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We have identified two LIM domain proteins, LimF and

ChLim, from Dictyostelium that interact with each other

and with the small, Rab5-related, Rab21 GTPase to collec-

tively regulate phagocytosis. To investigate in vivo func-

tions, we generated cell lines that lack or overexpress

LimF and ChLim and strains that express activating or

inhibiting variants of Rab21. Overexpression of LimF, loss

of ChLim, or expression of constitutively active Rab21

increases the rate of phagocytosis above that of wild

type. Conversely, loss of LimF, overexpression of ChLim,

or expression of a dominant-negative Rab21 inhibits

phagocytosis. Our studies using cells carrying multiple

mutations in these genes further indicate that ChLim

antagonizes the activating function of Rab21-GTP during

phagocytosis; in turn, LimF is required for Rab21-GTP

function. Finally, we demonstrate that ChLim and LimF

localize to the phagocytic cup and phago-lysosomal

vesicles. We suggest that LimF, ChLim, and activated

Rab21-GTP participate as a novel signaling complex that

regulates phagocytic activity.
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Introduction

‘Professional’ phagocytes (Rabinovitch, 1995), including

macrophages and Dictyostelium, a free-living, soil amoebae,

have an ability to rapidly and efficiently internalize a variety

of organisms or particles, a function that is vital for host

defenses toward foreign invasion, tissue remodeling, and

nutrient uptake. Macrophages, myeloid dendritic cells, and

neutrophils can phagocytose microbial pathogens, which

potentiates innate and adaptive immunity. The elimination

of apoptotic cells by phagocytes is also essential to control

immune and inflammatory response, as well as to regulate

tissue homeostasis during development and to prevent

necrosis. In Dictyostelium, phagocytosis of bacteria and

fungi is essential for nutrient capture in the wild.

The phagocytic process begins with particle recognition

and cell surface binding (Rabinovitch, 1995; Duhon and

Cardelli, 2002; Vieira et al, 2002; Henry et al, 2004). As the

plasma membrane and cortical cytoskeleton become reorga-

nized, a phagocytic cup is formed. The particle is then

engulfed and internalized, forming the early phagosome,

a unique organelle that is trafficked through a series of

early and late endocytic membrane compartments that define

the phago-lysosomal pathway. Ultimately, an ingested mi-

crobe is destroyed.

Phagosome biogenesis has recently been subject to superb

proteomic approaches (Garin et al, 2001; Gotthardt et al,

2002). While, many new and unexpected components have

been described that provide unique perspective, mechanistic

linkages remain to be fully explored. Furthermore, although

protection from microbial invasion is a primary immunity

response, little is known about recognition specificity or the

molecular mechanisms that regulate phagocytic uptake and

phagosome trafficking (Vieira et al, 2002). In addition, the

infectious nature of Mycobacterium, Salmonella, Legionella,

and other pathogenic parasites, which are readily susceptible

to cellular uptake but are able to subvert intracellular destruc-

tion and to propagate productively within phagocytes, is only

partially understood at the host level.

The professional phagocyte Dictyostelium is a genetically

and biochemically tractable organism (see Kreppel et al,

2004) for defining molecular mechanisms that regulate pha-

gocytosis. Biochemical and genetic analyses indicate that

Dictyostelium and mammalian macrophages/neutrophils

have strong similarities in endocytosis (Duhon and Cardelli,

2002; Vieira et al, 2002), despite their separation by more

than 500 000 000 years. The shared role of Rac1 during the

phagocytosis of yeast in Dictyostelium (Faix, 2002) and of

apoptotic cells in Caenorhabditis elegans and mammalian

systems (Grimsley et al, 2004) underscores this relationship.

In addition, Dictyostelium exhibit phagocytic rates that are

several-fold in excess of those in macrophages and neutro-

phils and, like macrophages, Dictyostelium cells are subject

to pathogenic infection by Mycobacterium and Legionella

(Skriwan et al, 2002).

We have identified two novel LIM domain proteins, LimF

and ChLim, from Dictyostelium that are binding partners and

that coordinate with activated, GTP-bound Rab21 to regulate

phagocytosis. The in vivo functions of LimF, ChLim, and

Rab21 in Dictyostelium were studied in cell lines that carry

specific gene deficiencies or that overexpress certain protein

variants. Cells that lack ChLim, overexpress LimF, or express

a constitutively active form of Rab21 exhibit significantly
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increased rates of phagocytosis as compared with wild type.

