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Abstract. 1. The problem of the influence of protein’

concentration on the kinetic parameters of enzymes has
been approached studying the glycolytic enzymes from
Saccharomyces cerevisiae in permeabilized cells (in
situ). 2. The values of K, and V,,,, for the different
enzymes were essentially the same in dilute solutions of
protein and in concentrated ones (in situ) except in the
case of enolase where some differences were observed.
3. Functioning of the whole glycolytic pathway was
compared in situ and in vitro measuring the rate of the
fermentation of glucose. The rate of fermentation in
situ was two fold higher than in vitro and the lag before
active fermentation was also much shorter. 4. An
unidentified phosphorylated compound, possibly poly-
phosphate, accumulates during the fermentation of
glucose under in situ conditions.
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Differences in the kinetic behaviour of several enzymes
depending on the concentration of protein in the assay
have been clearly documented (Srere, 1967; Frieden
and Colman, 1967; Hulme and Tripton, 1971; Hofer,
1971). Owing to technical reasons the concentration of
protein employed in the conventional enzymatic tests is
in general of the order of a thousand-fold lower than
that found in the cells. This great dilution factor might
affect the protein-protein interactions of enzymes both
with molecules of the same kind (homologous in-
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teractions) and with other proteins (heterologous in-
teractions) (Hess and Boiteux, 1972) and introduce
artifacts in the measurement of some properties.

In order to study the effect of the concentration of
protein on the kinetic parameters of a variety of
enzymes we decided to examine the behaviour of the
glycolytic enzymes from yeast using the in situ ap-
proach, a technique that allows the assay of enzymes in
conditions similar to those prevailing in vivo with
regard to concentration and interaction of macromo-
lecules (Reeves and Sols, 1973; Serrano et al., 1973).
Data obtained with the in situ approach have explained
in some cases the in vivo behaviour of certain enzymatic
systems while the data from conventional methods
failed to do so (Kornberg and Reeves, 1972; Reeves and
Sols, 1973). The glycolytic pathway was chosen because
in yeast the glycolytic enzymes represent about 65 %, of
the total soluble protein (Hess et al., 1969; Hess, 1973)
and this could favour the existence of protein-protein
complexes. The importance of the pathway in general
biochemistry, the availability of information on its
enzymes and the involvement in it of several allosteric
enzymes also weighed in our choice.

Our results show that in general values obtained by
conventional methods do not differ from those ob-
tained at physiological protein concentration.

Material and Methods

Organism and Growth

Saccharomyces cerevisiae CIM 13 (originally provided as S. cerevisiae
1714-24 A by Dr. D. C. Hawthorne, Washington University, U.S.A)
was used along this work. Growth took place in a minimal salts
medium (Olson and Johnson, 1949) substituting NaCl (0.25 g/1) for
sodium citrate and adjusting the pH to 5.5 with SM NaOH. As
carbon and energy sources 2 % glucose was used. The yeasts were
shaken at 30°C, harvested by centrifugation at the middle of the
exponential phase of growth (optical density around 0.5 at 660 nm)
and washed with distilled water.
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Permeabilization of the Yeast and Preparation of
Extracts

Permeabilization was performed essentially as described by Serrano
et al. (1973) in a buffer of the following composition: 75mM
imidazole, 0.1 M KCl, 10 mM MgCl,, 5 mM 2 mercaptoethanol
pH 7.

Extracts were obtained grinding the yeasts in the cold with three :
times their weight of alumina and extracting the paste with 3 volumes
of the buffer described above. After centrifugation at 27000 x g for
15min, the supernatants were used for the assays. Assays were
completed within 3—5h after permeabilization or extraction of the
cells.

Assay of Enzymes

Enzymes were assayed by conventional methods coupling the
principal reaction to the oxidation or reduction of pyridine nuc-
leotides and following it at 340 nm. Unless otherwise stated the
reactions were carried out at 30° in a buffer of the following
composition: 40 mM 2-(N-morpholino)ethane sulfonic acid, 0.1 M
KCl, 10 mM MgCl,, 2.5mM 2 mercaptoethanol pH 6.4. Reactions
were initiated by addition of substrate after thermal equilibration of
the mixture. Glyceraldehyde-3-phosphate dehydrogenase was tested
as follows:buffer as above, 2.5mM NADT, 2.5mM ADP, 20 mM
KH,PO,, 4 units phosphoglycerate kinase and 10 units of tri-
osephosphate isomerase. As substrate a mixture of glyceraldehyde-3-
phosphate and dihydroxyacetone phosphate equilibrated with triose
phosphate isomerase was used. The calculations of the effective
concentrations of glyceraldehyde-3-phosphate were done accepting
an equilibrium constant for the reaction of 1/22 (Oesper and
Meyerhof, 1950).

