied was NADH dehydrogenase, a
primary dehydrogenase in the electron transport chain. The
values of NADH dehydrogenase activities are shown in Table 4.
M18-19F and M18-23E show repression to about 60% of the lactate
grown levels. This is not a marked repression. GSAT~4 and
GSAT-5 4o not show any significant difference from the parent
M18~23E,

Based on these observations it seems that the insensitivity
of the respiratory chain to glucose repression in cur mutants,
as examplified by high values of oxygen uptake on 5% glucose,
is a direct result of the derepression of a portion of the
electron transport chain. This portion includes complex I + III
(NADH : cytochrome c¢ reductase) and complex IV (cytochrome
c oxidase).

In order to establish whether the glucosamine msistant
phenotype is correlated with derepression of cytochrome ¢
oxidase and NADH: cytochrome ¢ reductase, a number of glucosamine
resistant and glucosamine sensitive spores were selected at

random from crosses between 25A (glucosamine resistant spore
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from GSAY-4) to M18~23E and GSAY-5 to 8C (Dissections are shown
in Table 8 of chapter 4), and assayed for bhoth c¢ytochrome ¢
oxidase and NADH: cytochrome ¢ reductase. The data obtained is
shown in Table 5. It is seen that each time a spore has the
glucosamine resistance phenotype it also exhibits glucose
insensitivity of these two enzyme complexes. Correspondingly,
the sensitive spores have levels similar to that of the parent
M18-23E. Thus, either both phenotypes result from a pleiotropic
mutation (or mutations) or the gene(s) for glucosamine resistance
is strongly linked to gene{(s) for glucose insensitivity of electron
transport.

The activity of the enzyme involved inleme biosynthesis,
d-aminolevulinate dehydratase has been investigated. Table 6
shows the activity of this enzyme. M18-19F exhibits a
repressed ratio of 23%. M18-23E, however, shows an unusually
high repression ratio of 65%. GsAY-4 and Gsa¥-5 show no altered
levels for this enzyme when compared to the parent strain,
M18-23E.

The enzyme citrate synthase catalyzes the condensation of
acetyl-CoA with oxaloacetate to form citric acid. The citrate
synthase reaction is the primary pacemaker step of the TCA
cycle; its rate is determined by the availability of acetyl-coaA
and oxaloacetate and by the concentration of guccinyl-CoA,
which competes with acetyl-CoA and inhibits citrate synthase
(147). Citrate synthase is subject to repression by glucose.
This enzyme is repressed to 5% of the lactate grown levels in

M18-19F and 12% in the M18-23F parent (Table 6). GSA®-4 and
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Table 4. The specific activity of NADH dehydrogenase on
mitochondrial suspensions obtained from cells grown on
2% lactate and 5% glucose. The specific activity is

reported as & O.D.420/min/mg mitochondrial protein.
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TABLE 4

Derepressed Repressed Repressed x 100
Derepressed
Strain 2% lactate 5% glucose
M18-19F 1.77 1.17 66
M18-23E 1.74 1.00 57
GSAT-4 1.52 1.11 73
Gsa®-s 1.67 1.13 67
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Table 5. NADH: cytochrome ¢ reductase (A) and cytochrome

c oxidase (B) activities on mitochondrial suspensions
obtained from 5% glucose grown cells. The strain 4-X
comes from 25A (GSAr-4) X M18-23F cross and 5-X comes
from GSAr-S x 8C cross. Thewlues on 2% lactate are
taken as constant for both the enzymes (1.2 for NADH:
cytochrome ¢ reductase and 2.18 for cytochrome c¢
oxidase) to avoid error in the repression ratio. The
last column (C)} shows the phenotype of the spore. The
specific activity for NADH: cytochrome ¢ reductase is
reported as uM cytochrome ¢ reduced/min/mg protein
and for cytochrome c¢ oxidase s )M cytochrome c

oxidized/min/mg mitochondrial protein.
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TABLE S

%ADH: cytochrome git Cc oxidase %iucosamine
Strain c reductase on on 5% glucose phenotype
5% glucose

M18-23E 0.582 0.768 ggaSensitive
GSAT~4 0.94 1.38 gsaresistant
GSAT-5 0.992 1.44 Ggsaresistant
4-12A 0.75 1.36 GsaT

4-22 0.84 1.25 GSAT

4-3C 0.81 1.30 gsa®

4-5D 0.92 1.30 csa®

4~6D 0.44 0.856 csa®

4-3B 0.473 0.673 Gsa®

4~5A 0.4 0.8 GSA®

5-2a 0.81 1.37 csa’

5-28A7 0.73 1.4 GSAT

5-24A 0.81 1.2 GSAT

5-26A 1.02 2.23 GSAY

5-19A 0.457 0.54 Gsa®

5-19C 0.742 0.734 Gsas

5-32A 1.09 1.8 csa®

5-29D 0.91 2.03 GsAa*




GSA'-5 exhibit a significant glucose insensitivity of this
enzyme. However, 25A shows a repressed ratio of 13% which is
similar to that in M18-23E. Thus, the higher walues obtained
in GSAY-¢ and GSAT-5 are not regquired for glucosamine

resistance.

Enzymes of carbohydrate metabolism

The mutants lBve also been assayed for the activities
of some of the enzymes involved in carbohydrate metabolism.
The results ©Hr the activities of maltase, galactokinase and
« ~ galactosidase are shown in Table 7. Galactokinase is
found to be totally repressed on 5% glucose grown cells in
the parent as well as in the mutants.«-galactosidase is
responsible for hydrolysis of disaccharide melibiose inte
galactose and glucose. The enzyme is subject to strong
repression by glucose in yeast, of-galactosidase is found
to bea strongly repressed in the mutants as in the parent.
Also, maltase is as glucose sensitive in Gsa*-4 and Gsa¥-s

as in M18-23E.
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Table 6. & -aminolevulinate dehydratase activity (A)

and citrate synthase (B) activity on 2% lactate and 5%
glucose grown cells. The d - aminolevulinate dehydratase
activity done on cellular ektract is reported as nmoles
PBG/hr/mg cytosolic protein. The citrate synthase
activity done on mitochondrial suspensions is reported

as & O.D.412/min/mg mitochondrial proteins.
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TABLE 6

A. _§ - aminolevulinate dehydratase
Derepressed Repressed Repressed x 100
Derepressed
Strain 2% lactate 5% glucose
M18-19F 0.634 0.147 23
M18-23E 1.16 0.761 65
GSAT-4 0.95 0.6 63
GSAT-5 1.11 0.659 60
B. Citrate synthase
Derepressed Repressed _Repressed x 100
Derepressed
Strain 2% lactate 5% glucose
M18-19F 0.126 0.007 5
M1B-23E 0.101 0.014 12
GSAT-4 0.116 0.063 54
GSAT-5 0.115 0.044 38
25A 0.115 0.015 13
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Table 7. The specific activities of enzvmes of
carbohydrate metabolism on 2% galactose, 5% glucose
and 2% galactose + 5% glucose grown cells. The
activity for galactokinase is reported as uM gal-1-
phosphate/min/0.D. 650" for maltase as A O.D.400/hr/mg
cytosolic protein and for &« ~galactosidase as

L 0.D. i .D. .
0.D 400/mxn/o D 650
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Strain

M18-19F
M18-23E
GSAT-4

GSAT-5

Galactokinase Act.

