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S U M M A R Y  

The sensitivity of Saccharomyces cerevisiae to sphaeroplast formation has been 
examined during the transition from the exponential phase of growth to the 
stationary phase. Exponential-phase yeasts are sensitive to sphaeroplast formation 
while stationary yeasts are resistant. During the transition period, there is a rapid 
increase in resistance to sphaeroplast formation. This increase can be inhibited by 
treatment with either cycloheximide or 5-fluorouracil. I t  is suggested that the 
resistance to sphaeroplast formation characteristic of stationary-phase yeasts is the 
result of a specific modification of the yeasts during the transition period which is 
dependent on both RNA and protein synthesis. 

I N T R O D U C T I O N  

The wall of Sacclzaronzgtces cerevisiae is a complex structure composed of lipids, poly- 
saccharides (mannans, glucans) and proteins (Northcote & Horne, I 952). Osmotically 
sensitive sphaeroplasts can be obtained by degrading the wall with enzyme mixtures obtained 
from either the gut of Helixpomatia (Eddy & Williamson, 1957) or micro-organisms (Garcia 
Mendoza & Villanueva, 1962; Shapiro, Grossman, Marmur & Kleinschmidt, 1968 ; Mann, 
Heintz & Macmillan, 1972). Such sphaeroplasts provide a useful experimental system for 
studies on nucleic acid metabolism (Hutchison & Hartwell, I 967) or  cell-well metabolism 
(NeCas, 1971). Also, they may serve as an important preparative stage in the isolation of 
mitochondria (Duell, Inoue & Utter, 1964), nuclei (Wintersberger, Smith & Letnansky, 
1973) or unsheared DNA (Blamire, Cryer, Finkelstein & Marmur, 1972; Petes & Fangman, 

However, the sensitivity of yeast cells to sphaeroplast formation varies from strain to 
strain (Rost & Venner, 1965), and even within a particular strain it is highly dependent 
on the physiological state of the yeasts. Young yeasts from the exponential phase of 
growth can be converted to sphaeroplasts quite easily, but older or stationary-phase yeasts 
tend to be resistant to sphaeroplast formation (Duell et al. 1964; Brown, 1971; Shahin, 
1972). Such differences in sensitivity may be due to variations in the structure of the wall. 
Sometimes yeasts may be rendered more sensitive to sphaeroplast formation by treatment 
with thiol reagents such as thioglycollate (Khvac, Bednarova & Greksak, I 968), a-mercapto- 
ethanol (Darling, Theilade & Birch-Anderson, I 969) or dithiothreitol (Sommers & Lewis, 
1971). It has therefore been suggested that the presence or absence of disulphide bonds 
within the protein component of the wall affects the penetration of the degradative enzymes 
and thus the sensitivity to sphaeroplast formation (Anderson & Millbank, 1966). 
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In order to understand better the factors controlling sensitivity to sphaeroplast formation, 
we have examined the sensitivity of yeast to snail extract during the transition from the 
exponential phase of growth to the stationary phase. We describe experiments indicating 
that yeast becomes resistant to sphaeroplast formation during a narrow segment of the 
transition period, and that acquisition of this resistance can be blocked with cyclohesimide, 
an inhibitor of protein synthesis. 

M E T H O D S  

Organisms and culture conditions. Most of the experiments described were performed with 
~ N J ,  a diploid strain of Saccharomyces cerevisiae which has the genotype : a/x. adez-cI/+. 
For comparative purposes, the following strains were also used : 20/20 (a/z, adez-c1jade2-c1) 
and awt x SI795A (a/&, his4/+, uraI/+, trp5/+, ade6/+). These last two diploids n-ere con- 
structed in this laboratory from haploid strains obtained from Dr R. Woods and Dr R. 
Mortimer respectively. Yeasts were grown in the liquid yeast-complete (YC) medium of Cox 
& Bevan (1962) either in a 28 "C warm room with aeration by bubbling air from an aquarium 
pump, or in a Griffin & George shaker-incubator at 28 "C. In general, cultures [$ere inocu- 
lated at a concentration of I x 103 yeastslml from a single colony on a YC plate, gron n over- 
night and sampled the following day at concentrations between 5 x ro6 and 5 x 1oS yeasts/ml. 

