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ABSTRACT

PURIFICATION AND CHARACTERIZATION OF A HIGHER MOLECULAR
WEIGHT FORM OF YEAST PYRUVATE KINASE

By
Ann Elizabeth Aust

The objectives of this research were: (1) to modify
a previously developed purification procedure for bakers'
yeast pyruvate kinase so that yeast cells could be
mechanically ruptured in the presence of potent protease
inhibitors; (2) to determine whether the enzyme purified
in this manner was native to yeast; and (3) to character-
ize the pyruvate kinase obtained from this purification
procedure. The modified purification procedure developed
in this research utilized the Manton-Gaulin homogenizer
to mechanically rupture yeast at neutral pH in the presence
of the potent protease inhibitor diisopropylfluorophosphate
(DFP). This homogenizing technique allowed the pyruvate
kinase to be more rapidly removed from proteases in an
environment containing DFP, which assured a low protease
activity level. The Manton-Gaulin homogenization was
found to release more pyruvate kinase, as well as other
contaminant proteins per pound of yeast. Thus, further

purification steps were needed to utilize previously
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Ann Elizabeth Aust
developed procedures. To this end a calcium phosphate
precipitation step immediately after lysis and an addi-
tional cellulose phosphate column, pH 6.5, were used.

The enzyme purified by this means was found to have a
protease activity associated with it. The protease could
be inhibited by DFP only in 1% SDS solution indicating
that it probably existed as a protease-inhibitor complex.
The proteolytic activity could be separated from PK on

a Sephadex G-100 column.

Characterization of the purified enzyme revealed no
macro- or micro-heterogeneity, indicative of no proteo-
lytic degradation. To determine whether the enzyme puri-
fied in this manner was native to yeast, an immunoprecipi-
tation technique with antibody prepared to the pure enzyme
was used. This technique removed '"native'" PK from the
cell-free extract within 5 hours after lysis of the cells.
The immunoprecipitate was washed to remove nonspecifically
adsorbed proteins and dissolved in SDS for analytical SDS
gel electrophoresis. The protein bands visualized were
those of purified IgG, used to effect the precipitation,
and '"native" pyruvate kinase. The subunit molecular
weight for the '"'mative'" enzyme, calculated on the basis
of its mobility in SDS gels, was identical to that of
pure pyruvate kinase. This is consistent with the
enzymes being identical.

The purified enzyme was shown to have a molecular

weight of 209,000 by equilibrium sedimentation. Using
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Ann Elizabeth Aust
SDS gel electrophoresis, a subunit molecular weight of
57,500 was determined indicating that the enzyme was a
tetramer. The enzyme was shown to exhibit cooperative
kinetics for PEP, but not for ADP, at saturating concen-
trations of all other substrates and metal ions, pH 6.2.
Fructose-1,6-diphosphate was shown to heterotropically
activate the enzyme, transforming the sigmoid saturation
curve for PEP to hyperbolic without affecting V. At
subsaturating Mg2+ concentration, ADP was found to inhibit
FDP activation, producing a time dependent increase in
velocity (hysteresis). This hysteretic activation was
shown to be a pseudo-first order process. The first
order rate of activation appeared to increase linearly
with increasing Mg2+ concentration, but remained constant
with changing enzyme concentration. Incubation of the
enzyme with FDP before assaying produced final velocities
that were greater than those without preincubation for PK

concentrations greater than 0.5 ug/ml.
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INTRODUCTION

Lysing of yeast for the purpose of purifying enzymes
has proved to be a problem because of the rigid nature
of the yeast cell wall. Through the years, several dif-
ferent techniques have been devised to rupture yeast, most
of which are done at elevated temperatures to liberate
intracellular proteases as well as other proteins.
Recently investigators have become aware of the fact
that the liberated proteases were partially degrading or
contaminating the enzymes they were purifying. In order
to avoid this problem, mechanical methods of lysing were
developed which could be used at 4° C in the presence of
potent protease inhibitors. In most cases, modifying the
lysis procedure in this manner resulted in purified
enzymes of larger molecular weight or reduced hetero-
geneity (previously reported as isozymes). However, the
fact that the enzyme was larger or apparently homogeneous
did not remove the question as to whether the purified
enzyme was ''native'" to yeast, for conceivably limited
proteolysis could produce an active, homogeneous protein.
Investigators, in an attempt to answer this question,

have analyzed the purified proteins by a variety of physical
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2
methods looking for microheterogeneity. This type of
investigation will only reveal proteolytic degradation;
it will not determine whether the purified enzyme is
identical to the native enzyme.

