




We also observed a small but significant decrease in the rate 
of uptake of the fluid phase marker FITC-dextran, although the 
formation of macropinosomes was almost completely blocked. 
We therefore suggest that Scar might be equally important in 
the regulation of phagocytosis and macropinocytosis, and a 
Scar-independent non-macropinocytic endocytic process might 
partially compensate for the decrease in macropinocytosis. 
There is precedent for this in animal cells (Damke et al., 
1995) and both clathrin-dependent and clathrin-independent 
processes appear to operate in Dictyostelium (Ruscetti et aI., 
1994; Hacker et aI., 1997). 

The absence of Scar in Dictyostelium results in a roughly 
50% reduction in the levels of F-actin (Bear et aI., 1998), 
suggesting that Scar plays a positive role in actin 
polymerization and that F-actin dynamics are critical in 
regulating macropinocytosis and phagocytosis. In support 
of this, several studies have demonstrated that F-actin 
binding proteins and F-actin accumulate around the forming 
phagocytic and macropinocytic cups (Maniak et aI., 1995; 
Hacker et aI., 1997; Rupper et aI., 2001). Furthermore, the 
addition to cultures of cytochalasin A (an agent that prevents 
F-actin polymerization from barbed ends of growing filaments) 
inhibited both phagocytosis and fluid phase endocytosis 
(Maniak et aI., 1995; Hacker et al., 1997). Together with 
previous published studies (Machesky et aI., 1999), these data 
are consistent with the proposed role for Scar as an inducer of 
actin polymerization and that it is in this role that Scar affects 
phagocytosis, macropinocytosis and cell motility (C.L.S., 
unpublished). 

We also observed severe defects in the endocytic trafficking 
pathways of scar cells: control cells released internalized fluid 
phase markers and lysosomal enzymes at a significantly faster 
rate than scar cells. These data were not unexpected, given 
that Scar has been proposed to regulate F-actin polymerization, 
and that we (this study) and others (Rauchenberger et aI., 1997) 
have shown that actin polymerization might be important for a 
late stage of endo-Iysosomal trafficking. We propose that actin 
polymerization regulates a late step in endosomal trafficking 
step that might involve fusion of lysosomes. Consistent with 
this latter observation, we observed a greater accumulation of 
small acidic vesicles in scar- cells than in control cells. The 
accumulation of acidic lysosomes and a decrease in the number 
of post-lysosomes has been observed previously in cell lines 
that were null for DdPIKI and DdPIK2, two of the three known 
phosphatidylinositol (PtdIns) 3-kinase genes in Dictyostelium 
(Buczynski et aI., 1997), and in cell lines overexpressing the 
Rho-like GTPase RacC (Seastone et aI., 1998). Both of these 
classes of proteins were also demonstrated in these reports to 
regulate the dynamics of F-actin and there appears to be a 
functional interaction between Scar and RacC (DJ.S. et aI., 
unpublished). Maniak and co-workers have demonstrated that 
F-actin-binding proteins ring macropinosomes and post
lysosomes but not acidic lysosomes (Hacker et aI., 1997; 
Rauchenberger et aI., 1997), a result that we have confirmed 
here by examining F-actin directly. Together, these results 
strongly suggest that F-actin polymerization might directly 
regulate the fusion of lysosomes to form post-Iysosomes, a 
process that is dependent on Scar. 

One possible way that F-actin polymerization could regulate 
the fusion of lysosomes would be to facilitate the interaction 
between these acidic vesicles. Taunton and co-workers 
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(Taunton et aI., 2000) have recently found that N-WASp is 
recruited to acidic vesicles (most likely endosomes and 
lysosomes), and this facilitated the assembly of actin to form 
actin comet tails that propel these vesicles. Scar might play a 
comparable role in Dictyostelium and the motile lysosomes 
might collide more frequently to trigger fusion. Consistent with 
this hypothesis, Scar null cells were devoid of vesicles that 
were ringed with F-actin, whereas control cells contained 
endo-Iysosomes the size of post-lysosomes that were ringed 
with F-actin. Unfortunately, using three different methods, we 
were not able to detect an association between Scar and endo
lysosomes. This might mean that Scar never associates with 
endo-lysosomes, a conclusion we do not favor based on the 
studies alluded to above. Instead, we favor the idea that the 
association of Scar with vesicles might be transient and not 
stable, and the approaches we used to detect association might 
thus not have been optimal. 