CeZl counts. All cell counts were performed with a haemocytometer. None of the strains 
used shows any appreciable clumping under the growth conditions described. Buds were 
scored separately but included in the total cell count. 

Splzaeroplast formation. Yeasts were converted to sphaeroplasts by the method of Hutchi- 
son & Hartwell (I 967), by using an enzyme mixture from Helix pomatia (L'Industsie Biolo- 
gique Franqaise, Gennevilliers, France ' special' for the hydrolysis of cellular membranes) 
at a concentration of 2 % (v/v). The formation of sphaeroplasts was measured quantitatively 
by a modification of the procedure described by Blamire et al. (1972). A sample of the yeast- 
enzyme mixture was diluted I : 10 with distilled water, detergent (Sarkosyl NI-35, 2 "; v/v) 
was added, and the solution mixed briefly with a vortex mixer. Intact yeasts itere then 
counted with a haemocytometer, and will be referred to in this paper as 'Iysis-resistant 
cells'. This dilution-detergent treatment had no effect on either exponential- or stationary- 
phase yeasts which had not been exposed to the enzyme mixture. Sensitivity to sphaeroplast 
formation is expressed as the percentage of lysis-resistant cells remaining after enzyme 
treatment. For one experiment, a mushroom extract, prepared as described b> Bevan & 
Costello (1964), was used as the source of wall-degrading enzymes. 

Determination of DNA, RNA,  andprotein contents. Samples containing approximately 109 
yeasts were removed from growing cultures and growth was stopped by adding fornialin to a 
concentration of 2 % (v/v). Yeasts were harvested by centrifugation, washed once with 
distilled water, and the yeast pellet frozen at -20 "C. The pellets were later thawed and 
extracted by the following modification of the procedure of Parry & Cox (1972). The yeasts 
were extracted twice with 2.5 ml 10 % (w/v) trichloroacetic acid (TCA) for 20 min at o "C, 
washed twice with 95 % ethanol, extracted three times with 1.0 m15 % (v/v) perchloric acid 
(PCA) for 20 min at 70 "C, washed twice with 95 % ethanol, and extracted twice with 1.5 ml 
I N-NaOH for 30 min at 60 "C. The PCA extracts were pooled and assayed for DNA by the 
diphenylamine method of Burton (1956)~ and for RNA by the orcinol method (Schneider, 
1957), with calf thymus DNA and yeast RNA as the respective standards. The NaOH 
extracts were combined and assayed for protein by the method of Lowry, Rosebrough, Farr 
& Randall (1951) with bovine serum albumin as the standard. 

Chemicals. Except where noted, all chemicals were obtained from BDH Chemicals Ltd, 
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Godalming, Surrey. Cycloheximide was obtained from Koch-Light Laboratories, Coln- 
brook, Buckinghamshire, and 5-fluorouracil from Serva Feinbiochemica GMBH, Heidelberg, 
Germany. Sarkosyl NL35 was a gift from Ciba-Geigy Basle, Switzerland. 

R E S U L T S  

ReIatiJ t> wii ritivity of exponential-phase and stationary-phase ceIIs to sphaeroplast formation 