Since the discovery that yeast PK purified by the
method of Hunsley and Suelter (1969a) resulted in isola-
tion of a proteolytically degraded form of the enzyme
(Aust et al., 1975), methods for comparing the purified
enzyme to enzyme in cell-free extract have been developed.
Because the proteolytic damage suffered by PK in the
previous preparation did not result in significant changes
in the kinetic parameters except in one case, it was
thought that a comparison of Km and Ka values for pure
enzyme and enzyme in the cell-free extract would be of
little value. Analytical disc gel analysis of the enzyme
in cell-free extract suggested that the molecular weight,
as determined by the Hedrick and Smith (1968) method, was
identical to that of the purified enzyme (Yun et al.,
1975). This communication describes the immunoprecipi-
tation method of comparing the subunit molecular weight
of PK from cell-free extract with the purified enzyme.
This method involved (1) immunoprecipitation of PK from
the cell-free extract, (2) extensive washing to remove
nonspecifically adsorbed proteins, (3) solubilization of
the immunoprecipitate in 1% SDS solution, (4) electro-
phoretic analysis of the solubilized immunoprecipitate

on SDS-polyacrylamide gels, and (5) determination and
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3
comparison of the molecular weight determined for PK
from cell-free extract with that of pure enzyme. Similar
techniques have previously been used to study immuno-
globulins (Baur et al., 1971), O-antigens (Atwell et al.,
1973), H-2 alloantigens (Schwartz and Nathenson, 1971;
Cullen et al., 1972) and rat liver microsomal electron
transport proteins (Welton et al., 1973a; Welton et al.,

1973b).






LITERATURE REVIEW

Pyruvate kinase (ATP pyruvate phosphotransferase,

EC 2.7.1.40) catalyzes the following reaction:

Mg2*, x*

H" + PEP + ADP > pyruvate + ATP.
—

This enzyme is ubiquitously distributed as a component

of the glycolytic enzyme sequence in all living organisms
from simple, single cell organisms to the most complex
eucaryotes. Pyruvate kinase has been shown to be an
important glycolytic control point in both intact yeast
cells and lysates (Hommes, 1964; Pye and Eddy, 1965;

Hess and Brand, 1965a). This would be expected since both
products of the pyruvate kinase reaction, ATP and pyru-
vate, feed into a number of other metabolic pathways,

and the substrate phosphoenolpyruvate is a very important
controlling compound for carbohydrate catabolism (Kornberg,
1973). The enzyme can be induced in yeast (Barwell and
Hess, 1971), and there are reports of probable regulation
of the enzyme activity during gluconeogenesis in yeasts
(Fernandez et al., 1967). All of these facts strongly
suggest that pyruvate kinase plays an important role in

yeast metabolism.
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5

Since the earliest investigation of yeast PK by
Washio and Mano (1960), there have been a flurry of
reports on the purified yeast enzyme. Original prepara-
tions of the enzyme reporting high purity and stability
from S. carlsbergensis (Haekel et al., 1968) have since
been shown to be contaminated by a protease activity
which would degrade the pyruvate kinase under certain
conditions (Roschlau and Hess, 1972). The original
preparation from S. cerevisiae (Hunsley and Suelter,
1969a) has been shown to produce a degraded form of the
enzyme (Fell et al., 1974; Aust et al., 1975) and new
preparations were developed to purify the native enzyme.

In this review, literature regarding the purified
yeast enzyme, literature regarding protease contamination
of other enzymes purified from yeast and characteristics

of proteases isolated from yeast will be discussed.

Yeast Pyruvate Kinase

A. Activators

1. Monovalent Cations
Pyruvate kinase of S. cerevisiae and of S.
carlsbergensis requires the presence of a monovalent
cation for activity (Washio and Mano, 1960; Hunsley and
Suelter, 1969b; Hess and Haebel, 1967). PK experiences
an allosteric activation in the presence of K+; thus, K

could be referred to as a homotropic activator. Although
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6
K' is the most effective activator in the presence or
absence of FDP, NH;'also activates. Na' is much less
effective and activates only in the presence of FDP.
Addition of X' to PK causes a slight quenching of its
intrinsic fluorescence while addition of TMA does not
(Kuczenski, 1970). This suggests that PK undergoes a
small conformational change as the result of interaction
with K. This change is specific for K" as opposed to
TMA. This would indicate that K' activation is due to
its interaction with the enzyme directly as is thought
to be the case in muscle PK (Suelter et al., 1966; Wilson
et al., 1967). The binding of K* to PK has an antagonistic
effect on the binding of FDP, as viewed with intrinsic
fluorescence changes (Kuczenski, 1970). This is thought
to be due both to an ionic strength effect and to a spe-
cific K* effect.

