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SUMMARY 

Cytochalasin A at 10-20 pgfml inhibits growth and sugar uptake by 
Saccharomyces strain 1016. The effects of cytochalasin A in intact cells were 
completely prevented when 1 mM cysteine or dithiothreitol was added along with 
cytochalasin A, but were not eliminated by thiols added after inhibition had oc- 
curred. Purified yeast hexokinase, glucose-6-P dehydrogenase, phosphofructokinase 
and aldolase were not sensitive to cytochalasin A (20/~g/ml). Glyceraldehyde-3-P 
dehydrogenase was strongly inhibited by cytochalasin A (5 /~g/ml); activity was 
promptly restored by thiols. Anaerobic glycolysis was inhibited by cytochalasin A or 
by iodoacetate; unlike iodoacetate, cytochalasin A did not cause accumulation of 
sugar phosphates. In contrast, cytochalasin A, but not iodoacetate, inhibited isolated 
membrane-bound ATPases. Cytoehalasin A is a sulfhydryl-reactive agent and has 
membiane-related effects (adenosine triphosphatase) which may well be the basis 
of its interference with energy-dependent uptake of solutes. 

INTRODUCTION 

The cytochalasins are a group of mold metabolites that exert an inhibitory 
effect on a variety of cell functions [1-4]. Although cytochalasin A was first detected 
by virtue of the unusual morphological effects it produced in fungal hyphae [5], 
most studies have dealt with the action of cytochalasin B on cultured mammalian 
cells. Recently cytochalasin B has been reported to be a potent, reversible inhibitor 
of sugar transport in mammalian cells [6, 7J. Cytochalasin A inhibited sugar uptake 
(transport plus phosphorylation) in chick embryo fibroblasts, but was less potent, 
and the inhibition was less readily reversible than that produced by cytochalasin B [4]. 

In contrast to mammalian cells, bacteria, yeasts and fungi are sensitive to 
cytochalasin A but not to cytochalasin B [8-10]. Cytochalasin A inhibited the energy- 

Abbreviation: DCCD, N,N'-dicyclohexylcarbodiimide. 
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dependent uptake (and accumulation) of metabolizable sugars, amino acids, and 
nucleotides and of the non-metabolizable amino acid analogue, ~-aminoisobutyric 
acid by intact cells of Saccharomyces strain 1016, while the transport of  non-metabo- 
lizable hexoses by carrier-mediated facilitated diffusion was unaffected [10]. 

We report here that cytochalasin A is a sulfhydryl-reactive agent, since its inhib- 
itory effects on yeast can be abolished by cysteine or dithiothreitol. In addition, it 
inhibits in vitro, the membrane-bound adenosine triphosphatases (ATPases)from 
yeast. The implications of these findings with respect to the inhibition of  energy-de- 
pendent reactions in yeast cells are discussed. 

MATERIALS A N D  M E T H O D S  

Growth of organisms. Saccharomyces strain 1016 was grown in modified Vogel's 
medium N with 0.2 M glucose as the carbon source [11 ]. To examine its inhibitory 
effect on growth, cytochalasin A was added to exponential phase cells" growth was 
followed by measuring the turbidity with a Klett-Summerson colorimeter (filter no. 
66). A reading of 120 corresponds to about 4 • 107 cells of strain 1016 per ml. 

Estimation of glucose uptake. The washed cells were suspended in fresh growth 
medium at about 3 .  l0 T per ml. [~4C]Glucose (10mM; 0.l /~Cifml) was added 
after the cells had been preincubated with cytochalasin A for 10 min. At various in- 
tervals samples were withdrawn, the cells collected on Whatman GF/A filter paper, 
washed with 10 ml ice-cold water and the radioactivity counted as previously de- 
scribed [11 ]. 

