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Cytochalasin B (CB) 1 can inhibit cell movements  
such as cytokinesis, pseudopod extension, loco- 
motion, phagocytosis, and pinocytosis (25). These 
movements  seem to be related to a membrane-  
associated microfilament system (14, 27, 28, 36, 
38) that has frequently been shown to contain 
actin (2, 22, 24, 29, 30). Many morphological 
studies showing disruption of thin filament arrays 
(3, 6, 7, 18, 31, 32, 39, 40) and a few studies 
with purified actin (16, 21, 33, 34) or myosin 
(footnote 2 and reference 26) suggest that cyto- 
chalasins can interact directly with proteins of the 
microfilament system. However ,  because of the 
multiple and sometimes contradictory effects of 
cytochalasins (4, 5, 8, 12), no in vivo effect has 
yet been related unambiguously to direct interac- 
tion with the microfilament system. 

Recently,  several laboratories have discovered 
that gelation of suitable cell extracts can be related 
to actin (23), actin and a high molecular weight 
protein (HMWP) (35, 37) or actin, a H M W P ,  and 
a third protein (13). Knowing that CB disrupts the 
contractile ring (which contains actin) (28, 29) and 
binds to both high and low affinity sites in HeLa  
cells (15), it seemed of interest to test whether CB 
affected the formation and composition of gel in 
HeLa  cell extracts. 

M A T E R I A L S  A N D  M E T H O D S  

Extraction of HeLa cells basically followed Pollard's (23) 
modification of Kane's (13) method for preparing ex- 

~Abbreviations used in this paper: CB, cytochaIasin; 
DMSO, dimethylsulfoxide; DTE, dithioerythritol; 
EGTA, ethyleneglycol-b/s[/~-aminoethyl ether]-N,N'- 
tetraacetic acid; HMWP, high molecular weight protein. 

These workers investigated the interaction of myosin 
with cytochalasin D, which is structurally similar to CB 
(1) and which affects membrane-associated microfila- 
ments in a manner similar to CB (19). 

tracts from sea urchin eggs. HeLa cells, grown as de- 
scribed (10, 37), were collected at room temperature by 
low-speed centrifugation and washed once with 20 vol of 
cold 0.1 M NaCl. All subsequent operations were car- 
ried out at 0-4~ Cells were suspended in 2 vol (based 
on the packed cell volume before washing) of 0.34 M 
sucrose, 0,001 M ethyleneglycol-bis [fl-aminoethyl 
ether]-N-N'-tetraacetic acid (EGTA), 0.001 M ATP, 
0.001 M dithioerythritol (DTE), 0.01 M imidazole-C1, 
pH 7.0. To promote cell lysis in the concentrated sucrose 
solutions, sufficient 10% Triton X-100 (Rohm and 
Haas, Philadelphia, Pa.) was added to give a final con- 
centration of 0.5%. The cells were then ruptured com- 
pletely by 5-10 strokes of a tight Dounce homogenizer 
and extract was prepared by centrifuging 3-ml portions of 
the homogenate at 35,000 rpm, for 40 min, in a Spinco 
FA-40 rotor (Beckman Instruments, Inc., Spinco Div., 
Palo Alto, Calif.). The clear supernatant fraction and 
floating turbid material were aspirated together from the 
pellets and used in subsequent tests of gelation. 

To study the effect of CB on gelation, 1-ml portions of 
cold extract were mixed with 5 g,l of stock solutions (0.5 
p.M, 5.0 /zM, 50 g,M, and 5000 /zM) of CB (Aldrich 
Chemical Company, Milwaukee, Wis.) in dimethyl- 
sulfoxide (DMSO) or with 5/zl of DMSO or water in 10- 
ml Beckman centrifuge tubes and incubated at 25~ for 
1 h. The extracts were then centrifuged at 35,000 rpm, 
for 30 rain, at 22-24~ in a Beckman FA-40 rotor to 
collect the gel or other sedimentable proteins. Protein 
analysis was carried out by the method of Lowry et al. 
(17), using bovine serum albumin as a standard. Gel 
electrophoresis was done by the method of Neville (20), 
using the staining and destaining protocol of Fairbanks et 
al. (9). 