The mechanism by which monovalent cations activate
enzymes is controversial. One school of thought main-
tains that monovalent cations are necessary to establish
an enzyme conformation necessary for catalysis (Evans
and Sorger, 1966). Another theorizes a specific role
for the catiors in the mechanism of the reaction:interaction
with the enol-keto tautomers of pyruvate at the active
site (Suelter, 1970). The latter theory is much more
specific and requires that the cation actually bind at

the active site. This has been confirmed in the case of
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7
muscle PK through the use of NMR spectroscopy (Kayne and

Reuben, 1970), but it is not known for the yeast enzyme.

2. Hydrogen Ion
Since a proton is taken up in the pyruvate kinase

reaction it is conceivable that H' could have an effect
on the enzyme. Wieker and Hess (1971) investigated the
pH dependencies of the kinetic parameters characterizing
the interaction of S. carlsbergensis PK and PEP in the
presence and absence of FDP. n, for PEP in the presence
of FDP was found to be independent of pH while the n,
of PEP in the absence of FDP was dependent upon pH going
from 1 below pH 4.0 to a limiting maximal value of 2.95
at pH 7.0. The pH dependence of the ratio of the half-
saturating substrate concentration in the absence of FDP
to that in the presence of FDP produced a curve similar
to that for the n,. These data suggested that the equi-
librium between a state of higher affinity and a state of
lower affinity of the enzyme for PEP is shifted to a
state of higher affinity as the pH approaches 5.35, thus
suggesting a role for the H' as an allosteric activator
of yeast PK. The question of whether the H'-activated
and FDP-activated states are identical in conformation

was not answered.
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3. FDP

Hess and Brand (1965a) were the first to identify
FDP as an allosteric activator of yeast pyruvate kinase.
The enzyme from many other sources has also been shown to
be FDP activated. 1In both strains of yeast FDP acts as
a heterotropic allosteric activator by lowering the Hill
constant for PEP and both required cations and lowering
the apparent K, or KA for each (Haekel et al., 1968;
Hunsley and Suelter, 1969b). Therefore, PK would best
be classified as a K system in the nomenclature of Monod,

Wyman and Changeux (1965).

4, Mgz+

Mg2+ has been shown to be a homotropic activator
in both S. cerevisiae (Hunsley and Suelter, 1969b) and
S. carlsbergensie (Haekel et al., 1968). In addition
Mg2+, or another activating divalent metal, is required
for PK activity in both yeast strains examined, and the
allosteric kinetics of MgZ+ are transformed to hyperbolic
by FDP. The actual form of Mg2+ which binds to the enzyme
resulting in catalytic activity is not known. Since MgZ+
can be complexed by PEP, ADP, FDP, and ATP, the kinetic
analysis of Mg2+ can be quite complex. MacFarlane and
Ainsworth (1972) have developed a complex equilibrium

expression for Mg2+

in its free and complexed forms
taking into account all substrates and products and

have conducted an involved kinetic analysis of PK.
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2* binds

Their evaluation of the results indicated that Mg
the enzyme in the free form, as do ADP and PEP, and is
released in the complexed form, Mg-ATP.

Mg2+ appears to be required for PK stability, as

2+ to the

will be discussed later. The binding of Mg
enzyme can be detected by a quenching of fluorescence,
but the quenching is minimal compared to that produced
by the binding of FDP (Kuczenski, 1970).

Mgz+ appears to affect the affinity of S. ecarls-
bergensis PK for PEP and FDP (Haekel et al., 1968). The

Km for PEP increases with decreasing Mg.

5. PEP
PK from both S. cerevisiae (Hunsley and Suelter,
1969b) and S. carlsbergensis (Haekel et al., 1968) showed
cooperative kinetics (homotropic activation) for PEP.
In the presence of FDP the sigmoid kinetics are converted

to hyperbolic with no change in Vm.