Preparation of the crude "mitochondria'" and "plasma membrane" fractions 
from lysedprotoplasts. Cells were grown in 0.3 ~o yeast extract/0.5 ~/o Bactopeptone 
medium containing 0.2 M glucose at 30 °C and harvested in exponential growth 
phase, spun down at 1 000 ×g  for 3 min and washed twice with glass distilled water. 
The washed cells were suspended at 5" 10 s per ml in 40 ml of  1.0 M sorbitol solu- 
tion containing 10 mM Tris/maleate buffer (pH 6.0), 2 mM MgC12, 15 mM fl-mer- 
captoethanol and 1.5 ml Glusulase (Endo Laboratories). After 60 min incubation 
more than 90 ~ of  cells had been converted to protoplasts. The protoplasts were 
then sedimented at 4 000 x g for 5 rain and washed twice with 1.0 M sorbitol solution. 
The plasma membrane fraction was separated from mitochondrial membranes as fol- 
lows. Protoplasts were suspended in 0.4 M sorbitol solution to protect the integrity of 
the mitochondria [12, 13] and the partially lysed protoplasts were homogenized with 
10 strokes of  a Kontes homogenizer. Approx. 80-90 ~ of the protoplasts were lysed 
by this procedure. The homogenate was centrifuged at 2500 x g for 5 min to remove 
cell debris and the supernatant fluid was then spun at 9 500 × g for 10 min. The sedi- 
ment, containing mitochondria (high alcohol dehydrogenase and NADH oxidase 
activity) and some large pieces of membrane, was washed twice with 0.4 M sorbitol 
solution. The supernatant fluid containing small pieces of plasma membrane, was 
centrifuged at 32 000 × g for 20 min and washed twice with 0.4 M sorbitol solution 
to yield the plasma membrane fraction. 

Anaerobic glycolysis and levels of intracellular sugar intermediates. Ceils were 
grown overnight in an atmosphere of N2, washed twice with glass distilled water 
and suspended in 20 mM phosphate buffer, pH 7.0, with 40 mM glucose at 2 • 10 s 
cells per ml. The suspension was incubated at 30 °C under Nz. After equilibration 
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for 20 min the cell suspension was divided into three portions and incubated with or 
without added drug. At 0 time and after 40 min of incubation, samples (5 ml) were 
removed and spun down at 3 000 ×g for 2 min. The clear supernatant fluids were 
collected for measurement of residual glucose, and 2 ml of 5 ~o ice-cold HC104 was 
added to the pellets to stop the reaction and to extract the phosphate esters [11 ]. 

Sugar phosphates and glyceraldehyde 3-phosphate were assayed by the forma- 
tion of NAD, NADH or NADPH in systems containing NADH, NAD or NADP 
and glucose-6-phosphate dehydrogenase (EC 4.1.1,49) (for glucose-6-P); aldolase 
(EC 4.1.2.13), triosephosphate isomerase (EC 5.3.1.1) and glycerol-l-phosphate 
dehydrogenase (EC 1.1.99.5) (for fructose-l, 6-P2); and glyceraldehyde-3-phosphate 
dehydrogenase (EC 1.2.1.12) (for glyceraldehyde-3-P). Intracellular concentra- 
tions were calculated according to the method described by Cirillo [14]. 

Enzyme assays. Glyceraldehyde-3-phosphate dehydrogenase activity was 
measured at room temperature by following the increase in absorbance at 340 nm 
accompanying the reduction of NAD resulting "from glyceraldehyde 3-phosphate 
oxidation. The reaction mixture (1.0 ml) consisted of 80/tmol of Tris • HC1 buffer, 
pH 8.5, 17/~mol of Na2HAsO 4, pH 8.5, 20 pmol of NaF, 1/tmol of NAD, 1.2 #mol 
of DL-glyceraldehyde 3-phosphate, and glyceraldehyde-3-phosphate dehydrogenase 
(Sigma, 15 #g of protein). 

