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Macropinocytosis plays an important role in the internalization of antigens by dendritic cells and
is the route of entry for many bacterial pathogens; however, little is known about the molecular
mechanisms that regulate the formation or maturation of macropinosomes. Like dendritic cells,
Dictyostelium amoebae are active in macropinocytosis, and various proteins have been identified
that contribute to this process. As described here, microscopic analysis of null mutants have
revealed that the class I phosphoinositide 3-kinases, PIK1 and PIK2, and the downstream effector
protein kinase B (PKB/Akt) are important in regulating completion of macropinocytosis. Al-
though actin-rich membrane protrusions form in these cell lines, they recede without forming
macropinosomes. Imaging of cells expressing green fluorescent protein (GFP) fused to the pleck-
strin homology domain (PH) of PKB (GFP-PHPKB) indicates that D3 phosphoinositides are
enriched in the forming macropinocytic cup and remain associated with newly formed macropi-
nosomes for �1 minute. A fusion protein, consisting of GFP fused to an F-actin binding domain,
overlaps with GFP-PHPKB in the timing of association with forming macropinosomes. Although
macropinocytosis is reduced in cells expressing dominant negative Rab7, microscopic imaging
studies reveal that GFP-Rab7 associates only with formed macropinosomes at approximately the
time that F-actin and D3 phosphoinositide levels decrease. These results support a model in which
F-actin modulating proteins and vesicle trafficking proteins coordinately regulate the formation
and maturation of macropinosomes.

INTRODUCTION

Macropinocytosis results in the formation of large endocytic
vacuoles containing internalized fluid and was the first pi-
nocytotic process described (Lewis, 1931), but the mecha-
nisms regulating this process remain poorly described. Mac-
ropinocytosis is thought to result from the closure and
engulfment of fluid in regions of the plasma membrane that
have formed ruffles. In contrast to the macropinocytic pro-
cess, micropinocytic internalization of receptors and fluid,
which is the primary pathway for internalization of recep-
tors and extracellular medium in many cells, has been stud-
ied extensively and involves the complex interaction of var-
ious proteins, including clathrin (Marsh and McMahon,
1999). Recently, on the basis of a number of observations,
there has been a renewed interest in understanding the
mechanisms regulating macropinocytosis. First, in contrast
to micropinocytosis, macropinocytosis relies critically on the

spatial and temporal regulation of plasma membrane–actin
cytoskeleton interactions and membrane trafficking. Compa-
rable interactions may account for directed cell movement
(Bretscher and Aguado-Velasco, 1998), and therefore a better
understanding of macropinocytosis may aid in the definition
of the molecular players regulating chemotaxis. Second,
macropinocytosis probably accounts for a significant
amount of internalization of extracellular antigens by pro-
fessional antigen-presenting cells like dendritic cells (Sal-
lusto et al., 1995); the internalized antigen can then be pre-
sented by both class I and class II major histocompatibility
complex proteins (Norbury et al., 1995). Understanding the
mechanisms regulating macropinocytosis in dendritic cells
will be important, because these cells play a critically im-
portant role in the immune response, and a foundation of
knowledge concerning internalization of antigens will aid
clinical trials that are underway to determine whether den-
dritic cells will be useful in immunological approaches in the
treatment of malignant cancers. Finally, certain medically
important intracellular pathogens, such as Salmonella, Shi-§ Corresponding author. E-mail address: jcarde@lsuhsc.edu.
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gella, Neisseria, Hemophilus, and perhaps Chlamydia, use or
actually stimulate the macropinocytic pathway for entry into
cells (Francis et al., 1993; Alpuche-Aranda et al., 1994; Ojcius
et al., 1998; Zenni et al., 2000).

Although macropinocytosis seems to be a constitutive
process in dendritic cells and Dictyostelium (see below) and
Ras and Src transformed cells (Bar-Sagi and Feramisco, 1986;
Veithen et al., 1996), in most other cells it is a transient
response to growth factors or phorbol esters (Swanson, 1989;
Racoosin and Swanson, 1992). For both conditions, only a
few proteins, including Pak1, Rac1, and Cdc42, have been
identified that seem to play an important role in this process
(Garrett et al., 2000; West et al., 2000), and it is not yet clear
whether the mechanisms regulating constitutive and regu-
lated macropinocytosis are identical. One of the proteins
that seems to be important in regulating macropinocytosis in
transformed cells and macrophages is the enzyme phospho-
inositide (PI) 3-kinase belonging to the class IA group (Araki
et al., 1996). This enzyme consists of a catalytic subunit, the
P110 protein, and a regulatory subunit, the P85 protein, that
are recruited to the cytoplasmic tails of growth factor recep-
tors, after the binding of the appropriate ligand (Vanhaese-
broeck and Waterfield, 1999). Although it seems that PI
3-kinase is not important in receptor-mediated internaliza-
tion, this protein does seem to regulate a late step in the
macropinocytic process, namely the closure of ruffles to
form macropinosomes (Araki et al., 1996). Cells treated with
inhibitors of PI 3-kinases continued to form ruffles at the cell
surface, but these lamellipodia usually were reabsorbed
back into the cell without forming a macropinosome. Recent
studies have implicated Rho family proteins, including Rac1
and Cdc42, in the regulation of macropinocytosis (Garrett et
al., 2000; West et al., 2000). A role for Rho family proteins in
the regulation of macropinocytosis is not unexpected be-
cause these proteins play an important role in the regulation
of F-actin polymerization, a process critically important in
macropinocytosis. Finally, it has been proposed that the
ruffles that form to generate macropinosomes occur as a
result of recruitment of membrane from internal sources
(Bretscher and Aguado-Velasco, 1998). This hypothesis has
been substantiated for the process of phagocytosis from
studies demonstrating a role for Rab11 (Cox et al., 2000) and
a SNARE protein (Hackam et al., 1998), both important in
membrane trafficking, in the engulfment of particles.