B. ADP

Kinetic studies of PK from both S. cerevisiae (Hunsley
and Suelter, 1969b) and S. carlsbergensis (Haekel et al.,
1968) indicated that at saturating levels of all other
substrates and cations, ADP appeared to be only weakly
controlled by FDP and was, therefore, not an allosteric

effector for ADP interactions.
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C. Inhibitors

Cu2+ as well as some other heavy metals were shown
with early preparations of yeast PK to be potent inhibi-
tors (Washio and Mano, 1960). Other inhibitory compounds
noted for the brewers' yeast enzyme (S. carlsbergensis),
such as citrate, NADP, AMP, 3'-5'-cyclic AMP, and nucleo-
tide triphosphates, appeared to exhibit a complex allo-
steric inhibition which could be due to their ability to
complex Mg2+ (Haekel et al., 1968).

ATP inhibition has been observed for both the brewers'
yeast PK (Haekel et al., 1968) and the bakers' yéast PK
(S. cerevisiae) (MacFarlane and Ainsworth, 1972). In the
case of the brewers' yeast PK, the inhibition appeared to
be allosteric, but since no attempt was made to control
the Mg2+ concentration throughout the experiment, it
would be very difficult to draw firm conclusions. 1In
the case of bakers' yeast PK, the Mgz+ levels were care-
fully controlled throughout the experiments and Mg-ATP

complex was shown to be a competitive inhibitor with PEP.

D. Reaction Mechanism

Mildvan et al. (1970) were the first to show incon-
sistencies in kinetic and binding data for bakers' yeast
enzyme that might indicate that this enzyme has a pre-
ferred order of binding PEP. A kinetic study by MacFarlane
and Ainsworth (1972) seemed to confirm this, for their

results suggested that the mechanism is of the ordered
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Tri Bi type with the substrates binding in the order

PEP, ADP, and Mg2'.

An interesting conclusion from
this study, apparent in the last statement, was that
Mgz+ binds the enzyme in a free form, not complexed to
ADP. However, after the phosphoryl transfer in the
quaternary complex, pyruvate is released followed by
Mg-ATP complex. This posulated mechanism would suggest
that Mgz+ binds the enzyme, bridges the phosphate group
of PEP and the terminal phosphate group of ADP, assists
the phosphorylation of the latter, and is ultimately
eliminated, bound between the B- and y-phosphate groups
of ATP.

E. Cold Lability and Fructose 1,6-diphosphate
Induced Instability

An instability of yeast pyruvate kinase was first
described by Washio and Mano (1960). Glycerol was found
to stabilize the enzyme, thus making its purification
much easier (Hunsley and Suelter, 1969a). Subsequently
Kuczenski and Suelter (1970) reported that pyruvate
kinase was susceptible to inactivation at low temperatures,
or in other words, that the enzyme was cold labile. Inac-
tivation at room temperature and at 0° C was enhanced by
the addition of micromolar amounts of the allosteric

2+ or Mn2+ prevented inacti-

activator FDP. Addition of Mg
vation. A mechanism for the inactivation involving binding

of FDP, followed by dissociation of the enzyme into
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subunits was proposed. Enzyme purified from bakers' yeast
by a slight modification of the procedure of Hunsley and
Suelter (1969a), produced a cold labile PK, also (Fell
et al., 1974). However, PK purified from brewers' yeast
(S. carlsbergensis) was reported not to be cold labile
(Bischofberger et al., 1971).

Protease Contamination or Degradation
ot Yeast Pyruvate Kinase

There have been several methods for purification of
yeast PK that have been developed over the past several
years. Table 1 shows a summary of some of the important
aspects of these preparations and characteristics of the
resulting PK.

Roschlau and Hess (1972) reported proteolytic con-
tamination of purified PK. The activity of the protease
was detected noting that free amino acids were released
upon storage of the PK at room temperature. Further
heterogeneities were seen when PK was subjected to ultra-
centrifugal analysis (Bischofberger et al., 1971) and
SDS gel electrophoresis. The purification was modified
by adding ammonium sulfate fractionation and ion exchange
chromatography. The PK obtained was reported free of
protease contamination.

Fell et al. (1974), in an attempt to repeat the pro-
cedure of Ashton (1971), found that SDS gel electrophoretic
analysis gave multiple bands, suggesting that the poly-

peptide chains had been degraded. Therefore, Fell devised
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6.08

6.2 § 6.4 - .-

Isoelectric

point

yes yes yes yes

and divalent

Requires mono-
cations

yes yes yes yes

Activation by

FDP

1Hunsley and Suelter, 1969b; Kuczenski and Suelter, 1970.