ATPase activity was determined at 30 °C in a medium containing 20/tmol 
of Tris. HC1 at pH 7.5 (for 32 000×g pellet) or pH 8.5 (9 500×g pellet), 2.5/~mol 
of MgC12, 2.5/tmol of ATP, and membrane protein (50-100 #g) in a final volume 
of 1.0 ml. The reaction was terminated by the addition of 1.0 ml of 10 ~ HC10 4. After 
centrifugation the clear supernatant fluid was removed for phosphate analysis as 
described by Ernster et al. [15]. The value was corrected for non-enzymatic degrada- 
tion of the ATP and for the liberation of Pi in the absence of ATP. The enzyme activ- 
ities were expressed as nmol of Pi formed per min mg of protein. Protein was mea- 
sured by the method of Lowry et al. [16]. 

Chemicals. All chemicals were reagent grade. Hexokinase (EC 2.7.1.1), 
phosphofructokinase (EC 2.7.1.11), glucose-6-phosphate dehydrogenase, aldolase, 
triphosphate isomerase and glycerol-l-phosphate dehydrogenase were purchased 
from Boehringer Mannheim Co., Germany. Glyceraldehyde-3-phosphate dehydroge- 
nase (yeast), N,N'-dicyclohexylcarbodJimide (DCCD), oligomycin, ATP, NAD, 
NADH, NADPH and dithiothreitol were from Sigma Chemical Co.; iodoacetic 
acid from Eastman Kodak Co.; [u-laC]glucose from New England Nuclear Corp; 
cytochalasin A and cytochalasin B from Imperial Chemicals, England or from 
Aldrich Chemical Co. Cytochalasin A and cytochalasin B were stored at 4 °C as 
5-10 mg/ml stock solutions in dimethylsulfoxide. 

RESULTS A N D  DISCUSSION 

Prevention by thiols of the inhibition of growth and glucose uptake by cytochalasin A 
We have reported [10] that cytochalasin A at 10-20/~g per ml halted growth 

and sugar uptake by Saccharomyees strain 1016 almost completely in 1-2 h. Subse- 
quently we observed that the inhibition of intact cells by cytochalasin A could be 
completely prevented when 1 mM cysteine or dithiothreitol was added at the same 
time as the drug (Figs 1A and 1B). If addition of cysteine was delayed until 30 min 
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Fig. I. Inhibition of the growth (A) and uptake of [~4C]glucose (B) of Saccharomyces strain 1016 
by cytochalasin A in the presence and absence ofcysteine or dithiothreitol. (A) The cells were grown 
at 30 °C in modified Vogel's medium with 0.1 M glucose. After 2 h incubation, the culture was divided 
into three portions which were supplemented (~,) as indicated. Cytochalasin A was added as a solution 
in dimethylsulfoxide. The final concentration of dimethylsulfoxide was 0.5 % in all flasks. Symbols: 
©, control; 0 ,  cytochalasin A (20 pg/ml); A, cytochalasin A plus cysteine (1 mM). (B) Cells were 
washed with water, suspended in fresh medium at 3 .: 10*/ml, and incubated with eytochalasin A and 
thiols as indicated. After 10 rain, [U -14C]glucose (10 raM; 0.1 #Ci/ml) was added and the uptake was 
measured as described in Materials and Methods. Symbols: (3, control; O, cytochalasin A (20/~g/ml); 
,~, cytochalasin A plus cysteine (1 mM); A, cytochalasin A plus dithiothreitol (1 raM); FI, cysteine 
(1 mM) added (4) after 30 min of cytochalasin A treatment. 

after the cytochalasin A, the uptake of sugar was no longer protected (Fig. 1B). 
Under the conditions employed, cysteine or dithiothreitol had no effect in the absence 
of cytochalasin A. These observations are in accord with the findings by Haslam [17] 
that platelet-clot retraction was inhibited by cytochalasin A and that cysteine blocked 
this effect; hence that cytochalasin A is a sulfhydryl-reactive agent. On the other hand, 
Cu 2÷ (0.1 mM) or Hg 2÷ (2 pM) salts potentiated the inhibitory activity of cyto- 
chalasin A on intact cells (data not presented in detail). These ions probably interact 
with sulfhydryl groups on the yeast plasma membrane [18] which otherwise would 
bind with and inactivate the cytochalasin A. The lack of reversibility in vivo by thiols 
suggest that cytochalasin A reacts with sulfhydryl groups on intracellular components 
as well as with those on the membrane. Another possibility is that it specifically 
interacts with a critical non-sulfhydryl membrane component(s). 