TABLE 7

Maltase Activity

of-Galactosidase Activity

2% gal+
2% gal+ Rep x100 2% gal 5% glu Rep , 100 2% gal 5% glu Rep x 1C

2% gal 5% glu Derep {Derep) (Rep) Derep {Derep) {Rep) (Derep)
(Derep) (Rep)

2.05 0 0 32.02 3.92 12 2,21 0.35 16

3.38 0 0 18.44 4.28 23 4,05 0.38 9

1.41 0 0 17.0 4.98 28 2.09 0.01 0.5

1.92 0 0 15.0 4.7 31 1,72 0.07 4




DISCUSEION

D- dlucosamine (0.l1%) has been found to produce a
repression of enzyme synthesis similar to that of glucose
repression (113). Based on this cdbservation, and making use
of it, welave isolated two mutants Gsa®-4 and GSAr-S (both
from M18-23E) that are resistant to glucosamine and to glucose
repression of certain electron transport enzymes. More
specifically, the enzymes cytochrome ¢ oxidase and NADH:
cytochrome c reductase were found to exhibit glucose insensitive
functions. The glucose insensitivity of these enzymes is
correlated with the glucosamine resistant phenotype. The two
phenctypes segregate together in ocosses to glucose insensitive
strains. Some of the other respiratory enzymes that have been
assayed for in the mutants such as succinic dehydrogenase,
succinic: cytochrome ¢ reductase and NADH dehydrogenase do
not exhibit any decreased sensitivity to glucose. Thus ihe
regulatory change is specific or the cytochrome containing
complexes of the electron transport chain.

Glucosamine resistant mutants have been isolated by
Ball and co-workers (149, 150) but under significantly
different conditions. These mutants were isolated on YP
glycerol-+ glucosamine (rather than lactate + glucosamine
that has been used in our work). From previous work done by
Furst snd Michels (113), it was shown that the effect of
D-Glucosamine on cells grown on glycerol is different from
that on cells grown on lactate. In lactate grown cells

D-Glucosamine acts as a repressor of enzyme synthesis.
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This may not be the case when the cells are grown on glycerol

or ethanol. F¥urther, no biochemical work was reported for these
mutants and hence it is not known whether this glucosamine
resistant phenotype was associated with the derepression of

the mitochondrial enzymes or was a result of a change in the
property of glucosamine uptake. Thus, our class of mutants
should be treated separately from the mutants isolated by

Ball et. al.

Since only the cytochrome-containing complexes of the
electron transport chain exhibit an altered glucose sensitivity,
we looked at the possibility of decreased sensitivity of heme
synthesis. Previously, many studies (129-135) have implicated
the synthesié of heme as a major step in the regulation of the
cytochrome containing enzymes of the respiratory chain. Since
é - aminolevulinate dehydratase is considered to be the rate
limiting step in heme biosynthesis (gl), we have assayed for
this enzyme in our mitants in hope of finding whether our
mutants are alsc derepressed for this enzyme. However, GSAr—4
and GSAr-S did not show any significant change in the glucose
sensitivity for this enzyme as compared to the sensitivity in
the parent strain. Hence, the glucose insensitivity of NADH:
cytochrome ¢ reductase and cytochrome c oxidase in the
mutants does not result fromaltered glucose sensitivity of
heme synthesis.

Interestingly, 'glucose repression' resistant mutants
were only obtained in M18-23E parent which shows higher

activity for § ~aminolevulinate dehydratase on 5% glucose than
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M1B-19F parent. Whether this is purely coincidental or whether
higher activities in M1B8-23E were of any significance in the
isolation of mutants isrmt known. If a higher activity of

é -~aminolevulinate dehydratase is in fact responsible, the rate
of heme synthesis can be seen as a rate limiting factor in the
glucose repression of the cytochrome containing complexes of
electron transport.

A number of conclusions can be drawn regarding the
regulatory mechanisms controlling the various aspects of glucose
metabolism in yeast. The enzyme citrate synthase has been found
to be normally repressed in glucosamine resistant mutants. Since
this enzyme is the first enzyme in the TCA cycle and it must be
derepressed when the TCA cycle is operating, it is concluded that
the TCA cycle is still normally glucose repressed in these
mutant strains. Thus, an independent pathway exists in yeast
cells for regulating the TCA cycle. Also, the fact that the
TCA cycle enzymes appear t© be normally repressed by glucose
while the rate of oxygen consumption is partially glucose
insensitive in these mutants implies that it is the activity
of the electren transport chain which is rate limiting for
oxygen consumption.

The enzymes NADH: cytochrome ¢ reductase and succinic:
cytochrome ¢ reductase share a common segment of the respiratory
chain at coenzyme Q and complex III which includes cytochromes
b and ¢, (3). We have observed that derepression of NADH:

cytochrome ¢ reductase can occur independently of derepression



of succinic : cytochrome ¢ reductase and thcerefore these two
enzyme complexes are probably regulated differently. Kim and
Beattie (55) have also made a similar observation in that succinate :
cytochrome ¢ reductase and NADH : cytochrome ¢ reductase responded
differently to certain protein synthesis inhibitors and behave
differently during derepression studies. Further, it was suggested
that these differences could not be due to differences in the
primary dehydrogenases such as NADH dehydrogenase or succinic
dehydrogenase as they are not the rate limiting enzymes in
determining the activitiesof NADH : cytochrome ¢ reductase and
succinic : cytochrome c reductase respectively. Therefore, these
differences could be due to differences in the coenzyme Q pools
(i1f there are separate pools for these two enzyme complexes) and/
or differences in ggl segment of complex III. However, recent
studies by Brown and Beattie (148) show no such existence of
separate coenzyme Q pools nor of cytochromes b and c¢; for these
enzyme complexes. Hence, both enzymes do share a common pool

of coenzyme Q and also common segments of complex III but
nevertheless, are regulated differently by glucose. Exactlyhow
this may be achieved is not understood at present. It can only
be hypothesized that this regulation may then occur at bc; segment
for these two enzyme complexes.