2Ashton and Peacock, 1971.

3Bischofberger et al., 1971,
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a modified preparation by lysing the yeast by a toluolysis,
freeze-thawing method and PMSF, a serine protease inhibi-
tor, was added before dialysis. The resulting enzyme
properties are shown in Table 1 and can be compared to
those of the PK purified by the method of Ashton (1971).
Both the molecular weight and specific activity increase
with little if any change in the other properties.

Yun et al. (1975) modified the preparation of
Hunsley (1969a) such that all column steps were conducted
at room temperature in buffer containing 5 mM EDTA, 5 mM
BME and 25% glycerol instead of 50%. The resulting
enzyme had an increased molecular weight and specific
activity greater than that of Hunsley and Suelter (1969a).
However, when the enzyme was analyzed on SDS gel electro-
phoresis, the protein was found in multiple bands with
the majority near the tracking dye. This indicated that
the enzyme was contaminated by a protease activity.
Further modification of this preparation which made use
of a mechanical means for lysing the yeast in the presence
of DFP produced an enzyme which had the same molecular
weight as that by the previous modification (Aust et al.,
1975). The PK was still contaminated by protease activity,
although the contamination was less than before. This
communication will describe in detail this final modifi-
cation and the enzyme produced by it.

Every preparation of yeast PK that has been reported

has been plagued by proteolytic degradation or
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contamination at some point in its development. The
problem is not peculiar to PK, but has been seen in the
preparation of many other yeast enzymes and enzymes from
other microorganisms. The remainder of the literature
review will discuss similar problems in other yeast
enzymes, possible roles for these proteases, and finally
properties of the yeast protease purified.

Proteolytic Degradation or Contamination
of Enzymes Purified from Yeast

Early procedures for isolating hexokinase from yeast
involved drying of the yeast and autolysis of the yeast
cells at 37° C to liberate the enzyme (Kunitz and McDonald,
1945; Berger et al., 1946; Bailey and Webb, 1948; Darrow
and Colowick, 1962; Lazarus et al., 1966; Schulze et al.,
1967). Lazarus et al. (1966) discovered a common problem
in these types of procedures; namely, the autolysis, which
released an abundance of protease activity resulting in
partial degradation of the enzyme either at that stage,
or after isolation, due to adhering traces of protease
(Ramel et al., 1971). Since the cleavages were compatible
with high retention of activity, the degradation was
overlooked initially. Pringle (1970) showed that commer-
cial preparations of hexokinase were contaminated with
a trace of at least one protease. The contamination was
discovered when the molecular weight in the presence of
SDS was studied. It was shown that during the preincuba-

tion with SDS before electrophoresis, the enzyme was
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degraded to form multiple low molecular weight components.
If the sample was treated with DFP or boiled immediately,
there were only 2 minor low molecular weight components
produced. When the preparative procedure was modified
in such a way that mechanical disruption of the cells in
the presence of DFP was used (Rustum et al., 1971; Barnard,
1975), three isozymes of hexokinase, A, B, and C, could
be purified free of protease activity as monitored by the
high stability upon storage and lack of degradation in
SDS.

Another extensively studied yeast enzyme, L-lactate
dehydrogenase (cytochrome bz) from yeast, was suspected
of having proteolytic contamination when Nichols et al.
(1966) reported that upon storage at 4° C the Michaelis
constant for L-lactate increased. The mean mobility of
the enzyme increased on polyacrylamide gels and multiple
bands of L-lactate dehydrogenase activity were also found.
Later, when Jacq and Lederer (1970) examined the amino
acid composition of the crystallized enzyme, they reported
that they felt it was necessary to show constant chemical
composition of the enzyme because yield and specific
activity varied from one preparation to the next in a
not negligible way. There was some variability in the
amino acid composition but no firm conclusions could be
made. Lederer and Simon (1971) showed that the crystal-

lized enzyme was composed of two types of subunits, 36,000
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MW and 21,000 MW. After carefully determining the N and
C terminals from both light and heavy chains, Lederer and
Jacq (1971) concluded that the enzyme was being purified
with an endopeptidase of the serine protease class. Jacq
and Lederer (1972) subsequently modified the enzyme puri-
fication by using a mechanical means (Manton-Gaulin
homogenizer) to rupture the cells and by including PMSF
and found that crystallization never took place. Thus,
the crystallized enzyme was an artifact produced by pro-
teolytic degradation.

