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The effect of 2-deoxy-D-glucose and cycloheximide on the synthesis and secretion
of the cell-wall constituents protein and mannan in yeast protoplasts was examined
in detail. Although the 2-deoxy-p-glucose hardly influenced protein synthesis, a
significant parallel inhibition of carbohydrate and protein secretion into the
medium was observed. The mechanism of this inhibition is considered as an
interference of metabolites of 2-deoxy-D-glucose with the synthesis of yeast
mannan. Cycloheximide, which is an effective inhibitor of protein synthesis in
yeast (Kerridge, 1958), inhibited the secretion of non-diffusible carbohydrate in
yeast protoplasts, but on the other hand had no effect on the activity of particulate
yeast mannan synthetase. Our results clearly show that blocking the synthesis of
either part of the mannan—protein complex prevents the extracellular appearance
of the other component. The nature of this phenomenon is discussed.

The use of selective inhibitors of the synthesis of
individual cell-wall components in yeast offers many
attractive approaches for the study of processes
involved in cell-wall formation in yeast cells. Yeast
protoplasts, which under defined conditions are
able to form complete or incomplete cell walls on
their surface (Nedas & Svoboda, 1967), provide a
very convenient model system for such studies.
‘When the yeast protoplasts are cultivated in liquid,
osmotically stabilized, medium containing a suitable
source of energy they synthesize almost all com-
pounds normally present in the cell wall (Lampen,
1968). A glucan fibrillar mesh is formed as an
aberrant cell wall on the surface of protoplasts
(Eddy & Williamson, 1959), and glycoprotein
material containing the enzymes invertase (B-
fructofuranosidase) (Sutton & Lampen, 1962),
melibiase (Friis & Ottolenghi, 1959) and acid phos-
phatase (McLellan & Lampen, 1963) is secreted into
the surrounding medium. All of these extracellular
enzymes contain large quantities of covalently
linked mannan (about 509, with invertase;
Neumann & Lampen, 1967) and together with
structural cell-wall glycoproteins constitute the
cell-wall matrix.

In our previous study (Farkas, Svoboda & Bauer,
1969) we found that 2-deoxy-p-glucose effec-
tively inhibited the regeneration of yeast proto-
plasts by blocking the synthesis of the amorphous
mannan-protein matrix and also, to a smaller
extent, the formation of glucan fibrillar groundwork.

The nature of this inhibition has now been studied
in detail with regard to the effect of 2-deoxy-p-
glucose and cycloheximide on secretion of glyco-
protein-like material from protoplasts into the
surrounding medium.

MATERIALS AND METHODS

Yeast. Saccharomyces cerevisiae, laboratory strain no. 7
cultivated as previously described (Farkas et al. 1969) was
used throughout.

Preparation of protoplasts. The protoplasts were pre-
pared from exponential-phase cells treated for 10min with
0.01M-2-mercaptoethanol by using snail (Heliz pomatia)
gastric digestive juice (Islam & Lampen, 1962). Prac-
tically complete conversion of cells into protoplasts was
achieved after 60 min incubation of the cell suspension at
30°C.

Cultivation of protoplasts in the presence of 2-deoxy-
glucose. The protoplasts were washed twice with 0.7M-
KCl in 0.01m Mecllvaine citrate~phosphate buffer, pH5.6,
and suspended at a final concentration of 107 cells/ml
(counted by Biirker chamber) in the medium of Hayashibe
& Nose (1958), containing glucose (2%, w/v). The
medium was osmotically stabilized with 1M-mannitol and
buffered with the 0.01M-citrate—phosphate buffer, pH5.6.
From this stock suspension 10ml samples were pipetted
into Erlenmayer flasks, and 2-deoxyglucose was added to
give final concentrations of 0.5 and 1.0mg/ml (glucose/2-
deoxyglucose ratios 40:1 and 20:1). Control experiments
were carried out without the addition of 2-deoxyglucose.
Protoplasts were incubated with occasional gentle stirring
at 29°C. At appropriate time-intervals 2ml portions from
the incubated suspension were taken for analysis.
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Determination of invertase activity secreted by protoplasts.
Samples from the incubation mixture were centrifuged at
1500g for 5min and the supernatants were dialysed for
12h against cold running tap water and for 12h against
distilled water in the cold-room. The invertase activity in
the dialysed supernatants was determined by the pro-
cedure of Islam & Lampen (1962).

Determination of carbohydrate. Carbohydrates in dia-
lysed supernatants were determined by the phenol-H,S0O,
method of Dubois, Gilles, Hamilton, Rebers & Smith
(1956). Purified mannan from Saccharomyces cerevisiae
was used as a standard.