Effect on glycolytic enzymes in vitro 
It was of interest to see if the inhibition of sugar uptake resulted from an effect 

of cytochalasin A on the enzymes of the glycolytic pathway and thus on the genera- 
tion of ATP. Purified yeast hexokinase, glucose-6-P dehydrogenase, phosphofructo- 
kinase, and aldolase were not sensitive to cytochalasin A levels as high as 20-30/zg 
per ml (data not presented in detail). Glyceraldehyde-3-P dehydrogenase (yeast) 
was strongly inhibited by cytochalasin A at 5 pg per ml (Table I); at 10 and 20 pg per ml 
inhibition was 85 and 93 %, respectively. Activity was promptly restored by subse- 
quent addition of 1 mM cysteine or dithiothreitol (Fig. 2). Iodoacetate, a sulfhydryl- 
reactive agent, also severely inhibited enzyme activity. On the other hand, cytochala- 
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TABLE I 

SENSITIVITY OF GLYCERALDEHYDE-3-P DEHYDROGENASE TO CYTOCHALASIN A, 
CYTOCHALASIN B AND IODOACETATE 

Yeast glyceraldehyde-3-phosphate dehydrogenase (15/zg protein) was incubated at room tempera- 
ture with the indicated additions in a final volume of 100 #1 of  100 mM Tris • HCI, pH 8.5. At  the times 
shown, 20-#1 samples were removed, added to the assay mixture and the activity measured as described 
in Materials and Methods. Dimethylsulfoxide at 0.5 ~ was included in all experiments. Cytochalasin 
A, 5/ tg/ml is equivalent to 10.5/zM. 

Pretreatment Time (rain) Relative activity (~o) 

None 100 
Cytochalasin A 

5 pg/ml 5 50 
5/~g/ml 10 25 

10 #g/ml 10 15 
20/~g/ml 10 7 

Cytochalasin B, 20/~g/ml 10 103 

Iodoacetate, 1 mM 5 68 
10 25 
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Fig. 2. Inhibition of glyceraldehyde-3-phosphate dehydrogenase by cytochalasin A and its annul- 
ment by dithiothreitol. The enzyme was preincubated for 10 rain without or with cytochalasin A 
(concentration indicated in the figure) in a final volume of 100/~1, as in the legend of  Table I. At 0 
min 20-btl samples were removed, added to the assay mixture and the activity measured by the increase 
in absorbance at 340 nm with a Beckman DB spectrophotometer as described in Materials and 
Methods. Dithiothreitol (1 raM) was added at the time indicated (~). 

s in ,  B,  w h i c h  is i n a c t i v e  a g a i n s t  yeas t  g r o w t h ,  d i d  n o t  a f fec t  g l y c e r a l d e h y d e - 3 - P  d e h y d r o -  

genase .  

Accumulation of sugar phosphates 
I o d o a c e t a t e  is a r a t h e r  speci f ic  i n h i b i t o r  o f  a n a e r o b i c  g lyco lys i s  in  yeas t .  I t  

se lec t ive ly  b l o c k s  g l y c e r a l d e h y d e - 3 - P  d e h y d r o g e n a s e  a n d  u n d e r  a p p r o p r i a t e  c o n d i -  
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TABLE II 

EFFECT OF CYTOCHALASIN A A N D  IODOACETATE ON INTRACELLULAR LEVELS OF 
SUGAR PHOSPHATES 

Washed cells from anaerobically grown cells were suspended at 2 × 108/ml in 20 mM phosphate 
buffer, pH 7.0, with 40 mM glucose and incubated at 30 °C under Nz. After equilibration for 20 min, 
cytochalasin A or iodoacetate was added and incubation continued for 40 rain. Intracellular sugar 
phosphates and glyceraldehyde 3-phosphate were determined as described in Materials and Methods. 
Extracellular glucose was determined with glucose oxidase. 