Diezel et al. (1972) reported that upon storage,
phosphofructokinase purified in the presence of PMSF was
converted from an enzyme which sedimented with 19S to
one that sedimented as 17S. It was concluded that phospho-
fructokinase contained a proteolytic contaminant which
did not degrade phosphofructokinase in the presence of
its substrates, fructose-6-phosphate or ATP or in the
presence of ammonium sulfate. In trying to find a
protease inhibitor to use while isolating phosphofructo-
kinase, Diezel et al. (1973) found DFP, PMSF, and ammonium
sulfate (25%) to be good inhibitors. Thus, they developed
a new purification procedure which made use of the ultra-
sonic disintegrator, affinity chromatography, ammonium
sulfate precipitation, and gel filtration. This procedure
considerably reduced the contamination but did not com-

pletely remove it. It was suggested that there might be
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an in vivo function for the protease attack on phospho-
fructokinase.

Yeast pyruvate decarboxylase catalyzes a two step
reaction. It has been postulated that these two reac-
tions occur at different locations on the enzymes'
surface. In trying to determine whether this was really
true or not, Juni and Heym (1968a) studied the enzyme
from bakers' yeast and from a mutant derived from this
organism. The enzyme from mutant yeast, upon aging,
lost the ability to catalyze one of the two reactions.

In studying this phenomenon it was discovered that this
loss was due to selective proteolytic degradation of one
portion of the protein. The reason this occurred in the
mutant strain was that more proteases were released upon
lysis (Juni and Heym, 1968b). When sonication was used
to rapidly lyse the cells rather than the slow buffer
extraction procedure previously used on dried yeast, it
was found that activity ratios of pyruvate decarboxylase
were as high as those of enzyme from bakers' yeast. This
result demonstrated that proteases were not active in

the intact cells but that their activity was released
with time. Results from this study also indicated that
the levels of proteases that were found in crude extracts
depended on the strain of yeast used as well as the phase
of growth of the harvested cells.

These are but a few examples of yeast enzymes which

have been isolated in degradéd or contaminated form and
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extensively studied. Due to the fact that in most cases
enzyme activity was not completely destroyed in the
degraded enzymes, the protease problem was not discovered
except by accident while doing SDS gels or other physical
characterization. In each case presented, the investi-
gators switched from an autolytic procedure for rupturing
the cells to a mechanical one (Manton-Gaulin homogenizer,
french press, sonicator) and in several cases included
serine protease inhibitors. These modifications produced
preparations which were more satisfying to the investi-
gators based on various criteria, but the question still
lingers: are these enzymes further artifacts of prepara-
tion or are they native to yeast? Once there is doubt,
can the question ever really be answered? This brings
a new way of thinking into enzymology. Until recently
it was generally accepted that purified enzymes were
accurate representations of the native enzyme. They
might behave slightly differently in their new environ-
ment, but they were physically the native enzyme. For
many investigators working with microorganisms it has
become painfully clear that this is not always the case.
This might also be a problem with enzymes from more
advanced organisms, but at this point it has not been

recognized as one.
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Possible in vivo Regulation
by Yeast Proteases

Cabib and Bowers (1971), in studying budding in
yeast, have shown that chitin is the specific component
of the septum between mother and daughter cells. They
have also shown that chitin formation takes place only
during a limited portion of the cell cycle. Thus, forma-
tion of the chitin septum is initiated at a specific time
in a specific location. Chitin synthetase, the enzyme
responsible for mobilization of the chitin, was shown to
normally exist as a zymogen bound to the cytoplasmic
membrane (Keller and Cabib, 1971). The zymogen was shown
to be activated by either an enzyme present in yeast or
by trypsin (Cabib and Farkas, 1971). The in vivo acti-
vating enzyme for the zymogen was shown to be localized
within the yeast vacuole and was therefore separated from
the zymogen during most of the cell cycle (Cabib and Ulane,
1973). At the time of budding the vacuoles have been
observed to migrate to the bud and finally coalesce into
one or a few large bodies (Wiemken et al., 1970). It has
not been conclusively shown that the vacuoles at the bud
positively contain the activating factor, but it is quite
suggestive that this is the mechanism by which the acti-
vating factor comes in contact with the chitin synthetase
zymogen thus causing bud formation. The activating factor
has been shown to be a protease and can be inhibited by

a soluble protein factor present in yeast (Cabib and Ulane,
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1973). The evidence becomes quite convincing that an
example has been found where proteolytic action on a
yeast enzyme serves a distinct and necessary in vivo
function but is under strict control through compart-
mentalization and inhibition.