The enzymes of carbohydrate metabolism that have been
assayed are maltase, galactokinase and « -galactosidase. All
three enzymes are found to exhibit normal glucose repression
and therefore are not a component of the regulatory system

that has been derepressed in the glucosamine resistant mutants.
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In conclusion therefore, we have identified mutant
strains resistant to glucose repression for NADH: cytochrome
¢ reductase and cytochrome c oxidase components of the
respiratory chain. Other enzymes of the respiratory chain
do not seem to be regulated by the mutation(s) present in
GSA¥-4 and GSAT-5. In the next chapter, a detailed genetic
investigation has been carried out on GgsaT-4 and Gsa¥-s to
identify the loci involved in producing the glucose insensitivity

of these strains.
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CHAPTER 4
GENETIC ANALYSIS & GLUCOSE REPRESSION

RESISTANT MUTANTS OF MITOCHONDRIAL BIOGENESIS
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RESULTS

The results of the crosses between 25A x M18-23E and
GSAT-5 x 8C are shown in Table 8. As briefly mentioned in
chapter 3, 25A is a glucosamine resistant spore while 8C
is glucosamine sensitive spore which have been used in the
present study as mater strains. These spores were obtained
by a series of backcrosses to the parent M18-23E. To do this,
GSAr-4 was crossed to M18-19F and a spore from this cross,
shown to be both glucosamine resistant and insensitive to
glucose repression of the cytochromes, was backcrossed to the
parent M18-23E. A spore from this cross with the desired
phenotype (glucosamine resistant and glucose insensitive
cytochrome synthesis) was again backcrossed to M18-23E. This
was repeated for four more generations for a total of six
backcrosses. The strains isolated from this process are,
statistically speaking, otherwise, isogenic to M16-23E parent
at better than 98.4% of the loci. 25A differs from M18-23E

at the mating type locus, is adel trp5, glucosamine resistant

and glucose insensitive for cytochrome synthesis. B8C, isoclated

from the final backcross to M18-23E, is like M18-23E but of

opposite mating type (x adel ura3 and glucosamine sensitive).
The results shown in Table 8 are consistent with the

hypothesis that the mutant phenotype 'glucosamine resistance'’

in both GSAT-4 and GSAF-5 involve two unlinked nuclear loci

and the presence of mutant alleles at both loci is necessary

for the glucosamine resistance phenotype.
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Table 8. The results of tetrad dissections between

25A x M18-23E and GSaft-5 x 8C.
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TABLE 8

Tetrad Analysis of Glucosamine Resistant Mutants

itive resistant
Diploid Ratio GSAsen31 :  GSA in 4-spore Tetrads
2:2 3:1 4:0
25A x M18-23E 3 16 4
GSAt-5 x 8C 5 24 6
Expected for a 1 4 1

Dihybrid
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Based on the segregation pattern obtained in Table 8
itis proposed that there are two nuclear loci, grcl and grc2
(wild type GRCl and GRC2) operating in GSAT-4. Similarly, the
loci involved in GSAT-5 have been named grc3 and gred (wild
type GRC3 and GRC4). (Later in the study it will be shown that
different alleles of the GRCl gene are present in GsA"-4 and
Gsa’-5).

According to the two gene segregation pattern for
glucosamine resistance, as shown from the results o Table 8,
it is proposed that in a tetrad with a 3 glucosamine
sensitive: 1 glucosamine msistant spores, the resistant spore
contains mutant alleles at both GRC loci. Further, one
sensitive spore should have nc grc mutation and exhibit a
classical two gene segregation pattern when mated to a
glucosamine resistant spore. The two remaining sensitive
spores should each have one mutation namely, grcl (or grc3 in
GSAr—S) and grc2 (or grcd in GSAT-5) and should give only 2
sensitive: 2 resistant type tetrads when crossed to a
resistant spore.

Such cosses have been performed on tetrads obtained from
25A x M1B-23E cross and the results are shown in Table 9.
Tetrad #9 has one glucosamine resistant spore 92 and three
sensitive spores 9B, SC and 9D. S5A mated with another
resistant spore 17C gives only glucosamine resistant progeny.
9A mated with 9B gives a twogene segregation pattern for

glucosamine resistant phenotype suggesting that 9B is wild

type at both GRC loci found in GSAT-4, GRC1l and GRC2.
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Table 9., The phenotype and the proposed genotypes
of the 3 sensitive spores of tetrads $9 and #17 from

257 x M1B8-23F cross.



TABLE 9

Diploids GSA®: GSAT in 4-spore tetrads Proposed genotype
in the sensitive
spore

# of
Tetrads 0:4 2:2 3:1 4:0

9A x 17C

(GSATx asa¥) 12 12 0 0 0

9Aa x 9B

{GSAY) 17 0 2 11 4 GRC1 GRC2

9A x 9C

(GSAT) 17 0 17 0 0 grcl GRC?2

3B x 9D 11 0 11l 0 0 GRC1l grc2

(GSAT)

17C x 17A 8 0 8 0 0 GRC1 grc2

(GSAT)

17C x 17D 15 0 156 0 0 grcl GRC2

(GSAT)

5D x 17B 11 0 2 7 2 GRC1 GRC2

(GSAr)
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9A mated with 9C gives tetrads that show 2GSA®: 2GSAT phenotype
indicating the presence of one grc gene, 9D mated with 3B
{(another GSA resistant spore from the same cross) gives tetrads
that again show 2GSAS: 2GSAr phenotype. Thus 9D also has one
grc gene. The mutation in 9C has been named grcl and in 9D
has been named grc2. 9A has both grcl and grc2 and hence
glucosamine msistant phenotype. Similar observation has been
made for tetrad #17 from 25A x M18-23E cross and the results
are also shown in Table 9. Here 17C is the resistant spore
and thus is gnotypically grel grc2. 17B is wild type for

both grc loci, GRC1l GRC2, since a 2 gene segregation pattern

is obtained when it is crossed to a resistant spore. 173

and 17D both clearly each contain a single grc mutation;

which GRC gene is mutant may be determined by crosses to

the tester spores from tetrad #9.

Crosses between a spore 9C (of genotype grcl GRC2) with
spore 17D results in the rogeny that areall glucosamine
sensitive. The results of this cross are shown in Table 10.
Thus, 17D is grcl GRC2. However, cross between 9C (grecl
GRC2) and 17A results in a clear two gene segregation pattern
for glucosamine resistance indicating that 17A must be GRC1l
grc2. This again shows that both grcl and grc2 must be present
in a spore to produce the glucosamine resistant phenotype.

Further proof of this comes from the genetic crosses
shown in Table 11. Both 6C and 6D spores have been randomly

selected from tetrad #6 of 25A x M18-23E cross (shown in Table 8).

This tetrad shows a 4GSA®: ogsa® phenotype and is therefore a
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Table 10. The specificity of interaction between

the grcl and grc2 loci in GSAT-4.
s
Table 1ll. The segregation of grc loci in a 4GSA :

OGSAr tetrad from 25A x M18-23E cross. For further

explanation, see text.
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TABLF 10

: istant
Diploid Ratio GSAsen31tive= GSAreSl in 4-spore
tetrads
# of
Tetrads 2:2 3:1 4:0
9C x 17D 7 0 0 7
(grel (grel
GRC2 ~— GRC2)
9C x 17Aa 19 2 13 4
(grel (GRC1
GRC2) grc2)
TABLE 11
Diploid Ratio gsa®ensitive, .. resistant ;. 4 gpore
tetrads
¥ of 2:2 3:1 4:0
Tetrads
6C x 3D 8 8 0 0
(Gsa¥%)
6D x 3ic
r
(GSA ) 9 9 0 0
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non-parcntal ditypoe tetrad. lence, theorctically each spore from
this tetrad must have at least one e mutant allele. Both 6C and
6 have been mated to qglucosamine resistant spores and all the
tetrads obtained from these crossces exhibit a RGSAr: 2651"
phenotype proving that 6C and 6D carry a mutation in a single

GRC gene.