To establish genetic and biochemical hierarchies in the

pathway, we examined cells carrying mutations in multiple

genes. We conclude that activated Rab21-GTP is required to

promote high rates of phagocytosis, but that ChLim inhibits

the function of Rab21-GTP. Furthermore, LimF is required for

the activating function of Rab21-GTP during phagocytosis.

Finally, we have confirmed a physical relationship during

phagocytosis: GFP-ChLim and YFP-LimF are enriched at

the phagocytic cup and associated with intracellular phago-

lysosomal vesicles. We suggest that LimF, ChLim, and

Rab21-GTP participate in a unique signaling complex that

regulates phagocytic activity and discuss potentially related

paths in other systems.

Results

A novel LIM domain protein and interacting partners

of Dictyostelium

Recent observations have suggested that LIM domain-con-

taining proteins can regulate cellular response through the

reorganization of actin filaments at the cell cortex (Prassler

et al, 1998; Chien et al, 2000; Khurana et al, 2002a, b;

Schneider et al, 2003). LIM domains are unique motifs

comprised of two conserved, zinc-finger-like modules:

CX2CX16–23HX2CX2CX2CX16–21CX2C. Structural stability of

LIM domains depends on the coordinated tetrahedral binding

of two zinc-atoms via cysteine and histidine residues. LIM

domains act as adapters that mediate protein–protein inter-

actions for a variety of cellular and developmental activities

and LIM-regulated cytoskeletal reorganizations are required

for cell motility, cell–cell interaction, cell–substratum attach-

ment, and other dynamic processes (Khurana et al, 2002b).

In an effort to identify novel regulators of cytoskeletal

function in Dictyostelium, we focused on a new LIM

domain protein, LimF, identified in a bioinformatics domain

search. PCR amplifications were used to generate full-length

genomic and cDNA sequences of LimF. LimF has 197 amino-

acid residues organized into three perfect LIM domain

(CX2CX16–23HX2CX2CX2CX16–21CX2C) repeats, at residues 9–61,

79–136, and 143–196 (see Figure 1A and Supplementary

Figures 1A and 2); no additional motifs are present, thus

defining LimF as a LIM-only protein. LimF has B50% amino-

acid identity within the LIM and spacer regions of the

LIM-containing carboxyl-terminus of LimA of Dictyostelium

(Supplementary Figure 1B), but we did not detect strong

sequence similarity (at oe�15) to any other protein.

To determine the biochemical function of LimF, we

searched for interacting partners in a yeast two-hybrid screen.

Eight putative LimF-interacting partners were identified in an

initial screen. Of these, two were identified multiple times

in several screens and continued to display high selectivity

as assayed both by growth dependency and intensity of

b-galactosidase expression during all subsequent rounds of

analyses (see Figure 1B); both of these proteins were selected

for additional study. Although neither cDNA fusion was full

length, sequence analyses predicted that one of the proteins,

designated ChLim, is novel with both calponin homology

(CH) and LIM domains (Figure 1A and Supplementary

Figures 2–4). The other LimF-interacting protein is the

small GTPase Rab21, which had been previously named

RabB (Bush et al, 1993; see below). The mRNAs for LimF,

ChLim, and Rab21 are expressed during growth and through-

out all developmental stages examined (Bush et al, 1993;

Van Driessche et al, 2002; http://dictybase.org/db/cgi-bin//

gene_page.pl?gene_name¼ jc2v2_0_02067; data not shown),

consistent with potential interactions in vivo.