Newly formed macropinosomes undergo a cell-type–de-
pendent maturation and fission/fusion process. For in-
stance, in macrophages, large macropinosomes shrink by
water loss and sequentially merge with different endoso-
mal/lysosomal compartments (Swanson and Watts, 1995);
macropinosomes receive transferrin, rab7, and then Igp-A
during the maturation process, eventually merging with
lysosomes. In contrast, in nonmacrophage cell lines mac-
ropinosomes do not fuse with endo-lysosomes (Hewlett et
al., 1994).

In spite of the renewed interest in understanding the
mechanisms regulating macropinocytosis and macropinoso-
mal maturation, a great deal remains to be learned. We have
chosen the genetically tractable organism Dictyostelium dis-
coideum to explore the molecular mechanisms regulating
macropinocytosis (reviewed in Cardelli, 2001; Maniak,
2001). This free-living amoeba shares many properties with
professional phagocytes, including robust rates of macropi-

nocytosis and phagocytosis, rapid delivery of endo-lysoso-
mal proteins, and chemotactic motility (reviewed in Maniak,
2001). Furthermore, it is probable that macropinocytosis ac-
counts for the majority of fluid internalized into these cells
(Hacker et al., 1997). Also, macropinocytosis seems to be an
inducible process, because cells capable of growth under
axenic conditions acquire the ability to macropinocytosis
4–6 h after removal of the alternative bacterial food source
(A. Rupper and J. Cardelli, unpublished results). Genetic
and biochemical studies have identified a number of pro-
teins that seem to play an important role in regulating
macropinocytosis. Included in this group of proteins are
actin (Hacker et al., 1997), the ATPase proton pump (Temes-
vari et al., 1996), RasS (Chubb et al., 2000), myosin I (Jung et
al., 1996; Titus, 2000), Daip1 (Konzok et al., 1999), coronin
(Hacker et al., 1997), profilin (Temesvari et al., 2000), LmpA
(a lysosome associated protein) (Temesvari et al., 2000), and
Scar (a protein belonging to the WASp family of proteins)
(Seastone et al. 2001).

A large number of important questions remain to be an-
swered regarding the process of macropinocytosis. Some of
these questions include the following: 1) in what order do
proteins involved in macropinocytosis interact to generate
the ruffle and form the cup necessary for macropinocytosis,
and 2) how are these proteins recruited to the plasma mem-
brane? One likely candidate for recruitment of proteins to
the forming macropinocytic cup are the phosphoinositides,
which have been demonstrated to regulate changes in the
actin cytoskeleton and to regulate membrane trafficking in
various cells (Corvera et al., 1999). The Dictyostelium PI 3-ki-
nases, PIK1 and PIK2, are necessary for efficient pinocytosis
of fluid, regulation of the actin cytoskeleton, and movement
of internalized fluid and membrane along the endosomal
pathway (Buczynski et al., 1997b; Zhou et al., 1998). Al-
though not tested directly, the conclusion was reached that
PI 3-kinases regulated macropinocytosis, accounting for the
reduction in pinocytosis rates. A number of questions re-
main to be answered regarding the role of PI 3-kinases
including the following: 1) does PI 3-kinase regulate mac-
ropinocytosis and does it produce 3�-phosphoinositides in
the forming macropinocytic cup; 2) is PI 3-kinase activity
important in the initial recruitment or formation of F-actin
around a forming cup; 3) are known downstream effectors of
PI 3-kinase such as PKB/Akt recruited to the cup to play a
role in regulating macropinocytosis, and 4) do regulators of
membrane traffic responsive to PI 3-kinase activity, such as
Rab GTPases (Barbieri et al., 1998), play a role in the regu-
lation of macropinocytosis in Dictyostelium? The experi-
ments discussed in this paper are directed toward answer-
ing these questions.