In GsAY-5, similarly it is proposed that the prescnce of
grcl and grcd allows for the glucosamine resistant phenotype. Table
12 shows the segregation of these two gene loci in 1GSAT 3Gsa®
tetrad. 2A is a glucosaming resistant spore and therefore is
mutant at gre¢3 and grcé. 2B (GSA®) mated to 2A gives tctrads that
are all 2¢sa® : 2csa® phenotype. 2C mated to 2A (GSAr) gives a
two gene segregation pattern for glucosamine resistance. 2D mated
to another glucosamine resistant spore 12B gives a 2GSAr : 2GSAS
phenotype in all the tetrads indicating a singlc genc difference.
The mutation in 2B has bcecen named grc3 and the mutation in 2D
has been named grcid.

The genotype for tetrad #16 from the cross asa¥-5 x 8C
has also been determined and the results are shown in Table 12.
16B is mutant at grc3 and grc4 and is glucosamine resistant.

As in GSA" -4, only combinations between grc3 and grc4 allow

for the glucosamine resistant phenotype and each mutation alone
_is not sufficient for growth on glucosamine. Crosses between
spores of the genotype GRC3 grc4 (or between spores of the
genotype grc3 GRC4) always yield glucosamine sensitive progeny.
The results of this cross are shown in Table 13. The genotypes
of the spores used in these crosses were established by mating
to proper tester strains. Also, the cross between spores of

the genotypes (RC3 grc4 x grc3 GRC4 produces resistant spores
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Table 12. The phenotype and the proposed genotypes
of the 3 sensitive spores of tetrads #2 and # 1lé

from GSAY-5 x 8C cross.
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TABLE 12

Diploids GcsA®: Gsa® in 4~spore tetrads Proposed genotype
in the sensitive
spore

$ of
Tetrads 2:2 3:1 4:0

2A x 2B 13 13 0 0 grc3 GRC4

(GSAT)

22 x 2C 5 1 4 0 GRC3 GRC4

(GSAT)

12Bx 2D 12 12 0 0 GRC3 grcé

(Gsa¥)

16B x 16A 14 14 0 0 GRC3 grcd

(GSAT)

16B x 16C 9 1 6 2 GRC3 GRC4

(Gsa¥)

2a x 16D 11 11 0 0 grc3 GRC4

{(GsAT)
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Takle 13. The results of the crosses performed
between 16A (grc4 GRC3) x 10A (grc4 GRC3)., 4B

(grc3 GRC4) x 2B (gre3 GRC4) and 16A (GRC3 grcd)
x 2B (grc3 GRC4).
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TABLE 13

Diploid Ratio Gsiensitive: GSAreSlStantin 4-spore
tetrads
# of
Tetrads 2:2 3:1 4:0
16A X loa 10 0 0 10
(GRC3 {GRC3
grcé) grcé)
4B X 2B 7 0 0 7
{grc3 (gre3
GRC4) GRC4)
lea x 2B 10 1 7 2
(GRC3 (grc3
grcd) GRC4)
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with a two gene segregation pattern for glucosamine resistance.
All of the GRC mutations are nuclear genes as demonstrated

by the various crosses described above. Additional proof that

these genes are not mitochondrial comes from the cross performed

between a glucosamine resistant spore, (18A, grecl grec2) that

had been subjected to ethidium bromide treatment sufficient to
delete all or most of the mitochondrial DNA, and M18-23E. A two
gene segregation pattern was observed in the progeny for
glucosamine resistance. If glucosamine resistance phenotype
was due to mitochondrial genes, all the progeny would have been
glucosamine sensitive. Similar situation is found to exist for
the mutations in GSAY-5.

In the previous chapter, we have demonstrated that the
glucosamine resistant phenotype segregates with the glucose
insensitive synthesis of NADH: cytochrome ¢ reductase and
cytochrome ¢ oxidase. We have postulated that a pleiotropic
mutation (or mutations) are responsible for both phenotypes.
Having shown that two mutations are present in both GsaT-4 and
GSAr-5, and both mutations must be present for the glucosamine
resistant phenotype to be expressed, the following question is
posed. 1In GSAT-4, which genotypically is grecl grc2, is grcl
perhaps requlating the expression of NADH: cytochrome ¢
reductase portion of the respiratory chain and grc2 regulating
cytochrome ¢ oxidase or vice versa? In order to answer this
guestion, tetrads have been chosen that exhibit a 1G6sat
3GSA® phenotype sad assays for both of these enzymes performed
on all the four spores. The results of the assays done on

tetrads # 12, # 9 and # 17 from 253A x M18-23E cross are shown
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in Table 14. From the table, it is seen that only the
resistant spore in each of the three tetrads has high levels
for both NADH : cytochrome c reductase and cytochrome c
oxidase enzymes on 5% glucose. None of the other sensitive
spores bearing a mutation in only one grc locus shows any
significantly altered levels for any of the two enzymes. The
values for either of the enzymes is seen to be similar to
that for the wild typemrent, M18-23E. Hence, no correlation
between the presence of a grc gene and derepression of a
particular segment of the respiratory chain is observed.
Similarly, enzyme assays for NADH : cytochrome c
reductase and cytochrome c oxidase activities have been
conducted on tetrads #2 and #19 from GSA -5 x 8C. The
‘results are shown in Table 15. ©Only 2A and 19B (both
are glucosamine resistant) show high levels for the
activity of these two enzymes on 5% glucose. None of the
other sensitive spores from these two tetrads show any
elevated levels for these two enzymes. Again, no correlation
between the presence of grc mutation and derepression of a
specific segment of the respiratory chain could be shown,
Therefore, it is clear that mutant alleles must be present
at both GRCl and GRC2 in GSA -4 (and GRC3 and GRC4 in GSA®-5)
for the glucose insensitive synthesis of cytochrome oxidase
and NADH: cytochrome ¢ reductase and neither gene is able to

express its phenotype independently of the other gene.
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Table 14. NADH: cytochrome ¢ reductase and cytochrome c
oxidase activities on all 4 spores of the tetrads #12, #9
and #17 from 25A x M18-23E cross. The activities are
measured on mitochondrial suspensions of 2% lactate and
5% glucose grown cells, The data for 2% lactate was found
to be nearly identical for all spores (1.2 for NADH:
cytochrome ¢ reductase and 2.18 for cytochrome ¢ oxidase)
and therefore is not shown in the table. The specific
activities for NADH: cyt c reductase are reported as

1M cyt ¢ reduced/min/mg protein and for cytochrome c¢
oxidase as/pM cyt ¢ oxidized/min/mg mitochondrial

protein.
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TABLE 14

NADH:cyt ¢ reduct Cyt ¢ oxidase GSA Genotype
Spore on 5% glucose on 5% glucose phenotype
12a 0.75 1.36 Gsa® grel gre2
12B 0.42 0.786 Gsa® grcl GRC2
12c 0.64 0.745 GSA® GRC1l GRC2
12p 0.528 0.82 GsA® GRC1 grc2
9A 0.84 1.33 GSAT grcl grc2
9B 0.44 0.82 Gsa® GRC1 GRC2
9C 0.56 0.82 GSAS grcl GRC2
9D 0.56 0.788 GSAS GRC1 grc2
17a 0.37 0.72 asa® GRC1l grc2
17B 0.58 0.77 Gsa® GRC1 GRC2
17C 0.937 1.30 GSAT grcl grc2
17D 0.49 0.69 GSAS grcl GRC2