Full-length genomic DNA and cDNAs for both ChLim and

Rab21 were amplified using information derived from the

completed genomic sequence of Dictyostelium (see Kreppel

et al, 2004). ChLim encodes a protein of 686 amino-acid

residues and contains a single 126 nt intron. Residues 17–116

form the CH domain with 440% identity (460% similarity)

to CH domains of calponin-like proteins of other species (see

Figure 1A and Supplementary Figures 3 and 4). The remain-

der of the protein is comprised of three bona fide LIM

domains and four elements that we have termed LIM-related

domains (LRDs) (see Figure 1A and Supplementary Figures 2

and 3). Residues 141–193, 375–428, and 439–488 have con-

sensus LIM domain sequences. Four LRDs are apparent at

residues 221–272, 274–347, 521–572, and 585–651. Although

each LRD diverges sufficiently from the classic LIM sequence

within the central HX2CX2CX2C element to exclude their

classification as true LIM domains (see Supplementary

Figures 2 and 3), the differences only alter the spacing

between conserved cysteine/histidine residues. Each LRD

is, thus, still likely to coordinate the tetrahedral binding of

two zinc atoms and to exhibit a three-dimensional structure

that is similar to the true LIM domains. In addition, the four

predicted LRD sequences also align a precisely positioned

tyrosine that is often conserved among LIM domain family

members (see Supplementary Figures 1 and 3).
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Figure 1 The interacting partners LimF, ChLim, and Rab21. (A)
LimF has three LIM domains. ChLim has an N-terminal CH domain,
three LIM domains, and four LRDs. Rab21 is a small GTPase; the
dominant-negative (T21N) and constitutively activated (Q66L)
mutations are indicated. (B) Interactions of LimF with ChLim and
Rab21 were studied in a yeast two-hybrid system. All cells were able
to grow in the absence of histidine (H), uracil (U), and tryptophan
(W). Positive interaction (þ ) is indicated by growth in the absence
of leucine (L) and by enhanced b-galactosidase activity using X-gal
as substrate. ChLim is full-length ChLim, CHChLim is the CH domain
of ChLim, and LIMChLim is the Lim domain of ChLim. Images of
yeast are representative data for full-length ChLim.
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Rab proteins form a subgroup of the Ras superfamily

of small G proteins that individually appear to regulate the

trafficking of specific membrane compartments (Pereira-Leal

and Seabra, 2001; Segev, 2001; Colicelli, 2004). Dictyostelium

Rab21 was originally named RabB (Bush et al, 1993), but has

been reclassified as a Rab21 ortholog since it is 72% identical

(85% similar) to the B200 amino acids that define the Rab

domain of human Rab21, and is 460% identical in overall

sequence (see Bush et al, 1993). Little is known of Rab21

function in any system (Pereira-Leal and Seabra, 2001;

Colicelli, 2004). There are no known overt orthologs of

ChLim or LimF. We have not identified a protein in any

other system that has CH and LIM features organized exactly

as ChLim, although several mammalian proteins that interact

with Rab or the actin machinery possess CH and LIM

domains. No LIM-only proteins have been found with the

precise organization of LimF.

Functional interactions among LimF, ChLim, and Rab21

To map the interactions among LimF, ChLim, and Rab21, we

generated a series of truncated fusion proteins for analyses

in the yeast two-hybrid system (Figure 1B). The three LIM

domains of LimF were tested individually against full-length

Rab21, full-length ChLim, the CH domain (CHChLim; residues

1–116) of ChLim, and the entire LIM region (LIMChLim;

residues 138–686) of ChLim (see Figure 1A). Fusion protein

expressions were confirmed by Western blot assay. Strong

interactions of LIM domains 1 and 2 of LimF were seen with

all the Rab21 and ChLim constructs (Figure 1B). In contrast,

LIM domain 3 of LimF did not interact with either ChLim or

Rab21. This C-terminal LIM domain does not seem to func-

tion as a negative regulator for interaction since constructs

with LIM domains 2þ 3 show identical strength of interaction

with Rab21 and ChLim as do constructs with LIM domains

1þ 2 (Figure 1B). Finally, we have shown that residues

413–686 of ChLim (see Figure 1A), which encompass the

carboxyl-terminal half of the LIMChLim region, are sufficient

for strong interaction with full-length LimF (data not shown).

We did not detect LimF–LimF homologous interactions in

either a direct two-hybrid assay or a far Western blot overlay

(data not shown), under conditions where LimF and ChLim

do interact (data not shown).

We also examined the ability of LimF to interact with

ChLim and Rab21 proteins using extracts from Dictyostelium.