Time External Glucose-6-P Fructose-6-P Fructose- 1,6- Glyceraldehyde- 
glucose (mM) (mM) (mM) P2 (raM) 3-P (mM) 

20 rain 40 0.33 <0.05 t.90 ,<0.05 
0 rain 30 0.33 <0.05 1.83 ,-_0.05 

i 40 rain control 1.5 0.31 <0.05 0.77 <~0.05 
Cytochalasin A, 
40 pg/ml 12.4 0.50 < 0.05 0.83 < 0.05 
lodoacetate, 
2 mM 12.0 2.14 <0.05 3.82 <0.05 

tions causes the accumulation of fructose-l, 6-P2 and glucose-6-P [19]. The effect of 
cytochalasin A on anaerobic glycolysis and on the level of intracellular sugar phosphate 
intermediates is demonstrated in Table II. Anaerobically grown cells were suspended 
in fresh medium with 40 mM glucose and incubated under N2, either in the absence 
of an inhibitor or in the presence ofcytochalasin A or iodoacetate. The glucose concen- 
tration dropped from 40 to 30 mM during the first 20 min of incubation; the level 
of intracellular sugar phosphates did not change under these conditions. The con- 
centrations of fructose-6-P and glyceraldehyde-3-P were less than 0.05 mM. After 
incubation for 40 min, glucose had been almost completely consumed in the control 
culture and the level of fructose- 1, 6-P2 had decreased to about 50 % of the original 
value. In the presence of cytochalasin A or iodoacetate, glucose utilization was severely 
inhibited (approx. 12 mM glucose remained after 40 min), The intracellular levels 
of sugar phosphates and glyceraldehyde-3-P were not significantly affected by treat- 
ment with cytochalasin A, whereas iodoacetate caused a large accumulation of both 
glucose-6-P and fructose-l, 6-P 2 (Table II). We conclude from these results that 
blockage of glyceraldehyde-3-P oxidation is probably not important to the action 
of cytochalasin A in vivo, even though that enzyme is highly sensitive to the drug in 
vitro. 

Effect on isolated membrane-bound ATPases 
Since no accumulation of glucose-6,P or fructose-I, 6-P 2 occurred in the ceils 

treated with cytochalasin A (Table II), the rapid depletion of intracellular ATP and 
the cessation of energy-dependent accumulation of solutes in the presence of the 
drug [10] may result from an alteration of membrane function. The effect of cyto- 
chalasin A on the activity of membrane-bound ATPases was thus examined. There 
are at least two ATPase species in yeast, one in the mitochondria, the other in the 
plasma membrane [20-22]. In our studies, the plasma membrane fraction (32 000 × g 
pellet) was prepared from protoplasts homogenized in 0.4 M sorbitol medium as 
described in Materials and Methods; the mitochondria remained relatively intact 
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TABLE III 

EFFECT OF INCUBATION WITH CYTOCHALASIN A AND VARIOUS INHIBITORS ON 
MEMBRANE-BOUND ATPase ACTIVITY FROM YEAST 

Membrane fractions prepared as described in Materials and Methods; 70 #g protein per ml was sub- 
sequently used in the assay mixture for ATPase activity. 