Incorporation of L-['*Clvaline into protoplasts. The
composition of the incubation mixture was the same as
described above. Protoplasts were kept at 29°C for
16min and then 0.1ml of rL-['*C]valine [20uCi (3.2mg)/
ml] was added to each sample (10ml of protoplast suspen-
sion in an Erlenmayer flask). Radioactive valine was
obtained from the Institute for Research, Production and
Application of Radioisotopes, Prague, Czechoslovakia.
Incubation was carried out at 29°C. At appropriate time-
intervals 2ml portions from each suspension of proto-
plasts were taken and centrifuged at 1500g for 5min.
Then 1ml from each supernatant was transferred to a test
tube containing 50 ug of bovine serum albumin as a carrier
and the proteins were precipitated by an equal volume of
ice-cold 109, (w/v) trichloroacetic acid. Similarly, 1.5ml
of 59, (w/v) trichloroacetic acid was added to the sedi-
ments. After standing for 12h in a refrigerator the tri-
chloroacetic acid precipitates from both the supernatants
and the sediments were collected on membrane filters
(mesh size 0.3-0.5um) and washed with 50ml of ice-cold
59, (w/v) trichloroacetic acid and with 50ml of ice-cold
water. After being dried at 100°C their radioactivity was
measured in a liquid-scintillation counter (Isotope
Developments Ltd., Beenham, Berks., U.K.). Viability
of the protoplasts in all experiments was checked micro-
scopically.

Effect of cycloheximide on the secretion of non-diffusible
carbohydrates. Theé composition of growth medium and the
concentration of protoplasts was the same as in experi-
ments with 2-deoxyglucose. To one portion of protoplast
suspension cycloheximide (8ug/ml; Upjohn Co., Kala-
mazoo, Mich., U.S.A.) was added. The amount of carbo-
hydrates secreted by protoplasts into the medium was
determined as described above.

Effect of cycloheximide on the activity of particulate yeast
mannan synthetase. Preparation and assay of enzyme was
carried out essentially as described by Behrens & Cabib
(1968). Cycloheximide (8 ug/ml) was added to the reaction
mixture. The GDP-[U.'*Clmannose used as- substrate
was purchased from The Radiochemical Centre, Amer-
sham, Bucks., U.K. Control experiments were carried out
without the addition of cycloheximide. At appropriate
time-intervals samples from both reaction mixtures were
applied to Whatman no. 1 paper and chromatographed in
the system propan-1-ol-aq.259%, (w/v) ammonia (3:2, v/v)
for 24h. Areas from the origin were cut out and their
radioactivity was measured in a liquid-scintillation
counter.

RESULTS AND DISCUSSION

Our cytological studies (Farkas et al. 1969) have
shown that 2-deoxyglucose in the presence of glu-
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cose competitively inhibited growth of protoplasts
as well as cell-wall formation. At a glucose/2-deoxy-
glucose ratio 20:1 in the growth medium 2-deoxy-
glucose prevented the completion of cell-wall con-
struction, but the growth of the protoplasts was
inhibited only to a small extent. Normal regenera-
tion, however, took place only when the glucose/
2-deoxyglucose ratio was 50:1 and higher. The
observed disproportion of the inhibition of cell-wall
synthesis and of growth was studied in detail in
order to answer the question whether 2-deoxy-
glucose inhibits metabolism of yeast protoplasts as
a whole or whether it inhibits specifically the synthe-
sis of wall polysaccharides.

As shown in Fig. 1, 2-deoxyglucose at concentra-
tions of 0.19, and 0.05%, (concentration of glucose
29%) had practically no effect on the incorporation of
L-[14C]valine into the 59-trichloroacetic acid
precipitate, indicating that synthesis of proteins in
the protoplasts proceeded at almost a normal rate.
Terranova, Galeotti & Baldi (1965) reported that
2-deoxyglucose effectively inhibited protein synthe-
sis in tumour-cell culture; the concentration of
2-deoxyglucose used by these authors, however,
was substantially higher than that used in the pre-
sent study. The unaffected protein synthesis
observed in our experiments indicates that 2-
deoxyglucose at the concentrations used caused no
serious damage to energy metabolism in proto-
plasts.

Fig. 2 depicts the time-course of carbohydrate
secretion by protoplasts into the growth medium
with or without 2-deoxyglucose. At the concentra-
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Fig. 1. Effect of 2-deoxyglucose on the time-course of
L-['4C]valine incorporation into the 59%-trichloroacetic
acid precipitate of 2x107 protoplasts. O, No 2-deoxy-
glucose; [0, 0.05% 2-deoxyglucose; @, 0.19, 2-deoxy-
glucose. All other conditions were as described in the
Materials and Methods section.
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Fig. 2. Effect of 2-deoxyglucose on the secretion of non-
diffusible carbohydrate (mannan) in yeast protoplasts.
The amount of mannan released by 107 protoplasts was
determined. The symbols for experimental points and the
conditions are the same as in Fig. 1.
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Fig. 3. Effect of 2-deoxyglucose on the secretion of labelled
proteins by 107 protoplasts incubated in the presence of
L-['*C]valine. The symbols for experimental points and
the conditions are the same as in Fig. 1.