Disruption of the two Dictyostelium profilin-encoding genes 
resulted in a twofold increase in F-actin (Haugwitz et aI., 1994) 
and a decrease in macropinocytosis and fluid phase efflux (this 
report and Temesvari et aI., 2000). Deletion of the scar gene 
in the profilin null background resulted in a further decrease in 
endocytosis and fluid phase release. We have proposed that 
macropinocytosis requires, in addition to Scar (this report), 
profilin (Temesvari et al., 2000) and the PtdIns 3-kinases, 
DdPIKI and DdPIK2 (Rupper et aI., 2001). Although the exact 
role of profilin has not been defined, we propose that this 
protein binds PtdIns(4,5)P2 and perhaps recruits DdPIKI and 
DdPIK2 to generate PtdIns(3,4,5)P3, and this product 
stimulates the process of macropinocytosis (Rupper et al., 
2001). Scar might bind to the plasma membrane and recruit 
profilin and PtdIns 3-kinases to stimulate F-actin 
polymerization to drive the formation of the macropinosome, 
and the combined absence of both types of proteins would have 
a profound negative affect on fluid phase internalization. 
Alternatively, profilin might interact with nascent 
macropinosomal cups and recruit Scar, which could aid in actin 
polymerization. 

Both profilin and Scar are required for efficient efflux of 
internalized fluid phase. Not surprisingly, the combined 
absence of Scar and profilin resulted in greater defects in fluid 
phase exocytosis. This further supports the argument that F
actin dynamics play a critical role in a late step in the 
endosomal pathway leading to release of internalized fluid, and 
that profilin and Scar both play a role in this process. Our 
hypothesis is that profilin and Scar interact functionally, and 
the absence of both proteins predictably has a more drastic 
affect on efflux than the absence of either protein alone. 
However, our results do not preclude the possibility that both 
proteins act in parallel to regulate endocytic processes. 

In summary, we have provided evidence that Scar plays an 
important role in the regulation of multiple steps in the 
endocytic membrane trafficking, including phagocytosis, fluid 
phase endocytosis (particularly macropinocytosis) and a late 
step in the endosomal pathway in D. discoideum. Scar most 
probably has its effects through its ability to regulate F-actin 
polymerization. We also found that the actin-monomer
sequestering protein profilin played an important role in these 
endo-lysosomal processes, and our evidence suggests that 
profilin and Scar both functionally contribute to regulate fluid 
phase endocytosis and endosomal membrane trafficking. 
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Future studies will be directed at identifying additional effector 
proteins and defining the biochemical mechanisms that 
regulate these membrane trafficking events. 

The work presented here was supported by a grant to JC from the 
NIH (DK39232) and a grant to KS from the NIH (GM45705). 

REFERENCES 

Anton, I. M., Lu, W., Mayer, B. J., Ramesh, N. and Geha, R. S. (1998). 
The Wiskott-Aldrich syndrome protein-interacting protein (WIP) binds to 
the adaptor protein Nck. 1. Bioi Chern. 273, 20992-20995. 

Aspenstrom, P., Lindberg, U. and Hall, A. (1996). Two GTPases. Cdc42 and 
Rac, bind directly to a protein implicated in the immunodeficiency disorder 
Wiskott-Aldrich syndrome. Curr. BioI. 6,70-75. 

Aubry, L., Klein, G. and Satre, M. (1993). Endo-Iysosomal acidification in 
Dictyostelium discoideum amoebae. Effects of two endocytosis inhibitors: 
caffeine and cycloheximide. Eur. 1. Cell BioI. 61, 225-228. 

Bear, J. E., Rawls, J. F. and Saxe, C. L. (1998). SCAR, a WASP-related 
protein, isolated as a suppressor of receptor defects in late Dictyostelium 
development. 1. Cell BioI. 142, 1325-1335. 

Buczynski, G., Grove, B., Nomura, A., Kleve, M., Bush, J., Firtel, R. A. 
and Cardelli, J. (1997). Inactivation of two Dictyostelium discoideum 
genes, DdPIKl and DdPIK2, encoding proteins related to mammalian 
phosphatidylinositide 3-kinases, results in defects in endocytosis, lysosome 
to postlysosome transport and actin cytoskeleton organization. 1. Cell BioI. 
136, 1271-1286. 