Treatment ATPase activity 

9500 x # pellet 32 000 x # pellet 

Expt 1 Expt 2 Expt 1 Expt 2 

Control 443* (100)** 429 (100) 143 (100) 150 (100) 
Cytochalasin A 

lO,ug/ml 358 (81) -- 100 (70) -- 
20/~g/ml 279 (63) 300 (70) 71 (50) 65 (44) 
30/~g/ml 229 (52) 229 (53) 57 (39) 46 (31) 
40 btg/ml 172 (39) -- 43 (30) -- 

Cytochalasin B 
40/~g/ml 400 (93) 146 (98) 

Oligomycin, 
10 #g/ml 107 (25) 71 (48) 
20/tg/ml 86 (20) 64 (46) 

Control 436 (100) 164 (100) 
DCCD, 20 mM 193 (44) 93 (57) 
Iodoacetate, 

100/~M 409 (93) 157 (96) 

* nmol PJmin per mg protein. 
** Percent of control value. 

under these conditions and were collected as a 9500 xg  pellet [12, 13]. The activities 
of alcohol dehydrogenase and NADH oxidase (both mitochondrial enzymes) were 
found to be several-fold higher in the 9500 × g than in the 32 000 x g fraction (data 
not presented in detail). The ATPase activities from both preparations were activated 
by Mg z+, but their pH optima and oligomycin sensitivity differed (see Table III). 
ATPase activity from the 9500 xg  pellet has its optimum between pH 8 and 9, where- 
as, the optimum for the 32 000xg pellet is at pH 7.5. These results are consistent 
with the report by Fuhrmann et al. [22]. It may be concluded that the 32 000xg 
fraction contains mostly plasma membrane, whereas the 9500xg fraction consists 
of mitochondria and some large pieces of plasma membrane. The results in Table III 
demonstrate that both membrane-bound ATPases are inhibited by cytochalasin A 
(but not iodoacetate), with the 32 000 xg  fraction being somewhat more sensitive 
than the 9500 xg  fraction. At 40 ~tg cytochalasin A per ml (84 pM), there is 60-70 
inhibition of the ATPase activities. Since only the crude membrane preparations 
have been examined in these studies and cytochalasin A may interact with other mem- 
brane components, it is difficult to correlate quantitatively the inhibition of ATPase 
and that of growth and of sugar uptake (Fig. 1). Cytochalasin B has no effect on 
either yeast ATPase; however, in mammalian systems the Ca 2+- or MgZ+-stimulated 
ATPase of actomyosin and myosin are sensitive to cytochalasin B and cytochalasin D 
[23-25]. 
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DCCD has been shown to inhibit Mg 2 +-activated membrane-bound ATPases 
from bacteria and beef heart [26-29]. The ATPases of the yeast mitochondrial and 
plasma membrane fractions were equally sensitive to DCCD, i. e. about 50 ~ inhibi- 
tion with 20/zM DCCD (Table HI) and 90 ~ with 100/~M DCCD, The Mg2+-acti - 
vated ATPases of microorganisms are reported to be involved in solute transport 
by coupling reversibly the hydrolysis of ATP to the translocation of protons through 
the membrane [29-31]. In Saccharomyces, the proton movements appear intimately 
linked to active transport of amino acids and disaccharides, but not of hexoses [32, 33 ]. 
The role of the plasma membrane-bound ATPase of yeast in energy-dependent up- 
take of solutes has not been studied, but it may resemble that of the bacterial or mi- 
tochondrial enzymes since all of them require Mg 2+ and are sensitive to DCCD 
(Table 1II; [28, 29]). 

From our results it is clear that cytochalasin A will react readily with sulfhy- 
dryl groups. There is no direct indication that this property is s i~fieant  for its inhibi- 
tory action since cytoehalasin A inhibition of sugar uptake could be prevented but 
not annulled by thiols (Fig. 1). Nevertheless, it is possible that the critical binding 
involves sulfhydryl groups embedded in the membrane or on its interior surface and 
inaccessible to external thiols. To explain the observed impairments of energy-depen- 
dent processes [10] we tentatively suggest that cytochalasin A interacts with the 
membrane-bound Mg 2 +-ATPase of the yeast cell and in this way interferes with 
energy coupling and ATP regeneration. Cytochalasin A may prove valuable for 
determination of the precise role of the membrane ATPases in these processes. 
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