MATERIALS AND METHODS

Cells and Culture Conditions
D. discoideum, strain Ax4, was grown axenically at 18°C in HL5
growth medium (1% oxoid proteose peptone, 1% glucose, 0.5%
yeast extract, 2.4 mM Na2HPO4, and 8.8 mM KH2PO4, pH 6.5) either
in shaking suspension or in tissue culture flasks. Construction of the
mutant strain �pik1/pik2 was described by Zhou et al. (1995). Con-
struction of the mutant cell line pkbA null was described by Meili et
al. (1999). Construction of the GFP-actin-binding domain (ABD)–
expressing cell line was described in Pang et al. (1998). Construction
of the Ax4 strain overexpressing dominant negative (DN) Rab7 was
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described in a previous publication (Buczynski et al., 1997a). In brief,
site-directed mutagenesis was performed to generate a Thr 22 to
Asn mutation in the Rab7 cDNA. The resulting cDNA was cloned
into the pDA80-HA vector behind and in-frame with the flu hem-
agglutinin epitope, transformed into Dictyostelium, and G418-resis-
tant colonies were selected and screened for overexpression by
Western blot analysis. A cell line expressing green fluorescent pro-
tein (GFP) fused in frame to the N-terminus of Rab7 was generated
as follows. A cDNA encoding GFP with the after mutations, F64L
and S65T, was cloned into the KpnI site of pVEII�ATG (Rebstein et
al., 1993). The full-length cDNA encoding wild-type Rab7 was
cloned into the SacI site of the resulting plasmid. The resulting
plasmid was purified with the use of Qiafilter Maxi Prep columns
(Qiagen Inc., Valencia, CA) and was transformed into D. discoideum,
Ax3 strain, by the calcium phosphate precipitation method (Sadeghi
et al., 1988). Geneticin (Sigma, St. Louis, MO)-resistant colonies were
screened for expression of GFP fluorescence by observation with a
fluorescent microscope.

Pinocytosis and Macropinocytosis Assays
Fluid-phase pinocytosis assays were performed as described (Aubry
et al., 1993). Macropinocytosis was assayed as follows: 1 � 106

control or mutant cells were allowed to attach to glass coverslips for
10 min (drug-treated cells were preincubated with drug for 15 min
after attachment), and then the cell medium was replaced with HL5
containing 2 mg/ml rhodamine isothiocyanate (Mr 70 kDa; RITC-
dextran; Sigma). The cells were incubated for 5 min and then fixed
with 1% formaldehyde in HL5. In some experiments, cells were
incubated with the PI 3-kinase inhibitors wortmannin (200 nM final
concentration; Calbiochem, La Jolla, CA) or LY294002 (20 �M final
concentration; Calbiochem) for 15 min before the assay was per-
formed. These fixation conditions did not result in leakage of the
fluorescent dye from intracellular vacuoles. Coverslips were
mounted to slides, and photographs were taken with an Olympus
BX50 fluorescence microscope with the use of Kodak T-MAX 400
speed film (Kodak, Rochester, NY) for black and white prints.

Confocal Microscopy
To visualize macropinocytosis in various cell lines expressing GFP
fusion proteins, 1 � 106 of the cells of interest were allowed to attach
to glass coverslips and mounted in a stainless steel chamber with
fresh HL5. In the cases in which Texas Red dextran (TR-dextran)
(70,000 Mr; Molecular Probes, Eugene, OR) was used as a fluores-
cent fluid-phase marker, HL5 with 2 mg/ml Texas Red dextran was
pipetted into the chamber. In the case of drug treatment, cells were
pretreated with drug for 15 min before the beginning of the exper-
iment. A cell or a field of cells was brought into focus, and images
were captured immediately with a Bio-Rad MRC-1000 confocal
microscope (Bio-Rad, Richmond, CA) with the use of a 60� oil
objective. Laser lines of 488 and 568 nm of the krypton/argon laser
were used at 3% laser power to simultaneously excite FITC and
Texas Red, respectively. FITC fluorescence was imaged after pass-
ing through a 522 � 35 nm filter, and Texas Red fluorescence was
imaged after passing through a 605 � 32 nm filter.

RESULTS

The PI 3-Kinases, PIK1 and PIK2, and PKB/Akt
Regulate Macropinocytosis
�pik1/pik2 cells or cells treated with the PI 3-kinase inhibitors
LY294002 and wortmannin accumulate fluid at 35% the rate
observed for control cells, suggesting that the PI 3-kinases
PIK1 and PIK2 play a role in regulating the rate of endocy-
tosis (Buczynski et al., 1997b). Most of the internalization of
fluid in Dictyostelium is thought to occur by macropinocyto-

sis (Hacker et al., 1997), although micropinocytosis also plays
a lesser role (Ruscetti et al., 1994). To determine whether PI
3-kinases also played a major role in regulating macropino-
cytosis, control cells, �pik1/pik2 cells, and control cells
treated with the PI 3-kinase inhibitor LY294002 were al-
lowed to attach to coverslips for 10 min followed by the
addition of growth medium containing RITC-dextran. After
a 5-min exposure, cells were washed quickly with growth
medium, fixed in 1% formaldehyde in growth medium, and
examined with the use of a fluorescence microscope. Control
cells contained on average one to three large fluorescent
macropinosomes at least 1 �m in diameter (Figure 1, A and
B), whereas in contrast, after the pulse period mutant cells
(Figure 1, C and D) and drug-treated cells (Figure 1, E and F)
contained essentially no large vacuoles. Instead the fluores-
cence appeared in much smaller and more diffuse vesicles
and was greatly attenuated as compared with control cells.