Concentration of actin and HMWP (expressed as per- 
cent of total dye binding) was estimated by quantitative 
densitometry of fixed and stained gels, using a modified 
(37) Helena Quick Scan, Jr. All scans were done with 
the 570-nm filter, and the 100% transmittance was ad- 
justed to the band of greatest intensity (usually actin). In 
all cases, however, the proteins that migrated to the 
tracking dye front were excluded from this adjustment 
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and from calculations. Recoveries of actin estimated in 
this way were usually 100% - 15%, but recoveries of 
HMWP were much more variable, probably because of 
the difficulty in accurately measuring small amounts of 
protein close to the top of the gel. 

RESULTS 

Incubation of extract at 25~ caused formation of 
a gel plug (Fig. 1, tube a), but addition of 0.25 or 
25 p,M CB inhibited gel formation (Fig. 1, tubes e 
and f). This is illustrated in Fig. 1, showing that 
when the tubes containing the ungelled extract are 
laid out horizontally, the extract flows horizontally 
as would be expected (tubes e and f),  but that 
gelled extract retains its shape (tubes a-d).  Visual 
inspection of extract treated with inhibiting con- 
centrations of CB also did not show any small, 
clear lumps such as are formed when the protein 
concentration is not sufficient for plug formation. 
Thus, these concentrations of CB completely in- 
hibited gel formation. 

Lower concentrations of cytochalasin (0.0025 
or 0.025 p,M) or 0.5% DMSO (the solvent used 
to add cytochalasin to the extract) do not inhibit 
gel formation (Fig. 1, tubes a-d).  Thus, CB, not 
DMSO, inhibited gelation. 

To discover whether CB was affecting any par- 
ticular protein or set of proteins, we incubated the 
cell extract in the presence and absence of CB for 

FIGURE | Effect of CB on gel plug formation. 1-ml 
aliquots of HeLa cell extract in 12-ml conical centrifuge 
tubes were mixed with: (a) 5 ~,1 of H20; (b) 5 /xl of 
DMSO; (c-f) 5 p,l of: (c) 0.5 p,M CB2; (d) 5.0 jzM CB; 
(e) 50 /~M CB; (f) 5000 p,M CB in DMSO. After 
incubating the mixtures at 25~ for 1 h to induce gela- 
tion, they were laid out horizontally on a light box and 
photographed. The final concentrations of reagents are 
as follows: (a) no DMSO or cytochalasin B; (b-f) 0.5% 
DMSO; (c) 0.0025 t~M CB; (d) 0.025 p,M CB; (e) 
0.25 p,M CB; (f) 25 /~M CB. 

1 h, collected the proteins which could be sedi- 
mented at 100,000 g, and analyzed these proteins 
by polyacrylamide gel electrophoresis. 

For control gels formed after adding water or 
DMSO alone, we found, as expected, that actin 
(identified by comigration with authentic rabbit 
striated muscle actin) and the HMWP were en- 
riched in the pelleted gel relative to the extract 
from which the gel was formed (Fig. 2, compare 
gels a and g; Fig. 3; and reference 37). Low 
concentrations of CB (0.0025 or 0.025 p,M) 
which did not inhibit gelation also did not signifi- 
cantly change the concentration of actin in the 
pelleted gel (Fig. 2, gels d and e; and Fig. 3). At 
the lowest concentration of CB, there was a tend- 
ency for the HMWP to be more concentrated in 
the pelleted gel than under any other condition 
(Fig, 3), but difficulties in reproducibly scanning 
small amounts of protein at the top of the gel 
preclude a firm decision about the significance of 
this observation. 

Concentrations of CB (0.25 or 25 /xM) which 
inhibited gel formation also consistently lowered 
the concentration of actin and of HMWP in the 
protein collected from incubated extracts (Fig. 2, 
gelsfandg; and Fig. 3). Because no other changes 
in the gel electrophoretic patterns of pelleted gel 
or pelleted proteins were apparent by inspection 
of the gels (Fig. 2), and because the fraction of 
extract protein which could be pelleted after incu- 
bation did not change significantly as a result of 
these treatments (Fig. 3), we conclude that con- 
centrations of CB which inhibit gelation also lower 
specifically the amount of actin and HMWP which 
can be pelleted under these conditions. 