To determine their sensitivity to sphaeroplast formation, exponential-phase and stationary- 
phase cells of Saccharomjves cerevisiae strain ~ N J  were treated with an extract of Helix 
ponmfiu for different lengths of time. After I 5 min of treatment of exponential-phase yeasts, 
less than 0.1 % of the yeasts were lysis-resistant. This decrease in resistance to lysis by 
SarkosJ1 YL35 correlated well with the conversion of the yeasts to sphaeroplasts as deter- 
mined microscopically. When stationary-phase yeasts were treated with the snail extract, 
about 80 ' l o  of the cells remained lysis-resistant after 60 min of enzyme treatment; no further 
conversion to sphaeroplasts occurred with treatment up to 180 min. This observation is in 
agreement uith that previously reported by Blamire et al, (1972). The exact percentage of 
stationar! -phase yeasts which remained lysis-resistant varied somewhat from experiment to 
experiment (between 50 and 80 %), and was partly dependent on the batch of snail extract 
used. For the remaining experiments described here, the yeasts were exposed to snail extract 
for a fixed period of 60 min at 37 "C. Under these conditions, exponential-phase cells were 
completel! sensitive to sphaeroplast formation (0 % lysis-resistant cells) and stationary 
phase cells \\ere highly resistant to sphaeroplast formation (50 to 80 % lysis-resistant cells). 

The large difference in the sensitivity of exponential-phase and stationary-phase yeasts to 
sphaeroplast formation suggests that the difference was the result of physiological changes 
occurring during the transition from one phase to the other. It seems unlikely that this 
difference in sensitivity was the result of the selective overgrowth of a small genetically 
determined resistant fraction as the yeasts entered stationary phase. To eliminate this possi- 
bility. the 11 sis-resistant yeasts remaining after detergent treatment of stationary-phase 
cells. u hich had been exposed to snail extract for I 80 min, were streaked on to a YC plate. 
Five of the isolated colonies which appeared were used to inoculate fresh liquid cultures. 
These cul'tures were grown to the exponential phase and tested for sensitivity to sphaeroplast 
formation. All five cultures were completely sensitive to sphaeroplast formation. 

Sensitivity to sphaeroplast .formation during the transition f rom 
exponential phase to stationary phase 

To s ~ u d y  the difference between exponential-phase yeasts and stationary-phase yeasts in 
more derail, the sensitivity of strain ~ N J  to sphaeroplast formation was tested periodically 
during the transition from one phase to the other (Fig. I). After a period of balanced ex- 
ponential gowth,  in which total cell counts, DNA, RNA, and protein increased at the same 
rate (doubling time of 72 min), the culture entered a transition period. This period began 
approx. 22 h after inoculation under these growth conditions (at about the 4 h point in 
Fig. I>, and lasted 8 to 9 h. During this period, RNA synthesis decreased first, followed by 
parallel decreases in DNA synthesis, protein synthesis, and total cell counts. These decreases 
were accompanied by a gradual decrease in the percentage of budding yeasts in the popula- 
tion. During this transition period, there was a sharp increase in the percentage of lysis- 
resistant yeasts in the culture, which began when the percentage of budding yeasts had 
dropped to about 70 %. This increase in resistance to sphaeroplast formation occurred over 
a period of about 4 h, and consisted of two phases : a very rapid initial increase to about 50 % 
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Fig. I .  Sensitivity to sphaeroplast formation during the transition from exponential phase to 
stationary phase. The lower half (log scale) indicates total cells/nd (a), DNA content/ml (D), RNA 
contentlml (m), and protein contentlml (A). The upper half (linear scale) indicates percentage 
of budding yeasts (0) and percentage of lysis-resistant yeasts (A). 

lysis-resistant cells, followed by a more gradual increase until the final level of resistance 
was achieved (about 70 % in this experiment). 

Sensitivity to sphaeroplast formation was apparently not directly related to whether the 
cells were budding or not. Early in the transition period, there were non-budding yeasts 
which were completely sensitive to sphaeroplast formation. Microscopic examination of the 
lysis-resistant fraction indicated that while the first lysis-resistant yeasts to appear may have 
been non-budding yeasts, in a short time budding yeasts made up a substantial portion of the 
lysis-resistant fraction. Sometimes the mother cell lysed while the bud was lysis-resistant. 