Glutathione S-transferase (GST) and GST-LimF proteins were

expressed in Escherichia coli, purified, absorbed to glu-

tathione-coated beads, and used for in vitro pull-down as-

says. Lysates were prepared from growing Dictyostelium that

were engineered to express GFP-ChLim and incubated with

the GST or GST-LimF beads. Immunoblot analyses using

a-GFP antibody confirmed the specific interaction of GFP-

ChLim with GST-LimF, whereas no GFP-ChLim binding was

observed with GST control beads (Figure 2A). LimF was also

able to interact specifically with endogenous Rab21 in lysates

of the GFP-ChLim-expressing cells (Figure 2A).

Using lysates from cells expressing HA-Rab21 and glu-

tathione-coated beads in complex with GST-ChLim, we de-

monstrated that Rab21 is capable of interacting with ChLim,

as well as with LimF (Figure 2B). These data further sub-

stantiate a functional relationship among the LimF, ChLim,

and Rab21 proteins.

Rab proteins cycle between activated, GTP-bound and

inactive, GDP-bound forms. Thus, it was critical to examine

if the conformational state of Rab21 altered its ability to

interact with either LimF or ChLim. In addition, we wished

to determine if these interactions required the simultaneous

presence of LimF and ChLim. First, using standard methods

for targeted mutagenesis, we constructed cell lines specifi-

cally deficient in either LimF or ChLim (see Figure 2C). HA

fusions of Rab21 were engineered to incorporate either a GTP-

locked, activating (Q66L) or inactivating (T21N) mutation

(see Figure 1A). The Rab21 fusions were expressed in wild-

type, limF-null, and chlim-null cell lines and extracts were

prepared for pull-down assays using GST, GST-LimF, and GST-

ChLim beads. All forms of the Rab21 proteins were able to

bind specifically and equivalently to GST-LimF and GST-

ChLim, regardless of the cell extract (Figure 2D). We did

not observe nonspecific interaction with GST controls (see

Figure 2B). Since the relative inputs of Rab21WT (data not

shown), Rab21Q66L, and Rab21T21N were comparable

(Figure 2D), we further conclude that the different nucleo-

tide-specific conformations of Rab21 are able to bind to LimF

and to ChLim with largely similar efficiencies. These data

suggest that neither LimF nor ChLim is an effector of

activated Rab21-GTP. Rather, we suggest that both these

proteins may regulate the ability of Rab21 to bind and activate
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Figure 2 Interactions among LimF, ChLim, and Rab21. (A) Lysates
of cells expressing GFP-ChLim were mixed with immobilized GST-
LimF and GST control beads, and bound proteins analyzed by
immunoblotting (IB) with a-GFP and a-Rab21. (B) Lysates of cells
expressing HA-Rab21 were mixed with immobilized GST-ChLim and
GST control beads, and bound proteins analyzed by immunoblot-
ting (IB) with a-HA. (C) Total RNA from growing wild-type (WT),
limF-null, and chlim-null cells was fractionated on formaldehyde–
agarose gels and probed with full-length LimF or ChLim cDNA as
indicated. (D) Lysates of limF-null and chlim-null cells expressing
HA-Rab21Q66L (CA; constitutively active) or HA-Rab21T21N (DN;
dominant-negative) were mixed with immobilized GST-LimF or
GST-ChLim, and bound proteins analyzed by immunoblotting (IB)
with a-HA. The left panel shows the relative input of equivalent
lysate proportions for the indicated cell lines. Constitutively active,
GTP-bound Rab21Q66L migrates with a slightly faster mobility than
does the dominant-negative Rab21T21N form.
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downstream components. Finally, the data from the limF-

and chlim-null studies indicate that specific interaction of

Rab21 with LimF or with ChLim does not require a higher

order complex dependent upon the presence of both LimF

and ChLim (Figure 2D).

Cortical actin organization in cells carrying mutations

in LimF, ChLim, and Rab21

LIM domain proteins in Dictyostelium have been implicated

in a variety of actin-mediated processes, including cell polar-

ization, phagocytosis, chemotaxis, and morphogenesis

(Prassler et al, 1998; Chien et al, 2000; Khurana et al,

2002a, b; Schneider et al, 2003). We, thus, examined the

cytoskeletal organization of F-actin in wild-type and mutant

cell lines, using the specific binding component rhodamine-

conjugated phalloidin. In wild-type cells, F-actin is primarily

observed as a cortical band at the cell periphery with only

diffuse cytoplasmic staining (Figure 3A). limF- and chlim-

nulls exhibited nearly indistinguishable distributions of

F-actin. However, overexpression of LimF (LimFOE) or ChLim

(ChLimOE) altered normal F-actin patterns. Both LimFOE and

ChLimOE cells show a modest but consistent increase in

F-actin-rich filopodia (Figure 3B).