Fructose 1,6-bisphosphatase is a key enzyme of the
gluconeogenic pathway and is subject in yeast to a number
of different control mechanisms. Not only are synthesis
and activity regulated (Gancedo et al., 1965), but an
abrupt drop in activity is observed when glucose is added
to a yeast culture with high levels of fructose 1,6-biphos-
phatase (Harris and Ferguson, 1967). The reappearance
of the enzyme was shown to be dependent upon an energy
source and was prevented by cycloheximide (Gancedo,
1971). Thus, it appeared that inactivation of the enzyme
was irreversible and that reappearance required protein
synthesis. On the basis of these observations Molano
and Gancedo (1974) isolated a protein fraction from
yeast which was capable of specifically inactivating
the enzyme. When this inactivating protein factor was
mixed with malate dehydrogenase, hexokinase, glucose
phosphate isomerase, glucose-6-phosphate dehydrogenase,
glutamate dehydrogenase, or catalase from bakers' yeast
or fructose 1,6-bisphosphatase from Rhodotorula glutinis,
no such inactivation was seen. A fraction which could

inhibit the inactivating factor was isolated from the
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yeast also. Based on this and the fact that the inacti-
vating factor was a protein and that it followed the
behavior of some yeast proteinases during extraction
and initial purification steps, it was concluded that
the inactivating protein was a protease. Though it was
not shown conclusively that this protease had the in
vivo function of inactivating fructose 1,6-bisphosphatase,
it is tempting to suggest that this and other proteolytic
enzymes display control of enzyme activity at the post-

transcriptional level.

Yeast Proteases

Yeast is a eucaryotic organism which is predominantly
found in a unicellular form (Rose and Harrison, 1969).
It has a tough cell wall formed from chitin, glucan and
protein. As an eucaryote, a yeast cell contains all the
typical subcellular organelles present in higher plants
and animals. One predominant structural component, the
vacuole, is very conspicuous in yeast observed with a
microscope. This vacuole appears to be the precursor of
lysosomes in higher organisms. It is a single membrane
vesicle which can be isolated free from other cellular
components (Vitols et al., 1961). In so doing, investi-
gators have found that the vacuole contains many hydro-
lytic enzymes, including proteases, ribonucleases and

esterases. Evidence has been presented which indicates
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that these hydrolases are localized exclusively in the
vacuoles (Matile and Wiemken, 1967).

Three of these intracellular proteases which are con-
tained within this vacuole (Cabib and Ulane, 1973) have been
purified and characterized. For the purposes of this dis-
cussion, they will be referred to as A, B, and C. Protease
A, an endopeptidase, is considered an acid proteaée since its
pH optimum for hemoglobin substrate is pH 3 (Hata et al.,
1967a). There have been two molecular weights reported for
A, 60,000 as determined in Model E ultracentrifuge by the
Archibald method (Hata et al., 1967b) and 42,000 as determined
by Sephadex G-75 gel filtration (Saheki et q1., 1974). No
chemical inhibitors have been reported, but 4 in vivo protein
inhibitors have been identified and 2 have been purified
(Saheki et al., 1974). The two purified inhibitors have the
same molecular weight as determined by SDS gel electrophoresis,
6100 + 200. These inhibitors work very effectively at pH
5-7, but do very little to inhibit at pH 3.

Protease B, an endopeptidase, has a pH optimum of 6.7
(Lenney and Dalbec, 1967; Lenney, 1956). There has been con-
troversy over the molecular weight of this protein; 32,000
was reported by Lenney and Dalbec (1967) using Sephadex G-75
gel filtration and 82,000 was reported by Schott and Hol:zer
(1974) using the Model E ultracentrifuge and Yphantis
analysis of the data. Two classes of chemical inhibitors
have been found for protease B. The enzyme is inactivated

by thiol binding compounds, such as PCMB, and by serine
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protease inhibitors, such as DFP (Lenney and Dalbec, 1967).
One in vivo protein inhibitor has been isolated. The
molecular weight determined by Sephadex G-75 was 10,000.