Eflect of cycloheximide on sensitivity to sphaeroplast formation 

One possible explanation for the rapid increase in lysis-resistant yeasts as cultures approach 
the stationary phase is that sensitivity to sphaeroplast formation is dependent on the 
continual synthesis of a particular wall protein or enzyme. It might be supposed that as 
protein synthesis ceases when the cells enter stationary phase, this protein would no longer 
be made and the yeasts would become resistant to sphaeroplast formation. A candidate for 
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Fig. 2 .  Effect of I pg cyclohexiniide/ml on exponential-phase yeasts. Cycloheximide added at time 
indicated by arrow. Symbols as in Fig. I .  

this protein would be the enzyme protein-disulphide reductase described by Nickerson & 
Falcone (1956)~ which is known to reduce disulphide bonds in wall proteins. Maintenance of 
these bonds in a reduced state might keep the cells sensitive to sphaeroplast formation. 
This hypothesis would be consistent with the observation that thiol reagents which reduce 
disulphide bonds may render yeasts more sensitive to sphaeroplast formation (Anderson & 
Millbank, 1966). 

As a test of this hypothesis, exponential-phase yeasts were treated with I ,ug cycloheximide/ 
ml, an inhibitor of protein synthesis (Kerridge, 1958). If the hypothesis is correct, the treated 
yeasts should become resistant to sphaeroplast formation. The results indicated that they 
did not (Fig. 2) .  Cycloheximide inhibited protein synthesis almost completely within about 
60 min. It partially inhibited RNA and DNA synthesis, caused a decrease in the percentage 
of budding yeasts, and reduced the rate of increase in total cell count. However, the per- 
centage of lysis-resistant cells remained at o %. 

An alternative explanation is that something must be made during the transition period 
which in some way confers resistance to sphaeroplast formation on the yeasts. To test 
whether protein synthesis might be required for this process, a culture of strain ~ N J  was grown 
to the transition period as before. Periodically, samples were removed and cycloheximide 
(I pglml) was added. Incubation of the control culture and the cycloheximide-treated 
subcultures was continued and the sensitivity to sphaeroplast formation of each tested 
periodically (Fig. 3). In the control culture, a rapid increase in resistance to sphaeroplast 
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Fig. 3. Effect of I pg cycloheximide/ml on sphaeroplast formation during the transition period. 
At the times indicated by the arrows, samples of the culture were removed, cycloheximide added, 
and incubation continued. The lower half (log scale) indicates total yeastslml (@). The upper half 
(linear scale) indicates percentage of budding yeasts (0) and percentage of lysis-resistant yeasts (A). 

formation was observed similar to that shown in Fig. I. Each of the cycloheximide-treated 
subcultures, on the other hand, exhibited essentially the same sensitivity to sphaeroplast 
formation as it did when the cycloheximide was added. Any further increase in lysis-resistant 
yeasts was inhibited, even if the cultures were incubated beyond the point where the control 
culture exhibited maximal resistance to sphaeroplast formation. A small increase in total 
cell count may have occurred during this time. These results suggest that the acquisition of 
resistance to sphaeroplast formation was dependent on continual protein synthesis during 
the transition period, 

If sensitivity to sphaeroplast formation is related to protein synthesis in this way, one 
might predict that with lower concentrations of cycloheximide, which only partially inhibit 
protein synthesis, a partial increase in lysis-resistant cells should occur. To test this predic- 
tion, a culture of strain ~ N J  was grown to the point where the rapid increase in lysis-resistant 
yeasts would normally occur (about the position of the second arrow in Fig. 3). The sensi- 
tivity of the yeasts to sphaeroplast formation at this point and the protein content of the 
culture were determined. A series of subcultures was set up containing different concentra- 
tions of cycloheximide, and incubated for an additional 2 h. The sensitivity to sphaeroplast 
formation and the protein content of each subculture were then determined again. The 
increase in lysis-resistant yeasts and the increase in protein content were plotted as a function 
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Fig. 4. Effect of different concentrations of cycloheximide (log scale) on protein 
synthesis (A) and sensitivity to sphaeroplast formation (A). 

of the cycloheximide concentration (Fig. 4). Cycloheximide affected both characteristics in a 
parallel way. 