Table 15, NADH: cytochrome ¢ reductase and cytochrome
c oxidase activities on all 4 spores of the tetrads #2
and # 19 from GSAT-5 x 8C cross. The activities are
measured on mitochondrial suspensions of 2% lactate and
5% glucose grown cells., The data for 2% lactate grown
cells w;s found to be nearly identical for all spores
(1.1 for NADH: cytochrome ¢ reductase and 2.2 for
cytochrome ¢ oxidase) and therefore is not shown in the
table. The specific activities for NADH: cytochrome

¢ reductase are reported as pM cyt c reduced/min/mg
protein and for cytochrome ¢ oxidase as‘PM cyt ¢

oxidized/min/mg mitochondrial protein.
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TABLE 15

NADH:cyt ¢ reduct Cyt ¢ oxidase GSA Genotype
Spore on 5% glucose on 5% glucose phenotype
2a 0.81 1.37 Gsa® grc3 gred
2B 0.65 0.82 Gsa® grc3 GRC4
2C 0.64 0.86 GSA® GRC3 GRC4
2D 0.95 0.75 Gsa® GRC3 grcd
19a 0.45 0.54 Gsa® GRC3 GRC4
198 1.0 2.26 Gsa® gre3 gred
19¢C 0.742 0.734 Gsa® grc3 GRC4
19D 0.83 0.65 Gsa® GRC3 grcd
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The dominant or the recessive character of the grc
mutation is shown in Table 16. Both the grcl and grc2 genes
are partially dominant as seen from the increased levels of
both cytochrome ¢ oxidase and NADH : cytochrome c¢ reductase

in the diploid heterozygotes GSAr-4 X 8C (grcl/GRC1

grc2/GRC2) and 25A x M18-23E (grcl/GRCl grc2/GRC2). Also

grc3 and grc4 in GSAT-5 are found to be partially dominant

. r
in the heterozygotes GSA -5 x g¢c (grc3/GRC3 grcd4/GRC4).

The cytochrome values have also been checked for the diploid

between 25A x GSAY-5 (grcl / grc4 grc2/grc3). Again, the genes

are only partially dominant for cytochrome ¢ oxidase and
seem to be fully derepressed for the activity of NADH :
cytochrome ¢ reductase.

Complementation tests were done in order to determine
if grc mutations generated in GSAT-4 and GSAf—S are allelic
to each other. Three independent diploids were obtained by
mating 25A (grel grc2) with GSA'-5 (gre3 gred), GSA*-4 with
6B (grc3 grcd4) and GSAT-5 with 10B (grcl grc2) and the
phenotype of the diploids checked. All the diploidswere
found to be sensitive. A high degree of mitotic recombination
was observed in the diploids which gave rise to a large number
of resistant colonies against a sensitive background. If the
two genes were allelic to each other, the diploids would have
been resistant. Tetrad analysis was also performed on the
three diploids and the results are shown in Table 17. The
segregation of glucosamine resistance phenotype in the tetrads

depends upon the allelic nature and the interaction between
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Table 16. The cytochrome c oxidase and NADH:
cytochrome c reductase activity of diploids
between the glucosamine resistant mutants and

the parent. The activity for cytochrome ¢
oxidase is reported as pM cytochrome c oxidized/
min/mg mitochondrial protein and for NADH:
cytochrome ¢ reductase as uM cytochrome ¢ reduced/

min/mg mitochondrial protein.
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TABLE 16

A. Activity of cytochrome c oxidase

Derepressed Repressed

Activity (2% Activity

lactate grown) (5% glucose Repressed x 100
Diploid grown) Derepressed
M18-23E x 8C 2.3 0.823 35
GsA®-4 x 8C 2.4 1.31 54
gsa’-5 x sC 2.4 1.12 46
25A x M18-23E 2.35 1.27 54
25A x GSAT-5 2.4 1.2 50

B. Activity of NADH: cytochrome ¢ reductase

Derepressed
Activity 2%

Repressed

Activity

. lactate grown) (5% glucose Repressed x 100
Diploid grown) Derepressed
M18-23E x 8C 1.03 0.587 57
GsaT-4 x 8C 0.95 0.912 96
GSA -5 x 8C 1.15 0.794 70
25A x M18-23E 0.95 0.742 78
25A x GSAT-5 1.08 0.928 86
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the gre loci. Some of these cases will be listed helow in order

to follow the pattern of yglucosamine resistance in the discccted

di.p] oids
r
CASE 1 : The gre mutations in Gsa'-4 and GSA -5 are
allelic to cach other. This should result in all tetrads

of the parental kind. All the four spores of the tetrad
should bhe glucosamine regsistant resulting from a homozygous

diploid grcl/qrel grc2/grc2.

CASE IXI : The grc mutations in GSA'-4 and GSAT-5 are
non-allelic and only the combinations grel gre2 (as in GSA'-4)
and grc3 grc4d {(as in ¢sn’~5) result in a glucosamine resistant
phenotype. This would result in generation of higher number
of tetrads that show 2GSAY : 2GSA® phenotype. Other tetrads
that exhibit 3Gsa® : 1GSAS , 1esAa” 3GS.?‘;S , 4GSAT OGSAS
and OGSAY : 4GSAS will also he gancrated but their proportion
will be very low.

CASE 1III : The grc mutations in GSA"-4 and GSAT-5 are
non-allelic and there is a specific interaction between the
various grc mutations. grcl can combine with grc2 (as in®a-4)
and with either grc3 or grcd4, but not both, to produce the
GSAT phenotype. Also, grc3 can combine with grc4 (as in GSAT-5)
and either with grecl or grc2, but not with both, to produce the

Gsat phenotype. For example, only the following combinations will

produce the GSAY phenotype: grcl grc2, grcl grc3 or grcl grcd,

grc3 grc4, and gre3 grcl or grcld grc2. This will result in the

following segregation for glucosamine resistance 6 (4 Gsaf : o GSAS}
: 72 (3 GSAY : 1 GsaS): 109 (2 Gsa¥:26sA%) : 28 (1 Gsa¥: 3 GoA®)

1(0 GSAr 4 GSAB). In short there will be ahout 1k a3 many
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Table 17. Tetrad analysis of GSAr-4 x GSAT-5. Three
independent diploids were obtained from the crosses
GSAT-4 x 6B (of the same genotype as GSAI-S), Gsaf-5
X 10 B (of the same genotype as GsAT-4) and 25A x
GSAr-S. Dissections were performed and only 4 spored
asci that segregated 2:2 for a nutritional marker

were selected.
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TABLE 17

Tetrad Analysis of Gsa'-4 x GsaT-5

Diploid Ratio GSAsensitive: GSArESIStant in 4-spore
tetrads
# of
Tetrads 3:1 2:2 1:3 0:4
Gsa¥-4 x 6B 15 0 8 5 2
GsAT-5 x 10D 14 1 11 3 0
25A x GSATY-5 26 0 8 15 3




2 GSAT : 2GSA® tetrads thanthe 3 GSA” :1 GSA® tetrads. Also, the
proportion of the 4 GSAr : O GSAs tetrads will be very low.