Figure 1. PI 3-kinases regulate macropinocytosis. Wild-type cells
(A and B), �pik1/pik2 mutants (C and D), and cells treated with 20
�M LY294002 for 20 min (E and F) were bathed in growth medium
containing RITC-dextran (2 mg/ml) for 5 min. A, C, and E are phase
contrast, whereas B, D, and F are fluorescence images. The cover-
slips with the attached cells were washed and quickly fixed in 1%
formaldehyde. Cells were viewed with the use of a fluorescence
microscope, and images were captured with the use of T-MAX black
and white 400 speed film. Exposure times were identical for all cells.
Arrows in A and B denote cells with macropinosomes. Arrowheads
in C–F denote cells without macropinosomes. Bar, 5 �m.
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We conclude that the PI 3-kinases PIK1 and PIK2 play an
important role in the process of macropinocytosis.

PKB/Akt has been demonstrated to act as a downstream
effector for PI 3-kinases in mammalian cells (Coffer et al., 1998)
and for PIK1 and PIK2 in Dictyostelium (Meili et al., 1999).
PKB/Akt has been demonstrated to regulate a plethora of
protein targets that are involved in regulating apoptosis, pro-

tein synthesis, vesicle trafficking, and chemotaxis. To deter-
mine whether PKB also played a role in regulating fluid-phase
internalization, control and �pkb cells were incubated with
FITC-dextran in growth medium. At the times indicated in
Figure 2, cells were harvested by centrifugation, washed in
growth medium, and lysed in detergent. Control cells internal-
ized FITC-dextran, measured with the use of a spectrofluorim-
eter, at a linear rate for �60 min, whereas �pkb cells also
internalized fluid for 60 min at a linear rate, but at �35–40%
the rate of control cells (Figure 2). This value is similar to the
published decrease in rate of internalization of fluid observed
for �pik1/pik2 cells and is consistent with PKB acting down-
stream of PI 3-kinases to regulate endocytosis.

To determine whether macropinocytosis was defective in
cells lacking PKB, cells attached to coverslips were bathed
for 5 min with RITC-dextran in HL5, washed, fixed in form-
aldehyde, and viewed with the use of a fluorescence micro-
scope. As observed for cells with reductions in PI 3-kinase
levels, the �pkb mutant cells (Figure 3) were almost devoid
of newly formed large fluorescent macropinosomes, after a
pulse, as compared with control cells. We conclude that PKB
along with the PI 3-kinases PIK1 and PIK2 play an essential
role in the process of macropinocytosis.

D3-Modified Phosphoinositides Accumulate on
Newly Forming Macropinosomes
PI 3-kinase could act directly to regulate macropinocytosis by
acting on the forming macropinosomal cup region to produce
D3 phosphoinositides. These phosphoinositides, which include
PI (3,4,5)P3 and PI (3,4)P2, could then act locally to recruit
effector proteins to the cytoplasmic side of the plasma mem-
brane that would induce changes in the actin cytoskeleton and
in membrane trafficking to facilitate formation and completion
of the macropinosome. To test this hypothesis, laser scanning
confocal microscopy was used to examine cells undergoing

Figure 2. PKB regulates internalization of fluid. Cells in growth
medium were incubated with 2 mg/ml FITC-dextran and at the
indicated times samples were removed, washed, and resuspended
in buffered detergent. FITC-dextran internalization was measured
with the use of a spectrofluorimeter, and the values were converted
into microliters internalized per micrograms of protein to correct for
differences in the size of cells. Closed circles represent control data
points; closed squares represent data points from pkb null cells. Data
points are mean � SEM; n � 3.

Figure 3. PKB regulates macropino-
cytosis. Wild-type cells (A and B) and
pkb null cells (C and D) were processed
as described in the legend to Figure 1.
A and C are fluorescence images; B
and D are phase-contrast images of the
same cells. Cells were viewed with the
use of a fluorescence microscope, and
images were captured as described in
the legend to Figure 1. Arrows in A
and B denote cells with macropino-
somes, and arrowheads in C and D
denote cells without macropinosomes.
Exposure times for all images were
identical. Bar, 10 �m.
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macropinocytosis that were expressing the green fluorescent pro-
tein (GFP) fused to the pleckstin homology (PH) domain of PKB
(GFP-PHPKB). The cells were bathed in HL5 growth medium,
containing TR-dextran as a fluid-phase marker. The PKB-PH do-
main has been demonstrated to bind specifically to PI (3,4)P2 and
PI (3,4,5)P3, (Tanaka et al., 1999), and to translocate to the cell
surface in response to chemoattractants (Parent et al., 1998; Meili et
al., 1999); therefore this chimeric protein represents an appropriate
marker to visualize dynamic changes in the intracellular location
of D3 phosphoinositides. Images were electronically captured ev-
ery 5 s after a cell expressing GFP-PHPKB was identified, and
Figure 4 represents a montage of images captured �80 s for a
typical cell undergoing the process of macropinocytosis. In the
first panel (0 s), it is apparent that GFP-PHPKB is recruited to the
entire region of a newly formed pseudopod that is extending
membrane into the medium. By 10 s, the macropinosomal cup is
fully formed, and by 30 s, the extended membrane has apparently
fused to form a macropinosome that contains TR-dextran. GFP-
PHPKB remains associated with the forming macropinosome
(0–30 s) and the newly formed macropinosome for an additional
40 s (until the image marked 70 s). GFP-PHPKB was also found to
transiently associate with pseudopods that extended into the me-
dium but did not result in the formation of macropinosomes.