DISCUSSION 

Gelation of cytoplasmic extracts has been related 
to actin (23) or interactions of actin and other 
proteins (13, 35, 37) in at least four different 
systems. In the macrophage system (35), gelation 
is also inhibited by >1 /xM CB* (11). The present 
observations, showing a concomitant inhibition of 
gelation and specific disaggregation of both actin 
and HMWP by CB, provide additional evidence 
for the specific role of actin and HMWP in gela- 
tion of cytoplasmic extracts. 

z Inhibition of gelation of extracts of rabbit alveolar 
macrophages has been observed (Hartwig, J. H. and T. 
P. Stossel. 1976. Interactions of actin, myosin, and an 
actin-binding protein of rabbit pulmonary macrophages. 
III. Effects of cytochalasin B, J. Cell Biol. 71:295-303 .) 
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We previously reported that actin is present and 
H M W P  is concentrated in the plasma membrane  
fraction of HeLa  cells (10), and that both actin 
and the H M W P  can be enriched in a precipitate 1.2 
fraction of a suitable extract of the plasma mem- 

1 . 0  brane (37). These results indicate that actin and _g 
H M W P  from plasma membrane or whole cell ~ o.a 
extracts undergo similar interactions. In view of ~ ~ .~ 
reports that cytochalasins can interact with cyto- ~ z -  0.6 

plasmic actin (16, 21, 33, 34) or myosin (26), it o~ 0.4 
will be of interest to discover whether the in vivo 
effects of CB can be related to its binding to 02 
proteins forming a plasma membrane-associated 
gel. o 
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FIGURE 3 Effect of CB on the concentration of actin 
and high molecular weight protein in protein centrifuged 
from incubated extract. Extract, pelleted gel, and pel- 
leted protein were prepared as described in the text and 
Fig. 1. Each symbol (�9 A, and N) denotes data from a 
separate experiment. 

FIGURE 2 Effect of CB on the gel electrophoretic pat- 
terns of protein centrifuged from incubated extract. 1-ml 
aliquots of extract were mixed with: (a-f) reagents as 
described for Fig. 1. Then, incubation and isolation and 
analysis of protein fractions were carried out as described 
in Materials and Methods. Gel (g) is of unincubated 
extract. Gel (h) is of standard proteins; from top to 
bottom, these are: fl-galactosidase, bovine serum albu- 
min, rabbit striated muscle actin, and a-chymotrypsino- 
gen. The small arrowhead points to the HMWP; the 
large one to actin. 

S U M M A R Y  

When the 100,000 g supernatant fraction (extract) 
of HeLa cells lysed in a buffer containing sucrose, 
ATP,  D T E ,  E G T A ,  imidazole, and Triton X-Z00 
is incubated at 25~ it gels, and actin and a 
H M W P  are progressively enriched in the extract 
and in gel isolated from extract. CB (>0 .25  /~M) 
inhibits gelation and specifically lowers the con- 
centration of actin and the H M W P  in the fraction 
which sediments at 100,000 g after incubation. 
These results indicate that actin and H M W P  are 
partly disaggregated by cytochalasin treatment,  
and thus that their aggregation is related to gela- 
tion. Inasmuch as previous results showed that 
actin is present and H M W P  is enriched in the 
plasma membrane fraction of HeLa cells, the re- 
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suits also po in t  to a poss ible  re la t ion b e t w e e n  
p lasma m e m b r a n e - a s s o c i a t e d  gel and  in vivo ef- 
fects o f  CB.  

I thank Doctors T. P. Stosset and J. H. Hartwig for 
discussing their results before publication and Mrs. Ann 
Elliott and Miss Pamela Langley for expert technical 
assistance. 

This research was supported by Public Health Service 
Research grant no. CA-15229 (to R.R.W.) and CA- 
12708 (to M. B. Hoagland) from the National Cancer 
Institute. 

Received for publication 22 March 1976, and in revised 
form 7 June 1976. 

R E F E R E N C E S  

1. ALDRIDGE, D. C., and W. B. TURNER. 1969. Struc- 
tures of cytochalasins C and D. J. Chem. Soc. 69: 
923-928. 

2. ALLISON, A. C., P. DAVIES, and S. DEPETRIS. 
1971. Role of contractile microfilaments in macro- 
phage movement and endocytosis. Nat. New Biol. 
232:153-155. 

3. BUCKLEY, I. K. 1974. Subcellular motility: A corre- 
lated light and electron microscope study using cul- 
tured cells. Tissue Cell. 6:1-20. 