CASE IV : The grc mutations in GSAY-4 and GSA™-S are
non-allelic and the presence of any two grc mutations in a
haploid spore can result in a glucosamine resistant phenotype,
e.g. grcl can interact with either grc4, grc3 or with grc2
to give a glucosamine resistant phenotype. This will follow a
4 gene segregation pattern which has been calculated to
give a ratio of 4.6 (2GSA” : 2GsA®) : 8.8 (3Gsa” : 1asa®) :
1(4GsaT : 0GsA®). 1In short, there will be twice as many
tetrads with a 3GSAY : J.GSAs phenotype as with the 2GSAr s
2GSAs phenotype.

CASE V : One gene from GSAY-4 is allelic with one
in GsAF-5. Here glucosamine resistance follows that of a
two ¢ggne segregation pattern, i.e. 1(4GSAr : O GSAS) :

4(3 GSA” : 1 GsA") : 1(2 asa® : 2 gsa®).

The results of dissections of crosses between resistant
spores from GsA*-4 and GsaT-5 are shown in Table 17. All the
three crosses should be, genetically speaking, identical. The
spores 6B and 10C are glucosamine resistant and were obtained
from the crosses GSAr-S x 8C and 25A x M18-23E respectively
(shown in Table 8). The cross between 25A x GSAT-5 follows the
pattern for two gene segregation more closely than for any other
category while the two other crosses follow a different pattern
(the_presence cf one 1 GSAr:B GSAB tetrad can also be explained

by gene conversion). These dissimilar results can probably result
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from the snmpling cerror as the number of tetrads dissected is
small in the latter two cascea. While the results in Table 17
shcy that case I is not true, no additional coenclusions cun be
madeo.,

In ordcr to dccide between cases II, IIXI and IV, the
following crosses between spores containing a single grc mutation
were done. 17D (yrel GRCZ, Table 9) was crossed with 2B (qre3
GRCA, Table 12) and 2D (GRC3 grec4, Table 12}). Also, another
spore 22A (genotypically GRCL grc2 as determined by crosses
to known tester strains)was crossed with 2B (grc3 GRC4) and 2D
{(GRC3 grcd4). The results of these crosses are shown in Table 18.
They indicate that only specific combinations of the types
grcl gre3d and grc2 grcd result in a glucosamine resistant phenotype.
The results also indicate that the grc mutations are non-allelic.
The mutation at grcl locus can interact only with grc3 (and not
with grec4) to produce a glucosamine resistant phenotype.
Similarly, the mutation at grc2 locus can interact only with the
mutation at the grc4 locus (and not with grecld). This specificity
sugjests that grcl and grcd loci are regulating functions, such as
the same segment of the electron transport chain, while grc2
and grc3 are regulating another aspect of the electron transport
chain.

In order to determine if any of the grc mutations in
GSA¥-4 are allelic with any grc mutation in GSA®-5, a different
set of crosses was devised. Diploids were obtained from spores
containing grc mutations in the following combinations:

3A (grcl grc3) was mated with 15A (grc3l grcd) and these diploids

were found to be resistant indicating grcl and grc4 to be
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Table 18. The specificity of interactionbetween the
. , r r . .
grc mutations in GSA -4 and GSA -5. Diploids were

obtained between 17D (grcl GRC2) x 2B (grc3 GRCY4),

17D (grcl GRC2) x 2D (GRC3 grc4), 22A (GRC1l grc2)

x 2B (grc3d GRC4) and 22A (GRCl grc2) x 2D (GRC3 grcd).
Dissections were performed on these tetrads and only

4 spored asci that segregated 2:2 for a nutritional

marker were selected.
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TABLE 18

Ratioc GsaSensitive, oo resistant, , .oore
Diploid tetrads
# of
Tetrads 2:2 3:1 4:0

17D x 2B 15 4 8 3
(grecl (grec3

GRC2) GRC4)
17D x 2D 12 8] 0 12
(grecl (GRC3

GRC2) grc4)
22A X 2B 15 0 0 1s
{GRC1 (grc3

grc2) RC4)
22A x 2D 14 3 8 3

(GRC1 (GRC3
grc4)
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allelic. {Spore 3A was obtained from the cross 17D x 2B, shown
in Table 18; spore 15A was obtained from the cross @SAT-5x 8C,
shown in Table 8). However, the diploid between GSAT-5 (grc3
grcé4) x 6C (grc2 grc4) was found to be sensitive implying that
grc2 and gre3 are not allelic (spore 6C was obtained from the
cross 22A x 2D, shown in Table 18).

The activities for both cytochrome ¢ oxidase and NADH:
cytochrome c reductase were measured on the (3A x 15A) and
{GSAT-5 x 6C) diploids and the results are shown in Table 19.
Comparison of the cytochrome values of the(GSAr-S x 6C) diploid
with the heterozygous diploids (25A x M18-23E and GSAr—S x 8C,
shown in Table 16) reveal n¢ significantly elevated levels of
cytochrome on 5% glucose, amsult consistentwith the hypothesis
that grcd and grc3 are not allelic. The situation, however,
is complicated for the 3A x 15A) diploid. Here, even though
this dipleoid is glucosamine msistant phenotypically, the
cytochrome values are comparable to the heterozygous glucosamine
sensitive diploids (25A x M18-23E and GSAr-Sx:BC). These
results lead us to believe that the grc mutations may also
regulate other enzymes which have not been assayed for in the
preserit study, but which xe needed for the glucosamine resistant
phenotype and which are mt sufficiently derepressed in the
heterozygotes to allow for resistant growth on lactate plus
glucosamine.

The final proof of thetlypothesis that grcl and grc4 are

in fact allelic while the grc2 and grc3 are not allelic comes
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Table 19. The cytochrome ¢ oxidase and NADH:
cytochrome ¢ reductase activities on mitochondrial
suspensions obtained from the diploids between

3A x 15A and GSA'-5 x 6C. The activity for
cytochrome ¢ oxidase is reported as‘yM cytochrome c
oxidized/min/mg protein and for cytochrome c oxidase
as‘FM cytochrome ¢ reduced/min/mg protein. For

further explanation see text.
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TABLE 19

A. Activity of cytochrome ¢ oxidase

Derepressed Repressed
Activity (2% Activity

Repressed «

lactate grown) (5% glucose 100
Diploid grown) Derepressed
3 x 15A 2.3 1.2 52
(grcl / grcéd
grc3 /_grel)
r
GSA ~5 x 6C 2.3 1.02 44
fs_frcfl /_grcd
grc2 / grecl)
B. Activity of NADH: cytochrome c¢ reductase
Derepressed Repressed Repressed 5 100
Activity (2% Activity Derepressed
lactate grown) (5% glucose
Diploid grown)
3 x 15a 0.72 0.623 86
(grecl / grc4d
grc3 / gre3d)
r
GSA -5 x 6C 0.788 0.63 80

(grcd / grcéd
grc2 / grcd)
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from the following crosses. Tetrad dissections were performed

on the (3A x 15A) and the (GSAr-S X 6C) diploids. The results
are shown in Table 20. If grcl and grc4 are mutations in
different loci one would expect the progeny to exhibit a two

gene segregation pattern for glucosamine resistance. However, if
grcl and grc4 are in fact allelic, all the pogeny would be
composed of 4 GSAY : 0 GSA® tetrads. This will result from a

homozygous diploid grcl-l/grcl-4 grec3/grc3. Our results

from Table 20 indicate that all tetrads obtained from this cross
are of the 4Gsa’ : OGSAs phenotype. Therefore, it is implied
that grcl and grc4 are alleles of the same gene GRCl and can
therefore be represented asgcl-l and grcl-4.