Pretreatment of cells with LY94002 (final concentration 20
�m) significantly reduced macropinocytosis (Figures 1 and
5) and the presence of GFP-PHPKB in the cell cortex (Figure
5), suggesting that the D3-modified phosphoinositides gen-
erated by PIK1 and PIK2 are responsible for recruiting PKB
to forming macropinosomes and membrane protrusions.

F-Actin Is Recruited to Forming Macropinosomal
Cups and Transiently Associates with Fully Formed
Macropinosomes
Phosphoinositides, including PI (3,4,5)P3 and PI (4,5)P2,
have been demonstrated to affect changes in the actin cy-
toskeleton (see INTRODUCTION), and these changes could
contribute to regulating macropinocytosis. For instance, ac-
tin polymerization is required for macropinocytosis, and
F-actin–associated proteins are recruited to forming mac-
ropinosomal cups and removed from completed macropi-
nosomes with kinetics similar to those observed for PIP3
formation. To examine the kinetics of F-actin association
with macropinosomes in axenic wild-type cells, cells ex-
pressing GFP-ABD were examined with the use of confocal
laser scanning microscopy. GFP-ABD is a fusion between
GFP and the F-actin binding domain (ABD) from the actin-
associated protein ABP-120. This ABD when fused to GFP
has been demonstrated to bind specifically to F-actin and has
been used to visualize dynamic changes in the levels and
location of F-actin (Pang and Knecht, 1998). Figure 6 repre-
sents a montage of images that were captured electronically
every 5 s. GFP-ABD is recruited to the forming macropino-
somal cup (panels 1 and 2), its rings fully formed macropi-
nosomes at T � 45 s (panel 3), and is below the level of
detection at T � 60 s, although the macropinosome remains
intact (compare the fluorescent image with the phase con-
trast image of panel 4). This result suggests that F-actin is
actively produced around the complete bottom of the mac-
ropinosomal cup and transiently associates with fully

Figure 4. GFP-PHPKB is recruited to forming mac-
ropinosomal cups and is transiently associated with
completed macropinosomes. Cells expressing GFP-
PHPKB were allowed to attach to coverslips and
then bathed in HL5 containing 2 mg/ml Texas Red
dextran. Images were captured of a single cell every
5 s by confocal microscopy as described in MATE-
RIALS AND METHODS. Selected images are
shown. Bar, 5 �m.
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formed macropinosomes with kinetics very similar to those
observed for the association of GFP-PHPKB.

Inhibition of PI 3-Kinase Activity Prevents
Formation of Macropinosomes but Not the Initial
Formation of F-Actin in Membrane Ruffling Regions
It has been reported that PI 3-kinase is not required for the
initial formation of circular ruffles that may precede mac-
ropinocytosis in mammalian cells but is required for con-
tinued growth of the macropinosomal membrane cup nec-

essary to complete the process. To determine whether PI
3-kinases were required for the initial recruitment of F-
actin to these active membrane regions, cells expressing
GFP-ABD were treated with concentrations of the PI 3-ki-
nase inhibitor LY294002 known to completely inhibit mac-
ropinocytosis, and examined by fluorescence microscopy.
Figure 7 represents a montage of images captured every
5 s and reveals that drug-treated cells continue to form
what seems to be F-actin–rich cup-like regions, which
apparently recede into the cytoplasm without forming
large macropinosomes. As an example, the arrowhead in
panel 6 highlights an actin-rich cup-like structure that
began to form 25 s earlier (panel 1) and appeared to
recede 20 s later (panel 10). The arrow in panel 9 shows a
second cup-like structure that forms and dissociates with
roughly comparable kinetics and also does not result in
the formation of an actin-ringed macropinosome.

Rab7 Plays a Role in the Regulation of
Macropinocytosis and Associates with Newly
Formed Macropinosomes
Expression of Rab7T22N, a DN form of this GTPase, re-
sults in various membrane trafficking defects in Dictyoste-
lium, including significant reductions in the rate of phago-
cytosis and fluid-phase endocytosis (macropinocytosis
and micropinocytosis combined) (Buczynski et al., 1997a).
To determine whether cells expressing DN Rab7 were
defective in macropinocytosis, the microscopic ap-
proaches described above were used. Figure 8 indicates
that expression of DN Rab7 results in the almost complete
abrogation of macropinocytosis, suggesting that the de-
crease in the rate of internalization of fluid in DN Rab7
expressing cells is primarily the result of a block in mac-
ropinocytosis.