tions of 2-deoxyglucose where protein synthesis was
practically unaffected a marked inhibition of
carbohydrate secretion was observed. These
findings indicate that 2-deoxyglucose probably
interferes primarily with the synthesis or secretion
of mannan, which represents the main constituent
of released carbohydrate (Lampen, 1968). That
GDP-2-deoxyglucose, which is one of the meta-
bolites of 2-deoxyglucose in yeast (Biely & Bauer,
1968), inhibits competitively the synthesis of
mannan has been confirmed in an isolated enzyme

Fig. 4. Effect of 2-deoxyglucose on the release of invertase
activity by yeast protoplasts. One unit of invertase
activity is defined as 1umol of glucose liberated from su-
crose by the supernatant from 107 protoplasts under the
conditions described in the Materials and Methods section.
The symbols for experimental points are the same as in
Fig. 1.

system with a particulate preparation of yeast
mannan synthetase (P. Biely, Z. Kratky & S.
Bauer, unpublished work).

To define further the action of 2-deoxyglucose on
the secretion of cell-wall constituents the release of
extracellular proteins was followed in its presence
or absence. Here again the inhibitory effect of
2-deoxyglucose was apparent. The inhibition of
the secretion of labelled protein (Fig. 3) as well as of
invertase (Fig. 4) was parallel with that of mannan
under the same conditions.

In this regard it was also decided to follow the
secretion of glycoproteins from the protoplasts into
the growth medium under conditions of blocked
protein synthesis. Cycloheximide, which is an
effective inhibitor of protein synthesis in yeast
(Kerridge, 1958), represses the synthesis of the
amorphous mannan—protein matrix in regenerating
yeast protoplasts and seemingly does not influence
the formation of fibrillar glucan (Nedas, Svoboda &
Kopeckd, 1968). Sentandreu & Northcote (1969)
similarly found that cycloheximide inhibited the
incorporation of [14Clthreonine into the yeast cell
wall but only partially inhibited the incorporation
of [!'*C]glucose. Elorza & Sentandreu (1969)
followed the administration of radioactive glucose
into the yeast cell-wall polymers mannan and glucan
in the presence of cycloheximide. The result of
blocked protein synthesis was a parallel decrease in
radioactivity incorporated into the wall mannan.
Very similar results were obtained in experiments
with protoplasts of our strain. Almost no proteins
and a very small amount of mannan were secreted
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Fig. 5. Effect of cycloheximide on the secretion of non-
diffusible carbohydrate (mannan) by 107 protoplasts. O,
No cycloheximide; ®, plus cycloheximide (8 ug/ml). All
other conditions were as described in the Materials and
Methods section.

Table 1. Effect of cycloheximide on the activity of
particulate yeast mannan synthetase

The incubation mixture (0.lml) contained tris—HCI
buffer, pH7.5 (0.05M), GDP-[U-'*Clmannose (17.6uCi/
pmol; 0.92mm), MnCl, (1mm), cycloheximide (8ug/ml)
and 0.025ml of enzyme suspension in 209, (v/v) glycerol
in the same buffer. The control experiment was done with-
out addition of cycloheximide. Theincubation was carried
out at 30°C. At appropriate time-intervals 10 ul samples
from each incubation mixture were applied to Whatman
no. 1 chromatographic paper, dried with cold air and
chromatographed as described in the Materials and
Methods section. The radioactivity remaining at the
origin was measured in a liquid-scintillation counter. The
radioactivity found at zero time was subtracted from the
measured values.

Activity at the origin (counts/100s)

r )

Time Without Plus
(min) cycloheximide cycloheximide
10 73 76
10 130 128
30 212 215
60 322 313

into the growth medium in the presence of cyclo-
heximide (Fig. 5). To exclude the possibility that
cycloheximide inhibits in some way the synthesis of
yeast mannan itself we examined the effect of this
antibiotic on the activity of particulate mannan
synthetase prepared from yeast protoplasts. As
shown in Table 1 cycloheximide present in the reac-
tion mixture at a concentration of 8 ug/ml did not
influence the enzyme activity.
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The results presented here clearly show that
selective blocking of the synthesis of one component
of the mannan-protein complex prevents extra-
cellular appearance of the other component. The
secretion of proteins by yeast protoplasts seems to be
closely connected with the synthesis of mannan and
the secretion of mannan depends intimately on the
normal rate of protein synthesis. These observations
could be interpreted by the assumption that only
the entire mannan—protein complex can be trans-
ported across the plasma membrane, and the
glycosylation of intracellular proteins is somehow
involved in the mechanism of their transportation
from the site of synthesis to the exterior of the cells
(Eylar, 1965). However, it is necessary to say that
the present results do not rule out entirely the
possibility that the inhibition of the synthesis of one
component indirectly affects the synthesis of the
other. Since the amount of proteins designed for
export represents, according to our measurements,
only about 2.59, of the total protein synthesized
by protoplasts it is difficult to decide between these
two possibilities.
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