A small increase in protein content still occurred in the presence of I pg cycloheximide/ml. 
These experiments have been repeated with higher concentrations of cycloheximide (up to 
10 ,ug/ml) which inhibited protein synthesis completely. Under these conditions, any increase 
in lysis-resistant cells was still inhibited. 

Sphaeroplust formation with mushroom extract 

To determine if the rapid increase in lysis-resistant yeasts during the transition period 
and the effect of cycloheximide on it were in some way unique to sphaeroplasts formed with 
snail extract, the experiment shown in Fig. 3 was repeated with an extract of the common 
commercial mushroom as a source of degradative enzymes (Bevan & Costello, 1964). The 
mushroom extract was much less effective than the extract from Helix powiatiu. When 
exponential-phase yeasts were treated with a 10 % (v/v) solution, only about 40 to 50 
were converted to sphaeroplasts in 60 min at 37 "C. When stationary-phase yeasts were 
treated in a similar way, none of the cells were converted to sphaeroplasts. Nevertheless, the 
difference between the response of the yeasts from the two phases was great enough to permit 
an examination of sphaeroplast formation during the transition period. 

A culture of strain 2NJ was grown to the transition period and samples treated with I pg 
cycloheximide/ml as in the experiment shown in Fig. 3. A rapid increase in lysis-resistant 
yeasts was again observed in the control culture at the beginning of the transition period. 
This increase occurred somewhat earlier than that observed with yeast treated with snail 
extract, and began just as the percentage of budding cells had begun to drop. All of the 
yeasts became lysis-resistant in about 2 h. This increase in lysis-resistance was again not 
related to budding, since it was completed before the percentage of budding yeasts in the 
population had dropped appreciably. 

The effect of cycloheximide on sensitivity to sphaeroplast formation was somewhat more 
complex that that observed with snail extract. About half of the total increase in lysis- 
resistant cells (from 40 to 70 %) could occur in the presence of I pg cycloheximide/ml. 
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Table I .  Eflect of 5-Juorouracil on sensitivity to sphaeroplast 
formation, RNA synthesis and protein synthesis 

Concentration lysis-resistant Increase in Increase in 
Increase in % 

(/(m 1) yeasts RNA (pg/ml) protein (,ug/ml) 
0 

6 . 2 5  
25 
I00 

31.5 
7’0 
4’1 
2.3  

However, the additional increase up to 100 yi was blocked if protein synthesis was inhibited 
in this way. The results of this experiment were thus qualitatively similar to those obtained 
with snail-extract treatment. 

Splaaeroplast formation in other diploid strains of yeast 

To determine if these results were unique to Saccharomnyces cerevisiae strain ~ N J ,  experi- 
ments similar to that shown in Fig. 3 were performed with two other diploid strains of yeast. 
A rapid increase in lysis-resistant yeasts during the transition period was observed with both 
strain 20/20  and strain ixwt x ~ 1 7 9 5 ~ .  With strain 20120, the point where this rapid increase 
occurred was somewhat earlier than in strain 2NJ, and with strain awt x ~ 1 7 9 5 ~  somewhat 
later than strain ~ N J .  Similar final levels were achieved in all three strains. The increase in 
lysis-resistant yeasts could be inhibited by I p g  cycloheximidefml in strain 20120 and strain 
awt x ~ 1 7 9 5 ~  just as described above for strain ~ N J .  The results obtained with strain 2NJ 
were therefore not simply a strain-specific effect. 