It has been reported recently that growth of the phago-
cytic and macropinocytic cups depends on recruitment of
intracellular membranes, probably derived from endoso-
mal/lysosomal compartments, in a process that depends
on Rab GTPases and SNARE proteins (Bajno et al., 2000;
Cox et al., 2000). Immunofluorescence microscopy and
subcellular fractionation data revealed that Rab7 associ-
ated with lysosomes and postlysosomes (a terminal endo-
somal compartment in Dictyostelium) (Buczynski et al.,
1997a). On the basis of the intracellular localization of
Rab7 and the possible role it plays in regulating macropi-
nocytosis, we hypothesized that Rab7 may facilitate de-
livery of membranes to the forming macropinosomal
cups. To examine this possibility, a cell line was generated
that expresses Rab7 with GFP fused to the N-terminus.
Microscopic examination of these cells revealed that GFP-
Rab7 seemed to be associated with vesicles varying in
diameter from 0.2 to 2 �m (Figure 9A). To determine
whether these vesicles were endosomal in nature, cells
were incubated in growth medium containing TR-dextran
for 10 min, washed, and chased for 1 h in marker-free
medium before fixation in formaldehyde. A 1-h chase
with a fluorescent fluid-phase marker is sufficient to load
lysosomes and postlysosomes, and the fixation condition
does not rupture endosomal/lysosomal membranes or
quench the GFP-Rab7 signal. As indicated in Figure 9,

Figure 5. GFP-PHPKB is not recruited to the plasma membrane in
cells treated with PI 3-kinase inhibitors. Cells expressing GFP-
PHPKB (A) were allowed to attach to coverslips, and drug-treated
cells (B) were incubated with 20 �M LY294002 for 15 min. The cells
were then incubated in the presence of HL5 containing 2 mg/ml
Texas Red dextran, and images were captured by confocal micros-
copy as described in MATERIALS AND METHODS. A representa-
tional field is shown. Bar, 10 �m.
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after the pulse period, cells were filled with fluorescent
vesicles (Figure 9B) many of which were ringed with
GFP-Rab7 (Figure 9C). The arrow identifies a vesicle in
the size range of a lysosome, whereas the arrowhead
identifies a larger vesicle that is the size of a postlyso-
some. This result confirms the earlier report describing
immunofluorescence microscopic approaches to localize
Rab7 and suggests that we could use GFP-Rab7 as a
marker for endosomal/lysosomal membrane trafficking to
macropinosomes.

To determine whether Rab7 associates with newly
formed macropinosomes, cells expressing GFP-Rab7 were

incubated with TR-dextran for 5 min, washed, and gently
fixed with formaldehyde. Figure 9 reveals that after a
5-min pulse the cell visualized in E contains multiple
macropinosomes that seem to be ringed with GFP-Rab7,
a result consistent with Rab7 delivering endosomal/
lysosomal membranes to forming macropinosomes. Un-
fortunately, visualization of forming macropinosomal
cups is difficult with the use of the fixation approach just
described. Instead, we used the approach described
above to visualize GFP-PHPKB and GFP-ABD, namely
laser scanning confocal microscopy of cells bathed in
TR-dextran.

Figure 6. GFP-ABD is recruited
to macropinosomal cups. Cells
expressing GFP-ABD and at-
tached to coverslip images were
captured by confocal microscopy
as described in MATERIALS
AND METHODS. Digital phase-
contrast and fluorescence images
were collected every 5 s. The
montage shown in the figure rep-
resents images collected at 15 s
(panel 1), 30 s (panel 2), 45 s (pan-
el 3), and 60 s (panel 4). The arrow
points to a forming and eventu-
ally complete macropinosome.
Bar, 15 �m.

Figure 7. GFP-ABD is still recruited to the plasma membrane independent of PI 3-kinase activity. Wild-type cells expressing GFP-ABD were
incubated in HL-5 medium containing LY294002 at a final concentration of 15 �M. Images were collected by confocal microscopy 10 min after
the addition of the drug and represent 10-s intervals. The arrows point to invaginations that began, but the two ends did not fuse to give rise
to a macropinosome. Bar, 10 �m.
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GFP-Rab7 Is Not Recruited to the Forming Cup but
Rapidly Associates with Newly Formed
Macropinosomes
Images of cells expressing GFP-Rab7 were collected every
2.5 s after the addition of TR-dextran to growth medium,
and Figure 10 represents a montage of images of a cell
undergoing macropinocytosis. In the second panel (7.5 s) a
cell is beginning to send membrane in the form of pseudop-
odia into the medium. This results in the formation of a
macropinosomal cup first (0, 7.5, and 15 s), followed by a
complete macropinosome containing TR-dextran (22.5 s). In
contrast to what was observed for GFP-PHPKB and GFP-
ABD proteins, GFP-Rab7 was apparently not recruited to the
extending pseudopodia (0, 7.5, and 15 s). By 45 s, it seems
that GFP-Rab7 rings a completely formed macropinosome
that remains intact to at least the 67.5 s image. Interestingly,
GFP-Rab7 seems to associate with macropinosomes at the
time when GFP-PHPKB and GFP-ABD seem to dissociate.