Having established that the mutations grcl and grc4 are
alleles of the same locus GRC1l, the allele testing for grc2
and grc3 becomes relatively easy.to perform. The dissection

of the diploid between GSAT-5 (which now becomes grc3 grcl-4)

and 6C (which is grc2 grcl-4) is shown in Table 20. From our

results it can be advanced that if grc2 and grc3 were allelic
all the progeny would be of the glucosamine resistant type
and since that is not the case, we conclude that grc2 and grec3
are not allelic. Also, the segregation of glucosamine
resistance follows the pattern expected of two unlinked nuclear
loci.

Therefore, it is concluded that grcl and grc4 are
allelic to each other and in combination with gre2 in GSAr-d
and with greld in GSA -5 allow for the glucose insensitive

functioning of the respiratory chain between NADH and oxygen
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and possibly also for some other enzymes. The exact nature

of these enzymes remains unknown at present.
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Table 20. Complementation tests on grc mutations.
The diploids 3A x 15A and Gsa¥-5 x 6C were dissected
and only 4 spored tetrads that segregated 2:2

for a nuclearly inherited nutritional marker were
selected. For an explanation on the genotypes

of the diploids, see text.
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TABLE 20

Complementation tests on grc¢ mutations

Diploid Ratio GsaSensitive cgpresistant ;, 4.gpore
tetrads
# of
Tetrads 2:2 1:3 0:4
3A x 15A 1S 0 0 15
gsaf-5 x 6c 12 3 8 1
Expected for 1 4 1
a Dihybrid
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DISCUSSION

We have isolated two mutants, GSAY-4 and GSAY¥-5 (both
were derived from M18-23E) that show glucose insensitivity to
two enzyme complexes of the respiratory chain. The enzymes
NADH : cytochrome c rductase and cytochrome ¢ oxidase show
nearly derepressed values when the cells are grown on 5%
glucose medium. The genetic experiments performed on these
mutants reveal the participation of at least three loci in the
glucose repression of mitochondrial biogenetic process. The

three loci are GRCl, GRC2 and GRC3. The presence of grecl-1

and grc2 in GSAr—4 and grcl-4 and grc3 in GSAT-5 determines
the glucose insensitive functioning of the respiratory chain.
This is indicated by the rate of oxygen consumption of 5%
glucose grown cells which is almost as high as fully derepressed
2% lactate grown celils. This derepression in turn allows for
the growth on lactate in the presence of repressing levels of
glucosamine.

Mutation at the GRCl and GRC2 loci in GSA -4 and at
GRC1 GRC3 loci in GSAT-5 have been assayed for the enzymes
of the respiratory chain and some other enzymes. These
included § -aminolevulinate dehydratase, citrate synthase,
maltase, « —galactosidase and galactokinase. From our results
discussed in chapter 3, it is seen that grcl-1l and grc2 in
GSAT-4 are involved in the derepression of NADH : cytochrome cC
reductase and cytochrome c oxidase. The loci, however, are

not involved in glucose regulation of other mspiratory enzymes
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such as succinic : cytochrome ¢ reductase, succinic dehydrogenase

and NADH dehydrogenase. Similarly, the mutations grcl-4 and gre3

identified in GSA*-5 are involved only in the derepression of
NADH : cytochrome ¢ reductase and cytochrome ¢ oxidase and not
for the other enzymes of the respiratory chain. Considering that
GSA -4 and GSAT-5 have been isolated independently from M18-23E
and yetone gene GRC1l is common to both of them, it would imply
that only a limited number of genes are operating in derepression
of M tochondrial functions. All three grc mutations are nuclear
genes.

The independent genetic control of the various complexes
of the respiratory chain is interesting in light of the studies
of the derepressiond these enzymes (42, 55). Both Perlman
& Mahler (42) and Kim and Beattie (55) found that the enzymes
cytochrome c oxidase and NADH: cytochrome c¢ reductase are
regulated independently and also cytochrome ¢ oxidase is the
last enzyme to be drepressed during the derepression studies
(55). The two mutations we Imve isolated in GSAT-4 and GSA™-5
may alsole regulating these two enzyme complexes separately
but since the efect of each gene is thought to be tightly
linked to the other gene it may not be possible to study their
expression in an environment devoid of the other gene. This
hypothesis is strengthened by the observations that only presence

of grecl grc2 and grcl grc3d in a spore results in a glucosamine

resistant phenotype while grc2 grc3 combination exhibits glucose
sensitivity. Thus, it has been postulated that grcl-1 and

grcl-4 (wild type GRCl)} are regulating one segment of the
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respiratory chain and can interact with either grec2 or grec3l

(both these loci are perhaps regulating another segment of the
chain not wntrolled by the GRC]l locus) to produce glucosamine
resistance and glucose insensitivity of the electron transport
chain.

Kim and Beattie (55) have also found that succinic:
cytochrome ¢ reductase and NADH: cytochrome c reductase are
regulated independently of each other. The response of these
two enzyme complexes to protein synthesis inhibitors such as
chloramphenicol and cycloheximide was found to be different
suggesting that only NADH: cytochrome ¢ reductase contained
products of the mitochondrial protein synthesizing system. Also,
the derepression studies on 5% glucose indicated that the
succinic: cytochrome ¢ reductase activity increases as soon
as glucose is exhausted from thé medium while a considerable
lag occurs before the derepression of NADH: cytochrome ¢
reductase begins. Thisdifferential regulation during glucose
derepression was attributed to factors other than the primary
dehydrogenases, NADH dehydrogenase and succinic dehydrogenase.
Our studies support the hypothesis that succinic: cytochrome
¢ reductase and NADH: cytochrome ¢ reductase are regulated
differently. The GRC loci regulate only complex I + IIIX
(NADH: cytochrome ¢ reductase) and complex IV (cytochrome c
oxidase) and appear to have no effect on complex II or complex

II +III (succinic: cytochrome c reductase).
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A number of mutations which affect glucose repression have
been isolated in yeast. Montenecourt et. al (151) isoclated a
yeast mutant which exhibited less sensitivity of invertase and
maltase to glucose repression. However, no genetics was reported
on this mutant. Schmart et. al (152) isolated a similar mutant,
flaky, which is glucose resistant for the synthesis of maltase,
invertase, gal-l-P uridyltransferase and succinic dehydrogenase.
Interestingly, the level of cyclic AMP was found to be similar in
both the flaky and wild type strains grown under various growth
conditions.