Efikct of 5-JEuorouracil on sensitivity to spliaeroplast formation 

The increase in lysis-resistant yeasts during the transition period appears to be dependent 
on protein synthesis. The possibility that there is a similar dependence on RNA synthesis 
was investigated by performing an experiment similar to that described in Fig. 4 using 5- 
fluorouracil as an inhibitor of RNA synthesis. This base analogue has a wide range of 
effects, but particularly appears to  disrupt normal ribosome assembly in yeast (de Kloet, 
1968). 
A culture of strain ~ N J  was grown to the point where the rapid increase in lysis-resistant 

yeasts would normally occur, and a series of subcultures set up containing different concen- 
trations of 5-fluorouracil. Percentage of I ysis-resistant cells, RNA content, and protein 
content were measured immediately and again after 2 h of incubation. The normal increase 
in lysis-resistant yeasts was inhibited at  all the concentrations tested (Table I). RNA and 
protein synthesis were reduced at  the highest concentration used (100 ,ug/ml), but were not 
appreciably affected at the lowest concentration (6.25 pglml) which still reduced the 
increase in resistance to sphaeroplast formation by 75 %. This was perhaps to be expected 
since, to be effective, 5-fluorouracil need not inhibit synthesis. 

D I S C U S S I O N  

The results indicate that there is a rapid increase in the resistance of yeasts to sphaeroplast 
formation during the transition from exponential phase to stationary phase. This increase 
occurs over a relatively narrow segment of the total transition period and is not related to 
whether the yeasts are budding or not. The increase in resistance can be inhibited with 
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cycloheximide or 5-fluorouracil, suggesting that the resistance to sphaeroplast formation 
characteristic of stationary phase yeast is the result of a specific modification of the yeasts 
which is dependent on RNA and protein synthesis. 

The increase in resistance to sphaeroplast formation in these experiments appears as a 
fairly sharp transition point. This is partly a consequence of using an all-or-none assay for 
sphaeroplast formation. With the dilution-detergent treatment, a yeast either lyses or not. 
Although more cell ‘ghosts ’ were observed microscopically during the transition period than 
with exponential-phase yeasts, these ‘ ghosts’ were not scored as lysis-resistant cells. The 
actual period in which modification of the yeasts occurs is therefore probably longer than 
the transition point itself. However, the sharpness of the transition point does suggest that 
this modification is a process which occurs in all the yeasts more or less simultaneously. I t  
was observed that the maximum level of I 00 lysis-resistant yeasts was never reached with 
snail extract-treated cells. This may be because the modification resulting in resistance to 
sphaeroplast formation takes place at a time when overall RNA and protein synthesis are 
gradually being reduced. Whether an individual yeast becomes resistant probably depends 
on the relative rates of these processes i n  that yeast. 

Several possible types of modification could result in increased resistance to sphaeroplast 
formation. Disulphide bonds within the wall proteins have been considered important, and 
it is possible that new enzymes are synthesized during the transition period which catalyse 
the formation of such bonds within the existing wall. Alternatively, new wall proteins may be 
made at this time, perhaps containing-more disulphide bonds, which are then incorporated 
into the wall. However, we have found that treatment of stationary-phase yeasts of strain 
2NJ with thioglycollate or dithiothreitol does not greatly increase their sensitivity to sphaero- 
plast formation. Other types of modification of the wall, such as more extensive crosslinking 
of the polysaccharide components or the formation of new types of bonds, may therefore be 
involved. Also, it is possible that inhibition of the enzymes involved in autolysis may alter 
sensitivity to sphaeroplast formation, 

A partial increase in resistance to sphaeroplast formation with mushroom extract-treated 
cells occurred in the presence of cycloheximide. I t  is possible therefore that the modifications 
discussed above utilize enzymes or  other proteins which are present in exponential-phase 
yeasts but which exhibit increased activity during the transition period. The effect of inhibi- 
tors suggests that this increased activity is due in part to de novo RNA and protein synthesis 
rather than to an activation or inhibition of pre-existing proteins. The change in sensitivity 
to sphaeroplast formation may therefore be the result of the transcription and translation 
of specific genes during the transition period. 

This work was supported under contract BIO E 119-72-1 from Euratom. We thank Dr 
D. H. Williamson for helpful discussions. 
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