DISCUSSION

Macropinocytosis is gaining increasing recognition as an
important cellular process involved in various biological
phenomena, including antigen presentation by dendritic
cells and internalization of intracellular pathogens. The ex-
periments summarized in this paper add to this growing
body of knowledge and support the following conclusions:
1) PI 3-kinases and PKB play an important role in regulating
formation of macropinosomes; 2) D3-containing phosphoi-
nositides accumulate along the entire extent of the forming
macropinosome, and these PI 3-kinase products remain
transiently associated with completed macropinosomes; 3)
PI 3-kinase activity is not required for the initial accumula-
tion of F-actin and pseudopod extension; 4) F-actin accumu-
lates on membranes of forming and completed macropino-
somes with the same kinetics as D3 phosphoinositides; and

5) Rab7 regulates macropinocytosis and associates with
newly formed macropinosomes at approximately the time
that levels of F-actin and D3 phosphoinositides are declin-
ing. Together with results described in previous studies, this
report, with the use of GFP-tagged proteins and different
null mutants, reveals the tentative order of action of sequen-
tially interacting proteins involved in macropinocytosis reg-
ulation.

Previous studies with the use of pharmacological ap-
proaches indicated an important role for mammalian PI
3-kinases in regulating macropinocytosis (Araki et al., 1996),
a conclusion also supported by experiments described in
this paper. This paper further supports this hypothesis by
demonstrating that a double null mutant for the enzymes
PIK1 and PIK2, both class I PI 3-kinases, was reduced in
macropinocytosis to the same extent as control cells treated
with two different inhibitors of PI 3-kinases. Both of these
kinases have been demonstrated to regulate levels of PIP3
(Zhou et al., 1998), so we conclude that formation of D3-
containing phosphoinositides is important in the regulation
of macropinocytosis. Previous studies have indicated that
inhibition of these kinases does not influence the level of PI
(3)P, so the role this phosphoinositide plays in macropino-
cytosis remains to be determined (Buczynski et al., 1997b).

The requirement for PI 3-kinases in regulating macropi-
nocytosis suggests that the product of PI 3-kinase activity, PI
(3,4,5)P3, might accumulate in the forming macropinocytic
cup to signal to downstream effectors like PKB. In fact, a
hybrid protein consisting of GFP fused to the PH domain of
PKB did localize to the entire lateral crowns that progressed
into macropinosomes. This PH domain has been demon-
strated to bind specifically to D3 phosphoinositides such as
PI (3,4,5)P3 and PI (3,4)P2 (Tanaka et al., 1999). Our imaging
approach suggested that equivalent levels of D3-modified
phosphoinositides (based on binding of GFP-PHPKB) accu-
mulated along the entire length of the forming macropino-

Figure 8. Cells expressing DN Rab7 are de-
fective in macropinocytosis. Macropinocyto-
sis was microscopically analyzed, as de-
scribed in the legend to Figure 1, for wild-
type cells (A and B) and cells overexpressing
DN Rab7 (C and D). A and C are fluorescence
images; B and D are phase-contrast images of
the same cells. Arrows in A and B denote
macropinosomes, whereas arrowheads in C
and D denote large vacuoles, which are not
macropinosomes. Exposure times were the
same for all fields analyzed. Bar, 10 �m.
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somal cup as opposed to only accumulating at the tips of the
extending plasma membrane. This result is consistent with a
model that proposes that the products of PI 3-kinases need
to accumulate in the forming cup to recruit additional effec-
tors like PKB to continue membrane protrusion leading to
macropinosome formation.

Our study is not the first to identify phosphoinositides
accumulating on forming macropinosomes. It was reported
in an earlier publication (Parent et al., 1998) that cystolic
regulator of adenyl cyclase-GFP, a PH containing protein,
associated with crown-like structures thought to represent
forming macropinosomes. It is reasonable to propose that
the PH domain of cystolic regulator of adenyl cyclase, like
the PH domain of PKB, binds to PI (3,4,5)P3 or PI (3,4)P2.

The enzyme PKB/Akt has been demonstrated in a num-
ber of systems, including Dictyostelium, to be a downstream
effector of PI 3-kinases (Oishi et al., 2000). We observed that
pkb null mutants were significantly defective in the rate of
fluid-phase internalization and the formation of macropino-
somes, and that a PH domain from PKB accumulated in
macropinosomal membranes (see below), a phenotype con-
sistent with the hypothesis that PKB is a downstream effec-
tor of PI 3-kinases. Binding of GFP-PHPKB to forming mac-
ropinosomal cups suggests that PKB acts in a spatially direct
manner to regulate macropinocytosis, perhaps by interact-

ing with and phosphorylating additional downstream effec-
tors. In fact, a number of protein substrates for PKB have
been identified, but their relevance to macropinocytosis has
not been tested.