Zimmermann and co-workers have reported isolation of a large
number of glucose repression resistant mutants. 2Zimmermann and
Eaton (85) isolated revertants of a mal2 non-fermenting mutation
which are resistant to glucose repression and are allelic to MAL2.
Zimmermann et. al (1977) (153) have also isolated glucose resistant
mutations starting with a catl strain. This strain does not grow or
glycerol, does not ferment maltose and the derepression of
isocitrate lyase, malate dehydrogenase, fructose, 1-6, diphosphatase
and maltase is prevented. The respiration rate and the repression
of invertase was found to be normal. Mutant revertants were
obtained from the catl strain and these mapped in two loci. These
strains were altered in their derepression of the enzymes
mentioned above. Interestingly, all the affected enzymes {(except
maltase) in catl are glucose inactivated enzymes (note though that
maltose permease is also a glucose inactivated enzyme (52)).
Therefore, it is possible that the catl mutation and the revertants
obtained from it are altered in their regulation of glucose

inactivation rather than glucose repression.
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In a subsegquent study, Zimmermann and Scheel (154) used
two mutant alleles of the CAT]l gene to isolate 2-deoxyglucose
resistant mutants on raffinose. Only the mutants with glucose
resistant invertase should be able to grow. The mutants
obtained from this group exhibited glucose insensitive functioning
of maltase, invertase and malate dehydrogenase. These mutants
mapped in three genes. The phenotypes of two of the mutants
resulted from a defect in sugar uptake (Entian et. al (155))
while the third gene has not been characterized.

Rytka et. al (96) have isolated mutants that exhibit
glucose insensitive functioning of catalase. Two genes cgrl
and cqgr2 are proposed but they have not been well characterized.
The enzymes of the respiratory chain and gluconeogenetic
pathway are found to bewmaffected by these mutations.

Ciriacy (1977, 1978) (156,157) has isolated mutants that
show resistance to repression by glucose. Mutations at the loci

¢ccrl, cer2 and ccr3d do not allow for growth on glycerol and

ethanol. The mutants resemble those of Zimmermann et. al (153)
in that the derepression of isocitrate lyase, fructose, 1-6,
diphosphatase, alcohol dehydrogenase II and cytoplasmic
dehydrogenase is prevented (all these enzymes are glucose
inactivated). The TCA cycle enzymes and succinic dehydrogenase
are unaffected. Thus, these mutants may be altered in the
regulation of glucose inactivation. 1In amore recent report

by Ciriacy (157) another class of mutant, mapping in a single
locus CCR80, have been identified. The mutants exhibited

glucose insensitive synthesis of succinic dhydrogenase and NADH:
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cytochrome c meductase. The enzymes of the gluconeogenic
pathway were not significantly altered. Most importantly,
glucose fermentation is strongly inhibited in CCR80O mutants
although the enzymes of glycolysis are present in normal levels.
This may reflect a defect in the sugar uptake system of the
mutants. Thus the phenotype of glucose resistance may be a
result of glucose uptake dfect.

Clearly, when one critically reviews these mutants from
the previous studies it becomes clear that true 'glucose
repression' resistant mutants may not exist. The class of
mutants isolated here, GSAT-4 and GsAT-5,are phenotypically
different from the mutants isolated above and most importantly
these mutants grow normally on glucose. Therefore, the gluccse
insensitivity of the respiratory enzyme complexes is due to an
actual resistance to glucose rather than due to some defect
in sugar uptake.

At this point, the mechanism of action of the grc
mutations can only be briefly speculated. It is possible that
GRCl is a major gene that requires the participation of another
minor gene GRC2 or GRC3 to derepress NADH: cytochrome ¢ reductase
and cytochrome c oxidase. Alternatively, it can be suggested
that GRCl regulates half of the respiratory chain (i.e. either
the NADH: cytochrome c reductase half or the cytochrome c
oxidase half) and GRC2 and GRC3 regulate the half not d&repressed
by the GRC1l gene, and, since the effect of each gene is so much
dependent on the other gene, their expression alone cannot be

measured through the enzyme assays. The presence ¢f both the
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genes in required to study their affect on the respiratory
chain.

The appecarance of cnzyme activities tested here can be
regulated on many levels {rom transcription of the structural
genes to the inscertion of the final polypeptides into the
mitochondrial menbrane. 1t is alicady known that the cnzymes
maltase and & -aminolevulinate dehydratase are regulated at
the level of transcription during glucose repression (77,61).
Cytochrome ¢ is roegulated both transcriptionally and post-
transcriptionally by glucose (56, 57). The amount of CYCl
mRNA was measured by hybridization to cloned CYCl gene, both
before and after the addition of glucose, and it was found that
the ratec of CYCLl mRNA synthesis was reduced upon addition of
glucose. Also, thcexisting CYCl mRNA was rendered untranslatable
by an endonucleolytic cleavage. The enzyme regulation can also
take place post~translationally as in the case of invertase
(128).

Among the other regulatory mechanisms to be considered
are the following. The regulation might also be achieved
by controlling the synthesis of a key subunit of cytochrome c¢
oxidase. It is already known that the subunit III of
cytochrome ¢ oxidase (coded for by the 0XI 1I region of
mitochondrial DNA) is more sensitive to glucose repression
that sny of the other abunits. Hence, we can axhieve glucose
insensitivity of ¢ytochrome ¢ oxidase by reducing glucose
insensitivity of the synthesis of subunit IIT via the participation
of anclear gene. Therefore, if one were tostudy the response

to glucose of different structural genes coding for these
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7 subunits of cytochrome c oxidase, one would find the subunit
III structural gene to exhibit less sensitivity to glucose. A
similar mechanism of reduced sensitivity of a key polypeptide of
NADH: cytochrome ¢ reductase complex can be propeosed to function
in the glucose insensitivity of this enzyme,.

It is interesting to note that the only two enzyme
complexes that have achieved glucose insensitive synthesis
in GSAr-4 and GSAr-S are the owtochrome c¢ oxidase and the
NADH: cytochrome ¢ reductase. Both these enzymes are assembled
from the mitochondrial and cytoplasmic translation systems.

The other enzyme complex of aich dual origin is mitochondrial
ATPase which has not been looked at in our work. Thus glucose
insensitivity can alsoc be achieved during the processing and
maturation o the cytoplasmically made subunits of these two
enzyme complexes. All these hypothesis will have to be tested
in order to determine which one is operating in GSAT-4 and
Gsat-5.

The regulatory effect of grc mutations can also occur
at the level of insertion of prosethetic groups.

Recently, in our laboratory another class of glucosamine
resistant mutants have been isolated on maltose. These grm
mutations are insensitive to glucose repression for a wide
variety of glucose regulated enzymes. It is pssible that such
grm mutations are related to the primary metabolic event(s)
induced in the cell by dlucose (such as the level of cyclic

AMP, as in E. coli). However, grc mutations isolated in
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this study cannot be related to such functions due to their
specificity of action on only two enzyme complexes of the
respiratory chain. Work is currently under way in our laboratory
to isolate some more grc mutations in hope of identifying all
nuclear genes (and mitochondrial genes, if existing) involved

in the cderepression of respiratory enzymes of the electron

transport chain.
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