Protease C is a broad specificity carboxypeptidase
(Hayashi et aql., 1970) which will proceed through proline
residues and because of that has proved to be a useful
reagent in protein chemistry (Hayashi et al., 1973). The
molecular weight of this enzyme is 61,000 as determined by
the Archibald method (Hayashi et al., 1969). This enzyme
is inhibited by two classes of chemical inhibitors just as
is protease B. Thiol reactive compounds, such as PCMB,
and serine protease inhibitors, such as DFP, can completely
inhibit its activity (Doi et al., 1967). The DFP inhibi-
tion was not immediate, but occurred over a period of time.
An in vivo protein inhibitor has also been isolated for
protease C (Hayashi et al., 1969). 1Its molecular weight is
20,000. The pH optimum of the enzyme for casein as sub-
strate is 6.0 (Doi et al., 1967).

Pro-profease C (protease-inhibitor complex) can be
activated without dissociation of the inhibitor with pro-
tein denaturants, such as urea, guanidine hydrochloride,
acids and solvents including dimethylformamide, 2-chloro-
ethanol, dioxane, formamide, ethanol and n-propanol
(Hayashi et al., 1972). This activated, pro-protease
would react with DFP, but pro-protease C before treatment
with denaturants would not. From these results it was

concluded that the denaturants rearranged the quaternary
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structure of the proenzyme and led to demasking of the
active site allowing reaction.
Table 2 summarizes some of the properties of the three

yeast proteases discussed.

TABLE 2

Properties of Three Purified Proteases
from S. cerevistae

Properties A B C
pH optimum 31 6.74’5 67
Chemical inhibitor none DFP, PCMB4 DFP, PCMB7
in vivo protein 6,100 MW> 10,000 MW* 20,000 Mw®
inhibitor
2 4
. 60,000 32,000 8
1 1 ht ’ ’
molecular weig 42,0003°r 82’0006or 61,000
in vivo activator protease B3 protease A11 protease A10
Mechanism of endopeg- endopep- endopeB-
action tidase tidased tidase
1 2

Hata et al., 1967a; Hata et al., 1967b;

Saheki et al., 1974; 4Lenney and Dalbec, 1967; 5Lenney,
1956; ©Schott and Holzer, 1974; 'Doi et al., 1967;
8jayashi et al., 1969; °Hayashi et al., 1970; 10
et al., 1968; 11Saheki and Holzer, 1975.

3

Hayashi

Besides being compartmentalized and inhibited by specific
in vivo inhibitors, yeast proteases appear to undergo a com-
plicated regulation among themselves. Hayashi et al. (1968)
and Hayashi and Hata (1972) have shown that protease A can

activate pro-protease C. Saheki et al. (1974) have shown
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that purified protease B can inactivate the two purified
inhibitors of protease A. Neither protease A nor C has
this capability. Saheki and Holzer (1975), in studies on
crude yeast extracts, have shown that upon incubation at pH
5.1 and 25° C, an increase in protease B activity is paral-
leled with the disappearance of protease B inhibitor. Addi-
tion of purified protease A to fresh crude extracts accelerated
the inactivation of the protease B inhibitor and the appear-
ance of maximal activities of protease B and C. Pepstatin,
a potent protease A inhibitor with no effect on B or C, mar-
kedly retarded the increase of protease B activity, by reducing
the amount of protease B inhibitor destroyed. Thus, a direct
role for activation of protease B by protease A has been
shown in crude extracts. It has also been demonstrated that
the protease C inhibitor can be destroyed by proteases A and
B (Keiditsch and Strauch, 1970). It has also been shown that
the appearance of protease A activity paralleled the activa-
tion of B and C (Saheki and Holzer, 1975). Thus, it appears
that there could be inter-regulation among the proteases
which would involve destruction of inhibitors so that further
protease activity could be expressed.

Several interesting observations have been made about
the appearance of proteases after yeast growth in different
nutrient media. Yeast grown in complex medium show low pro-
tease activity in extracts, whereas yeast grown in minimal
medium show high levels of protease activity (Manney, 1968).

Extracts of yeast harvested in the exponential growth phase

A B ————
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have very low protease activities while those harvested
during late exponential or stationary phase have high
protease activities (Katsunuma et al., 1972). An explana-
tion for the biological significance for this might be
that in poor medium or stationary phase yeast cells need
only a very low maintenan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>