Kinetic parameters K, and V,, were derived from linear
representations using the transformation of Hofstee (Gancedo,
1974). Specific activities are expressed as units per milligram protein.

Protein Determination

In the case of the assays in situ the equivalence between yeast weight
and protein is 50 mg of extractable protein per gram fresh yeast
(Serrano et al, 1973). In the case of the extracts protein was
determined by the method of Lowry et al. (1951) after precipitation of
the protein with 5 % trichloroacetic acid. Bovine serum altbumin was
used as standard.

Fermentation of Glucose

Fermentation of glucose was measured in a Warburg respirometer
employing 50 mg intact or permeabilized yeast cells or an equivalent
amount of protein in the case of cell free extracts. The final volume
was 1 ml and the fermentation mixture was 80 mM 2-(N-morpholino)
ethane sulfonic acid, 0.1 M KCIl, 10mM MgCl,, 20 mM NH,CI],
5mM 2 mercaptoethanol, 0.5mM EDTA pH 6.4 and the additions
indicated in the corresponding figure. After 15min thermal equili-
bration glucose was tipped from the side arm of the Warburg vessel
(zero time).

Determination of metabolites in the fermentation media was
carried out as described in Bergmeyer (1974) after precipitation of the
permeabilized cells with perchloric acid and neutralization of the
resulting supernatant. :

Reagents. 2-(N-morpholino) ethane sulfonic acid was from
Calbiochem (Lucerne, Switzerland), pyridine nucleotides and auxi-
liary enzymes were from Boehringer or Sigma. All other reagents
were of analytical grade.
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Results and Discussion

Kinetic Parameters
of Glycolytic Enzymes in situ versus in vitro

Table 1 shows the values obtained for the maximal
velocities of the glycolytic enzymes of S. cerevisiae
measured in situ and in vitro (cell free extracts). As it
can be seen no significant differences between the two
conditions are observed. The lowest value is presented
by phosphofructokinase that appears as the limiting
step in glycolysis.

In the same table are presented the values of K,, or
So.5 for the different enzymes tested. The results are
similar in both cases; moreover they closely agree with
those found in the literature except in the case of
phosphoglyceromutase where a value of 0.5mM is
reported (Grisolia and Carreras, 1975). The slight
discrepancy may be due to the different pH used in the
assay.

The values for S; s of phosphofructokinase are
dependent of the conditions of assay. We measured the
enzyme at a concentration of ATP that is non-
inhibitory (0.1 mM), in the presence of 20 mM
NH,; and absence of other added effectors. Phos-
phofructokinase poses an interesting problem, namely
that when the enzyme is assayed at physiologi-
cal concentrations of substrates and effectors its ac-
tivity does not account for the glycolytic flux observed
in vivo. An effect of the protein dilution in extracts
could be thought to be responsible of the low activity
observed (Hofer, 1971). However, the same low activity
was found in situ. It has been later found that phy-
siological activity is seen only if phosphate is added to
the assay (Bafiuelos et al., 1977).

In the case of glyceraldehyde-3-phosphate dehy-
drogenase no values of K, for the physiological re-
action are found in the literature. We have assayed the
enzyme using phosphate to obtain such values. In our
assay conditions (see “Material and Methods™) work-
ing with a low amount of yeast or extract, the reaction is
linear with time at least for the initial 3 min. A value of
0.06mM as K, for glyceraldehyde-3-phosphate was
found. Values for the K, of phosphate oscillated
markedly (between 1 and 10 mM) without a plausible
explanation.