4. BURNSIDE, B., and F. J. MANASEK. 1972. Cyto- 
chalasin B: Problems in interpreting its effects on 
ceils. Dev. Biol. 27:443-444. 

5. CARTER, S. B. 1972. The cytochalasins as research 
tools in biology. Endeavour. 31:77-82. 

6. CLONEY, R. A. 1972. Cytoplasmic filaments and 
morphogenesis: Effects of cytochalasin B on con- 
tractile epidermal cells. Z. Zellforsch. Mikrosk. 
Anat. 132:167-192. 

7. CRAWFORD, B., R. A. CLONEY, and R. D. COHN. 
1972. Cloned pigmented retinal cells; the effects of 
cytochalasin B on ultrastructure and behavior. Z. 
Zellforsch. Mikrosk. Anat. 130:135-151. 

8. ESTENSEN, R. D., M. ROSENBERG, and J. D. SHER- 
IDAN. 1971. Cytochalasin B: Microfilaments and 
"contractile" processes. Science (Wash. D. C.)  
173:356-358. 

9. FAIRBANKS, G., T. L. STECK, and D. F. H. WAL o 
EACH. 1971. Electrophoretic analysis of the major 
polypeptides of the human erythrocyte membrane. 
Biochemistry. 10:2606-2617. 

10. GRUENSTEIN, E., A. RICH, and R. R. WEIHING. 
1975. Actin associated with membranes from 3T3 
mouse fibroblast and HeLa cells. J. Cell Biol. 
64:223-234. 

11. HARTWIG, J. H., and T. P. STOSSEL. 1976. Cyto- 
chalasin B dissolves macrophage cytoplasmic gels. 
Fed. Proc. 35:717. 

12. HOLTZER, H., and J. W. SANGER. 1972. Cytochal- 

asin B: microfilaments, cell movement, and what 
else? Dev. Biol. 27:444-446. 

13. KANE, R. E. 1975. Preparation and purification of 
polymerized actin from sea urchin egg extracts. J. 
Cell Biol. 66:305-315. 

14. KORN, E. D., B. BOWERS, S. BATZRI, J. R. SIM- 
~IONS, and E. VICTORL~. 1974. Endocytosis and 
exocytosis: role of microfilaments and involvement 
of phospholipids in membrane fusion. J. Supramol. 
Struct. 2:517-528. 

15. LIN, S., D. V. SANaa, and J. A. SPUDICH. 1974. 
Biochemical studies on the mode of action of cyto- 
chalasin B. Preparation of (aH)-cytochalasin B and 
studies on its binding to cells. J. Biol. Chem. 
249:2268-2274. 

16. LIN, S., and J. A. SFUDICH. 1974. On the molecular 
basis of action of cytochalasin B. J. Supramol. 
Struct. 2:728-736. 

17. LOWRY, O. H.,  N. J. ROSEBROUGH, A. L. FARR, 
and R. J. RANDALL. 1951. Protein measurement 
with the Folin phenol reagent. J. Biol. Chem. 
193:265-275. 

18. MALAWISTA, S. E., J. B. L. GEE, and K. G. 
BENSCH. 1971. Cytochalasin B reversibly inhibits 
phagocytosis: functional, metabolic, and ultrastruc- 
rural effects in human blood leukocytes and rabbit 
alveolar macrophages. Yale J. Biol. Med. 44:286- 
300. 

19. MIRANDA, A. F., G. C. GODMAN, and S. W. TA- 
NENRAUM. 1974. Action of cytochalasin D on cells 
of established lines. II. Cortex and microfilaments. 
J. Cell Biol. 62:406-423. 

20. NEVILLE, JR., D. M. 1971. Molecular weight deter- 
mination of protein-dodecyl sulfate complexes by 
gel electrophoresis in a discontinuous buffer system. 
J. Biol. Chem. 246:6328-6334. 

21. NICKLAS, W. J., and S. BERL. 1974. Effects of 
cytochalasin B on uptake and release of putative 
transmitters and on brain actomyosin-like protein. 
Nature ( Lond. ). 247:471-473. 

22. PERRY, M. M., H. A. JOHN, and N. S. T. THOMAS. 
1971. Actin-like filaments in the cleavage furrow of 
newt egg. Exp. Cell Res. 65:249-253. 