Carlsson, L., Nystrom, L. E., Sundkvist, I., Markey, F. and Lindberg, U. 
(1977). Actin polymerizability is influenced by profilin, a low molecular 
weight protein in non-muscle cells. 1. Mol. BioI. 115, 465-483. 

Damke, H., Baba, T., van der Bliek, A. M. and Schmid, S. L. (1995). 
Clathrin-independent pinocytosis is induced in cells overexpressing a 
temperature-sensitive mutant of dynamin. 1. Cell. BioI. 131, 69-80 

Derry, J. M., Ochs, H. D. and Francke, U. (1994). Isolation of a novel gene 
mutated in Wiskott-Aldrich syndrome. Cell 78, 635-644; [erratum Cell 79, 
922] 

Hacker, U., Albrecht, R. and Maniak, M. (1997). Fluid-phase uptake by 
macropinocytosis in Dictyostelium. 1. Cell Sci. 110, 105-112. 

Haugwitz, M., Noegel, A. A., Karakesisoglou, J. and Schleicher, M. (1994). 
Dictyostelium amoebae that lack G-actin-sequestering profilins show defects 
in F-actin content, cytokinesis and development. Cell 79, 303-314 

Himes, R. H., Kersey, R. N., Ruscha, M. and Houston, L. L. (1976). 
Cytochalasin A inhibits the in vitro polymerization of brain tubulin and 
muscle actin. Biochem. Biophys. Res. Commun. 68, 1362-1370. 

Jenne, N., Rauchenberger, R., Hacker, u., Kast, T. and Maniak, M. (1998). 
Targeted gene disruption reveals a role for vacuolin B in the late endocytic 
pathway and exocytosis. 1. Cell Sci. 111,61-70. 

Kirchhausen, T. and Rosen, F. S. (1996). Disease mechanism: unravelling 
Wiskott-Aldrich syndrome. Curr. Bioi. 6, 676-678. 

Kolluri, R., Tolias, K. F., Carpenter, C. L., Rosen, F. S. and Kirchhausen, 
T. (1996). Direct interaction of the Wiskott-Aldrich syndrome protein with 
the GTPase Cdc42. Proc. Natl. Acad. Sci. USA 93, 5615-5618. 

Kubler, E. and Riezman, H. (1993). Actin and fimbrin are required for the 
internalization step of endocytosis in yeast. EMBO 1. 12, 2855-2862. 

Lamaze, C., Fujimoto, L. M., Yin, H. L. and Schmid, S. L. (1997). The 
actin cytoskeleton is required for receptor-mediated endocytosis in 
mammalian cells. 1. BioI. Chern. 272, 20332-20335. 

Lorenzi, R., Brickell, P. M., Katz, D. R., Kinnon, C. and Thrasher, A. J. 
(2000). Wiskott-Aldrich syndrome protein is necessary for efficient IgG
mediated phagocytosis. Blood 95, 2943-2946. 

Machesky, L. M., Atkinson, S. J., Ampe, C., Vandekerckhove, J. and 
Pollard, T. D. (1994). Purification of a cortical complex containing two 
unconventional actins from Acanthamoeba by aftinity chromatography on 
profilin-agarose. 1. Cell Bioi. 127, 107-115. 

Machesky, L. M., Mullins, R. D., Higgs, H. N., Kaiser, D. A., Blanchoin, 
L., May, R. C., Hall, M. E. and Pollard, T. D. (1999). Scar, a WASp
related protein, activates nucleation of actin filaments by the Arp2/3 
complex. Proc. Natl. Acad. Sci. USA 96, 3739-3744. 

Maniak, M., Rauchenberger, R., Albrecht, R., Murphy, J. and Gerisch, G. 
(1995). Coronin involved in phagocytosis: dynamics of particle-induced 
relocalization visualized by a green fluorescent protein Tag. Cell 83, 915-
924. 

May, R. C., Caron, E., Hall, A. and Machesky, L. M. (2000). Involvement 
of the Arp2/3 complex in phagocytosis mediated by FcgammaR or CR3. 
Nat. Cell BioI. 2, 246-248. 