A curious behaviour was observed in the case of
enolase. A biphasic Hofstee plot was obtained when the
enzyme activity was assayed in situ at 10mM Mg?~.
However, cell free extracts tested in the same conditions
gave a straight liné in the representation (Fig.1). If the
cells were permeabilized and then ground and extracted
a situation similar to the one seen in cell free extracts
prepared from intact cells was observed. Isoenzymes
for enolase have been described, although their kinetic
constants are not different (Pfleiderer et al., 1968). It
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Table 1. Kinetic parameters of the glycolytic enzymes from Saccharomyces cerevisae assayed insitu and in vitro. The values for X, o1 S s and ¥V,
were obtained assaying the enzymes as described in “Material and Methods” with the substrates indicated

Enzyme Substrate K, or Sg 5 (mM) Vimax (Units/mg - protein)
in situ in vitro in situ in vitro
Hexokinase (EC 2.7.1.1.) Glucose 0.2 0.1 0.7 0.7
ATP 0.2 0.2
Glucose P isomerase (EC 5.3.1.9)) Fructose-6-P 0.25 0.15 1.2 1.5
Phosphofructokinase (EC 2.7.1.11.) Fructose-6-P 0.4 0.2 0.4 0.4
Aldolase (EC 4.1.2.13) Fructose 1,6-P, 0.6 0.5 1.2 1.5
Triose P isomerase (EC 5.3.1.1.) Dihydroxyacetone P 30 3.0 1.4 2.0
Glyceraldehyde 3 P dehydrogenase
(EC 1.2.1.12) Glyceraldehyde-3-P 0.06 0.06 22 22
Phosphoglycerate kinase (EC 2.7.2.3.) 3-P-Glycerate 03 0.3 5.0 6.0
ATP 0.2 0.1
Phosphoglyceromutase (EC 2.7.5.3.) 3-P-Glycerate 2.5 2.0 4.0 3.5
Enolase (EC 4.2.1.11.) 2-P-Glycerate 0.3 0.07 3.8 4.0
0.07 1.8
Pyruvate kinase (EC 2.7.1.40.) Phosphoenplpyruvate? 0.3 0.2 13.0 12.0
ADP* 0.7 03
Phosphoenclpyruvate 3.0 2.0
ADP 1.0 0.6
Pyruvate decarboxylase (EC 4.1.1.1.) Pyruvate 3.0 4.0 2.0 1.7
Alcohol dehydrogenase (EC 1.1.1.1.) Acetaldehyde 0.2 0.3 1.8 2.0
a Assayedv in the pfesence of 1mM fructose-1,6-P,
b The allosteric properties of pyruvate kinase are
o Km=03mM o a Ly Km=007mM b . +he alk prop pyruva .
.V max=38U/mg. protein o2V max=4U/mg-protein similar in situ and in vitro thus confirming a previous
wo \.\ bor . finding on this enzyme (Serrano et al., 1973).
®
100 - \0\ 100 .
b4 .
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50 - Moo 50} . , _
| Km=0.07mM ™8 R After having studied the behaviour of each enzyme of
LY FD;LX:IBU/ m% pmte'”'\;a : L = the glycolytic pathway it seemed worthy to examine the
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Fig.1 a and b. Kinetic constants of enolase in situ and in vitro. The
enzyme was assayed as described in “Material and Methods™ in the
presence of 10 mM magnesium (a) in situ, (b) in vitro

seems therefore that the explanation of this behaviour is
not the existence of isoenzymes. When the enzyme is
assayed in situ at 1 mM Mg?* the representation in the
Hofstee plot turns linear with a K, of 0.1 mM similar to
the lower value obtained with 10 mM Mg?*. Cell free
extracts in these conditions display simple kinetics with
a K, around 0.5mM although dispersion of the expe-
rimental points did not allow clear cut conclusions. It
would appear that enolase can exist in two forms with
different affinity for 2-phosphoglycerate. The equilib-
rium between the forms would be affected by the
concentration of magnesium in the assay and also by
the protein-protein interactions. This could explain the
different behaviour observed in experiments in situ and
in vitro at 10 or 1 mM magnesium.