23. POLLARD, T. D. 1976. The role of actin in the 
temperature-dependent gelation and contraction of 
extracts of Acanthamoeba. J. Cell Biol. 68:579- 
601. 

24. POLLARD, T. D., and E. D. KORr~. 1973. Electron 
microscopic identification of actin associated with 
isolated amoeba plasma membrane. J. Biol. Chem. 
248:448-450. 

25. POLLARD, T. O., and R. R. WEmING. 1974. Actin 
and myosin and cell movement. CRC Crit. Rev. 
Biochem. 2:1-65. 

26. PUSZKIN, E., S. PUSZKIN, L. W. Lo, and S. W. 
TANENBAUM. 1973. Binding of cytochalasin D to 
platelet and muscle myosin. J. Biol. Chem. 
248:7754-7761. 

306 BRIEF NOTES 



27. REAVEN, E. P., and S. G. AXLINE. 1973. Subplas- 
malemmal microfilaments and microtubules in rest- 
ing and phagocytizing cultivated macrophages. J. 
Cell Biol. 59:12-27. 

28. SCHROEDER, T. E. 1970. The contractile ring, I. 
Fine structure of dividing mammalian (HeLa) cells 
and the effects of cytochalasin B, Z. Zellforsch. 
Mikrosk. Anat. 109:431-449. 

29. SCHROEDER, T. E. 1973. Actin in dividing cells: 
contractile ring filaments bind heavy meromyosin. 
Proc. Natl. Acad. Sci. U. S. A. 70:1688-1692. 

30, SrOONER, B. S., J. F. ASH, J. T. WRENN, R. B. 
FRATrER, and N. K. WESSELLS. 1973. Heavy mero- 
myosin binding to microfilaments involved in cell 
and morphogenetic movements. Tissue Cell. 5:37- 
46. 

31. SPOONER, B. S., and N. K. WESSELLS. 1970. Effects 
of cytochalasin B upon microfilar0ents involved in 
morphogenesis of salivary epithelium. Proc. Natl. 
Aead. Sci. U. S. A. 66:360-364. 

32. SPOONER, B. S., and N. K. WESSELLS. 1972. An 
analysis of salivary gland morphogenesis; role of 
cytoplasmic microfilaments and microtubules. Dev. 
Biol. 27:38-54. 

33. SpuDICn, J. A. 1973. Effects of cytochalasin B on 
actin filaments. Cold Spring Harbor. Syrup. Quant. 
Biol. 37:585-593. 

3 4 .  SPUDICH, J. A. and S. LIN. 1972. Cytochalasin B, 
its interaction with actin and actomyosin from mus- 
cle. Proc. Natl. Acad. Sci. U. S. A. 69:442-446. 

35, STOSSEL, T. P., and J. H. HARTVCl(3. 1976. Interac- 
tions of actin, myosin, and a new actin-binding pro- 
tein of rabbit pulmonary macrophages. II. Role in 
cytoplasmic movement and phagocytosis. J. Cell 
Biol. 68:602-619. 

36. WA6NER, R., M. ROSENSERG, and R. ESTENSEN. 
1971. Endocytosis in Chang liver cells. Quantitation 
by sucrose-H a uptake and inhibition by cytochalasin 
B.J.  Cell Biol. 50:804-817. 

37. WEIHING, R. R. 1976. Membrane association and 
polymerization of actin. Cold Spring Harbor Conf. 
Cell Proliferation. 3:in press. 

38. WEISSEN~LS, N. 1972. Strukturelle Voraussetzun- 
gen fiir die Reaktionen yon Zellausl~iufern. Cyto- 
biologie. 5:397-411. 

39, WREr~N, J, T., and N. K. WESSELLS. 1970. Cyto- 
chalasin B: effects upon microfilaments involved in 
morphogenesis of estrogen induced glands of ovi- 
duct. Proc. Natl. Acad. Sci. U. S. A. 06:904-908. 

40. YAMADA, K. M., B. S. SPOONER, and N. K. WES- 
SELLS. 1970. Axon growth: roles of microfilaments 
and microtubules. Proc. Natl. Acad. Sci. U. S. A. 
66:1206-1212. 

THE JOURNAL OF CELL BIOLOGY �9 VOLUME 71, 1976 �9 pages 307-313 307 