It remains to be determined how the activity of PI 3-kinase
regulates macropinocytosis. In theory, PI 3-kinase activity
could be required to initiate the formation of actin-rich
crowns, or alternatively these kinases may only be required
to complete the formation of macropinosomes. A previous
publication indicated that in mammalian cells PI 3-kinases
seemed to be necessary for the completion of macropino-
somes but did not play a role in the protrusion of plasma
membrane (Araki et al., 1996). Our results support this study
and demonstrate further that PIK1 and PIK2 did not seem to
play a role in initiation of the formation of actin-rich crowns,
but the lack of enzyme activity resulted in the nonproduc-
tive collapse of the extending plasma membrane. In drug-
treated cells and �pik1/pik2 mutants, the levels of PIP3 are
reduced by �80% (Zhou et al., 1998), and we have found
recently that PIK1 and PIK2 are major targets for LY294002
and wortmannin (Rupper et al., 2001). Conceivably the re-
sidual PIP3 levels are maintained by another PI 3-kinase
such as PIK3; therefore, we can only conclude that F-actin
can accumulate at the cortex in membrane protrusions in the
absence of PIK1 and PIK2, but polymerization may still be

Figure 9. GFP-Rab7 localizes to macropinosomes, lysosomes, and postlysosomes. Cells expressing GFP-Rab7 were allowed to attach to
coverslips and were pulsed with Texas Red dextran for 10 min followed by a 60 min chase in marker-free medium to load lysosomes and
postlysosomes (A, GFP; B, Texas Red; C, merge), or cells were pulsed for 5 min with Texas Red dextran to load macropinosomes (D, GFP;
E, Texas Red; F, merge). Cells were then fixed with 1% formaldehyde in HL5, and images were captured with the use of a fluorescence
microscope equipped with a charge-coupled device camera. Arrows in A, B, and C denote a postlysosome and a lysosome from left to right,
and arrows in D, E, and F denote a macropinosome. Bar, 10 �m.
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triggered or regulated by PIP3. Alternatively, the F-actin–
generated protrusions of the plasma membrane may depend
on phosphoinositides like PI (4,5)P2 that could facilitate the
initial polymerization of F-actin by binding F-actin–capping
proteins. Levels of these phosphoinositides could be higher
in cells lacking PIK1 and PIK2.

How might PI 3-kinases and PKB contribute to the com-
pletion of macropinocytosis? In addition to altering the dy-
namics of the actin cytoskeleton, PI 3-kinases and PKB have
been implicated in the regulation of membrane trafficking.
Stahl and colleagues (Li et al., 1995; Barbieri et al., 1998) have
found that PI 3-kinase and PKB activate Rab5, which in turn
regulates endocytosis and fusion of early endosomes. Fur-
thermore, membrane exocytosis has been demonstrated to
play an important role in forming the phagocytic cup. Ex-
pression of dominant negative Rab11 reduces the internal-
ization of bacteria (Cox et al., 2000) and the exocytosis of
membrane, possibly from the recycling endosomal compart-
ment. Inactivation of SNARE proteins can also reduce inter-
nalization of particles (Hackam et al., 1998). Expression of
dominant negative Rab7 reduces phagocytosis and macropi-
nocytosis in Dictyostelium, and we have proposed that Rab7
plays an important role in recycling membrane from late
compartments of the endosomal pathway to earlier com-
partments (Buczynski et al., 1997a). Conceivably Rab7 could
play a role in the directed exocytosis of endosomal/lysoso-
mal membranes to the forming macropinosomal cups. Con-
sistent with this model, we observed that GFP-Rab7 accu-
mulated on newly formed macropinosomes; however, video
microscopy did not detect GFP-Rab7 on the forming mac-
ropinosomal cups. This suggests that Rab7 may regulate
macropinocytosis formation more indirectly, perhaps by
preventing progression of maturation of newly formed mac-
ropinosomes, an event that may be necessary for internal-
ization of new macropinosomes.

Video microscopy revealed that Rab7 seems to associate
with macropinosomes at about the time that F-actin, coro-
nin, and PKB (based on GFP-PHPKB binding) disassociate.
In addition, immunofluorescence microscopy indicated that
the ATPase proton pump colocalized with LmpA in mac-
ropinosomes that were newly formed (our unpublished
data); both of these proteins have been implicated in the
regulation of macropinocytosis (Temesvari et al., 1996, 2000)
and may play a more indirect role as envisioned for Rab7.
Current experiments are being directed at testing the hy-
pothesis that Rab7 regulates the delivery of the proton pump
and LmpA to newly formed macropinosomes. What also
remains to be determined is the biochemical nature of the
trigger that apparently couples the disassociation of one
group of proteins with the association of a second group of
proteins. It is interesting to note that LmpA binds to PIP2
(Karakesisoglou et al., 1999), and this phosphoinositide may
accumulate at the time that PIP3 levels are declining.

The model displayed in Figure 11 summarizes our current
state of knowledge concerning the regulation of macropino-
cytosis. This paper has begun to address the key roles of PI
3-kinase, PKB/Akt, and Rab7 in macropinosome formation
and maturation. Future studies are being directed at defin-
ing the molecular interactions that ensure the internalization
and maturation of newly formed macropinosomes, and
these studies will shed light on mechanisms that regulate
macropinocytosis in other professional phagocytes such as
macrophages and dendritic cells.
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Figure 10. GFP-Rab7 does not localize to forming macropinosomal cups. Cells expressing GFP-Rab7 were allowed to attach to coverslips
and bathed in HL5 containing Texas Red dextran. Images were captured of a single cell undergoing macropinocytosis at 2.5-s intervals by
confocal microscopy as described in MATERIALS AND METHODS. Arrows denote a large forming macropinosome that becomes ringed
with GFP-Rab7. Bar, 5 �m.
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