Miki, H., Miura, K. and Takenawa, T. (1996). N-WASP, a novel actin
depolymerizing protein, regulates the cortical cytoskeletal rearrangement in 
a PtdIns(4,5)P2-dependent manner downstream of tyrosine kinases. EMBO 
1. 15, 5326-5335. 

Miki, H., Sasaki, T., Takai, Y. and Takenawa, T. (1998). Induction of 
filopodium formation by a WASP-related actin-depolymerizing protein N
WASP. Nature 391, 93-96. 

Moreau, V., Galan, J. M., Devilliers, G., Haguenauer-Tsapis, R. and 
Winsor, B. (1997). The yeast actin-related protein Arp2p is required for the 
internalization step of endocytosis. Mol. BioI. Cell 8, 1361-1375. 

Mullins, R. D. (2000). How WASP-family proteins and the arp2/3 complex 
convert intracellular signals into cytoskeletal structures. Curr. Opin. Cell 
Bioi. 12, 91-96. 

Mullins, R. D., Stafford, W. F. and Pollard, T. D. (1997). Structure, subunit 
topology and actin-binding activity of the Arp2/3 complex from 
Acanthamoeba.l. Cell Bioi. 136, 331-343. 

Mullins, R. D., Heuser, J. A. and Pollard, T. D. (1998). The interaction of 
Arp2/3 complex with actin: nucleation, high affinity pointed end capping 
and formation of branching networks of filaments. Proc. Natl. Acad. Sci. 
USA 95, 6181-6186. 

Ochs, H. D., Slichter, S. J., Harker, L. A., Von Behrens, W. E., Clark, R. 
A. and Wedgwood, R. J. (1980). The Wiskott-Aldrich syndrome: studies 
of lymphocytes, granulocytes and platelets. Blood 55, 243-252. 

Padh, H., Ha, J., Lavasa, M. and Steck, T. L. (1993). A post-lysosomal 
compartment in Dictyostelium discoideum. 1. BioI. Chern. 268, 6742-6747. 

Pang, K., Lee, E. and Knecht, D. (1998). Use of a fusion protein between 
GFP and an actin-binding domain to visualize transient filamentous-actin 
structures. Curr. BioI. 8, 405-408 

Ramesh, N., Anton, I. M., Hartwig, J. H. and Geha, R. S. (1997). WIP, a 
protein associated with Wiskott-Aldrich syndrome protein, induces actin 
polymerization and redistribution in lymphoid cells. Proc. Natl. Acad. Sci. 
USA 94, 14671-14676. 

Rauchenberger, R., Hacker, u., Murphy, J., Niewohner, J. and Maniak, 
M. (1997) Coronin and vacuolin identify consecutive stages of a late, actin
coate endocytic compartment in Dictyostelium. Curr. Bioi. 7, 215-218 

Rivero-Lezcano, O. M., Marcilla, A., Sameshima, J. H. and Robbins, K. 
C. (1995). Wiskott-Aldrich syndrome protein physically associates with 
Nck through Src homology 3 domains. Mol. Cell BioI. 15,5725-5731. 

Rohatgi, R., Ma, L., Miki, H., Lopez, M., Kirchhausen, T., Takenawa, T. 
and Kirschner, M. W. (1999). The interaction between N-WASP and the 
Arp2/3 complex links Cdc42-dependent signals to actin assembly. Cell. 97, 
221-231. 

Rupper, A., Lee, K., Knecht, D. and Cardelli, J. (2001). Sequential activities 
of PI 3-kinase, PKB/Akt and Rab7 during macropinosome formation in 
Dictyostelium. Mol. Bioi. Cell (in press). 

Ruscetti, T., Cardelli, J. A., Niswonger, M. L. and O'Halloran, T. J. (1994). 
Clathrin heavy chain functions in sorting and secretion of lysosomal 
enzymes in Dictyostelium discoideum. 1. Cell BioI. 126, 343-352. 

Saxe, C. L., Ginsburg, G. T., Louis, J. M., Johnson, R., Devreotes, P. N. 
and Kimmel, A. R. (1993) CAR2, a prestalk cAMP receptor required for 
normal tip formation and late development of Dictyostelium discoideum. 
Genes Dev. 7, 262-272. 

Seastone, D. J., Lee, E., Bush, J., Knecht, D. and Cardelli, J. (1998). 
Overexpression of a novel Rho family GTPase, RacC, induces unusual actin
based structures and positively affects phagocytosis in Dictyostelium 
discoideum. Mol. BioI. Cell 9, 2891-2904. 