behaviour of the pathway working as a whole in situ
and compare it with the results obtained in vitro.
Permeabilized cells do not ferment glucose unless some
cofactors are added. ATP, NAD* and phosphate are
obligate requirements to observe fermentation (Fig. 2).
Figure 3 shows the rate of fermentation in different
conditions. As can be scen the rate observed in situ is
intermediate between those observed in vivo and in cell
free extracts. Moreover the lag phase was much more
pronounced in this last case. This probably reflects the
disorganization and dilution of the glycolytic ma-
chinery in the extracts. However, the pattern of the
curves of evolution of CO, is similar in situ and in vitro.
Three clearly distinguishable phases are observed: an
initial lag phase, a phase of maximal rate of fermen-
tation and a phase of residual fermentation. The three
phases correspond to those observed in the classical
work of Harden and Young (1905) and Meyerhof
(1949). The lag phase is caused most likely by the need
for accumulating glycolytic intermediates to a level
high enough to allow glycolysis to proceed since
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Fig. 2. Fermentation of glucose in situ. Fermentation was followed as
described in “Material and Methods” with the following additions:
curve I, mone; curve 2, 1 mM ATP-Mg?*, 5mM NAD®, 10mM
KH,PQ,; curve 3, same as 2 plus 0.3mM ADP and 0.2mM AMP;
curve 4, same as 3 plus 1 mM NADH;; curve 5, same as 4 plus 6 mM
fructose-1,6-bisphosphate. Curve 6 was a control with the same
amount of intact cells without addition. All samples received 0.1M
glucose
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Fig. 3. Glucose fermentation by intact yeast, permeabilized yeast and
cell free extracts. Fermentation was followed as described in
“Material and Methods” with the following additions to the
permeabilized cells and the extracts: I1mM ATP-Mg>*, 5mM
NAD®, 0.3mM ADP, 0.2mM AMP and 1 mM NADH. All samples
contained 0.1 M glucose and 25mM KH,PO,
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Fig.4. Concentration of some glycolytic intermediates in fermen-
tation mixtures of permeabilized cells. Fermentation was carried out
as described in “Material and Methods” with the following ad-
ditions: 0.1 M glucose, 1.5mM ATP-Mg?™*, 0.3 mM ADP, 0.2mM
AMP, 5mM NAD®*, 1mM NADH. 3mM fructose-1, 6-bisphos-
phate, 10mM NH,C! and 25mM KH,PO,. At different times
samples were taken and treated as described in “Material and
Methods™ to determine metabolites

addition of some compounds related to the pathway
shortened the lag time as shown in Figure 2.

Accepting as equation representing glycolysis, glu-
cose -+ 2ADP + 2Pi — 2ethanol + 2CO, + 2ATP,
Meyerhof (1949) accounted for the residual phase of
fermentation in media where glucose was the limiting
factor by assuming that during the phase of maximal
velocity one molecule of glucose is phosphorylated to
the stage of fructose bisphosphate with production of
two molecules of ADP while another molecule is
fermented to ethanol and CO,. The whole process
would result in accumulation of fructose bisphosphate.
When the sugar is exhausted in the medium the rate of
fermentation is limited by the availability of ADP. Only
if ADP is regenerated rapidly enough by some process
e. g. by an ATPase, would fermentation continue at the
same rate.

In our experiments the phase of residual fermen-
tation was produced by the depletion of exogenous
phosphate. Addition of phosphate (data not shown)
restored the maximal velocity as in the work of Harden
and Young (1905). In this case the limiting factor is
clearly not ADP but phosphate itself. We measured the
concentration of several metabolites in the fermen-
tation mixture along time to see the fate of phosphate
(Fig.4). As it may be seen phosphate is consumed
stoichiometrically with the production of CO, and the
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rate of disappearance is paralleled with the rate of
evolution of the gas. Therefore the phosphate is
consumed in glycolysis and should be accumulated in
some compounds, likely in some sugar ester. Hexose
monophosphates (glucose-6-P and fructose-6-P) accu-
mulate slowly and fructose bisphosphate does not vary
markedly. An increase in the initial concentration in the
medium did not produce significant changes in the
final levels of these esters. The sum of these esters do not
account by far for the phosphate disappeared from the
medium. Among the most likely destination of phos-
phate we consider the synthesis of polyphosphate, a
process that in certain metabolic conditions is very
important (Suomalainen and Oura, 1971). Consistent
with this idea is the fact that the concentration of ATP
decreases to very low levels with concomitant rise in
ADP and AMP. Why this residual phase does not occur
in vivo may not be ascertained at present. More
knowledge on the enzymology and regulation of the
pathway of polyphosphate synthesis and degradation
(Felter and Stahl, 1973) is required to settle this point.

From our results it may be concluded that in general
the behaviour observed in situ in conditions resem-
bling those prevailing in the cell, is quite similar to that
found in cell free extracts and therefore the values
obtained by conventional methods may in general be
used to predict the behaviour of enzymes in the cell.
However, whenever protein-protein interactions may
be suspected to influence the behaviour of an enzymatic
system the test in situ would be a useful tool when
compared with the conventional one.
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