Seastone, D. J., Zhang, L., Buczynski, G., Rebstein, P., Weeks, G., 
Spiegelman, G. and Cardelli, J. (1999). The small Mr Ras-like GTPase 
Rap I and the phospholipase C pathway act to regulate phagocytosis in 
Dictyostelium discoideum. Mol. BioI. Cell 10, 393-406. 

She, H. Y., Rockow, S., Tang, J., Nishimura, R., Skolnik, E. Y., Chen, M., 
Margolis, B. and Li, W. (1997). Wiskott-Aldrich syndrome protein is 
associated with the adapter protein Grb2 and the epidermal growth factor 
receptor in living cells. Mol. BioI. Cell 8, 1709-1721. 

Stewart, D. M., Tian, L. and Nelson, D. L. (1999). Mutations that cause the 
Wiskott-Aldrich syndrome impair the interaction of Wiskott-Aldrich 
syndrome protein (WASP) with WASP interacting protein. 1. Immunol. 162, 
5019-5024. 

Suetsugu, S., Miki, H. and Takenawa, T. (1998). The essential role of profilin 
in the assembly of actin for microspike formation. EMBO 1.17,6516-6526. 

Sun, T. J., Van Haastert, P. J. and Devreotes, P. N. (1990). Surface cAMP 



receptors mediate multiple responses during development in Dictyostelium: 
evidenced by antisense mutagenesis. 1. Cell BioI. 110, 1549-1554. 

Svitkina, T, M, and, Borisy, G, G, (1999). Arp2/3 complex and actin 
depolymerizing factor/cofilin in dendritic organization and treadmilling of 
actin filament array in lamellipodia. 1. Cell Bioi. 145, 1009-1026. 

Symons, M., Derry, J. M., Karlak, B., Jiang, S., Lemahieu, V., McCormick, 
F., Francke, U. and Abo, A. (1996). Wiskott-Aldrich syndrome protein, a 
novel effector for the GTPase CDC42Hs, is implicated in actin 
polymerization. Cell 84, 723-734. 

Taunton, J., Rowning, B. A., Coughlin, M. L., Wu, M., Moon, R. T., 
Mitchison, T. J. and Larabell, C. A. (2000). Actin-dependent propulsion 
of endosomes and Iysosomes by recruitment of N-WASP. 1. Cell Bioi. 
148:519-30. 

Temesvari, L., Rodriguez-Paris, J., Bush, J., Steck, T. and Cardelli, J. 
(1994). Characterization of lysosomal membrane proteins of Dictyostelium 
discoideum. A complex population of acidic integral membrane 
glycoproteins, Rab GTP-binding proteins and vacuolar ATPase subunits. 1. 
BioI. Chem. 269, 25719-25727. 

scar cells display endocytic defects 2683 

Temesvari, L., Zhang, L., Fodera, B., Klaus-Peter, J., Schleicher, M. 
and Cardelli, J. (2000). Inactivation of lmpA, encoding a LIMPII
related endosomal protein, suppresses the internalization and endosomal 
trafficking defects in profilin-null mutants. Mol. BioI. Cell 11, 2019-
2031. 

Vaduva, G., Martinez-Quiles, N., Anton, I. M., Martin, N. C., Geha, R. S., 
Hopper, A. K. and Ramesh, N. (1999). The human WASP-interacting 
protein, WIP, activates the cell polarity pathway in yeast. 1. BioI. Chem. 274, 
17103-17108. 

Vinson, V. K., De La Cruz, E. M., Higgs, H. N. and Pollard, T. D. (1998). 
Interactions of Acanthamoeha profilin with actin and nucleotides bound to 
actin. Biochemistry 37, 10871-10880. 

Weiner, O. D., Servant, G., Welch, M. D., Mitchison, T. J., Sedat, J. W. 
and Bourne, H. R. (1999). Spatial control of actin polymerization during 
neutrophil chemotaxis. Nat. Cell Bioi. 1,75-81. 

Welch, M. D., Iwamatsu, A. and Mitchison, T. J. (1997). Actin 
polymerization is induced by Arp2/3 protein complex at the surface of 
Listeria monocytogenes. Nature 385, 265-269. 