Cells expressing the constitutively active Rab21Q66L showed

enhanced ruffling of the cell surface, characterized by the

prominent display of F-actin-rich blebs (Figure 3C).

Expression of the dominant-negative Rab21T21N also alters

the organization of cortical F-actin, but in a quite different

manner. Rab21T21N-expressing cells have extremely pro-

nounced actin-rich ‘microspikes’ and filopodia-like structures.

Mutation of the Rab21, LimF, or ChLim genes did not seem

to correlate with many cellular or developmental changes.

Protein overexpression or deficiency did not alter patterns

of random movement or directed motility to either folate or

cAMP or of growth in liquid, axenic media (data not shown),

although we did observe a mild cytokinesis defect for chlim-

null cells; B5% of chlim-nulls had 44 nuclei during growth

in shaking culture (data not shown). In addition, all cell lines

have substantially normal patterns of development under

submerged conditions or on solid matrices (data not

shown). Cellular adhesive properties to a plastic substrate

were similarly unchanged (Table I). On average, identical

shear forces (710%) were required to disrupt cell–substrate

interactions among the different cell lines, although the

ChLimOE cells may be slightly less adhesive. This contrasts

the major adhesion defects in cells carrying deficiencies of

other genes that regulate organization of the cell surface (see

Table I). Rab21, LimF, or ChLim also does not appear to have

a significant function for fluid-phase uptake (Figure 4). We

did, however, notice differences in the ability of the various

cell lines to utilize bacteria as a food source. In the most

striking phenotype, ChLimOE cells consistently have smaller

plaques on bacterial lawns than wild-type controls (data not

shown), a phenotype that may be associated with a reduced

ability to use bacteria as a nutrient source; reciprocally,

chlim-null cells have expanded growth zones when grown

on bacteria.

LimF, ChLim, and Rab21-GTP cooperatively regulate

phagocytosis through specific activating and inhibitory

functions

The altered growth patterns on bacterial lawns suggested an

altered ability of the various cell lines to utilize bacteria as

Figure 3 Actin organization in LimF, ChLim, and Rab21 mutant
cells. Various strains of Dictyostelium were grown in shaking
suspension, fixed with formaldehyde, stained with rhodamine-
labeled phalloidin, and analyzed by confocal microscopy. (A)
limF- and chlim-null cells display a cortical ring of F-actin similar
to wild type (WT). (B) LimFOE and ChLimOE cells show a modest
increase in F-actin-rich filopodia. (C) Cells expressing the constitu-
tively active Rab21Q66L have actin-rich, ruffles over their entire
surfaces. Cells expressing the dominant-negative Rab21T21N show
enhanced actin microspikes; the bar inset represents 10mm and is
comparable for all panels.

Table I Substrate adhesion of LimF, ChLim, and Rab21 mutant cells

Cell line % cells attached (75%) at 65 r.p.m.

WT 50
limF� 50
LimFOE 50
chlim� 55
ChLimOE 35
Rab21Q66L 45
Rab21T21N 50
sadA� o5a

phg1� o5a

phg2� o10a

myoVII� o5a

talin� o5a

Log-phase cells were plated in plastic culture dishes and shaken at
varying speeds (0–90 r.p.m.) for 60 min at room temperature.
Unattached cells were counted at each speed and normalized to
the input cell number. A total of 50% of wild-type (WT) cells
remained attached after shaking at 65 r.p.m. For the other cell lines,
numbers listed reflect the percentage of cells attached under iden-
tical (65 r.p.m.) shaking conditions.
aData for the sadA�, phg1�, phg2�, myoVII�, and talin� cell lines
are extrapolated from previously published studies (Niewohner
et al, 1997; Cornillon et al, 2000; Tuxworth et al, 2001; Fey et al,
2002; Gebbie et al, 2004) in a similar comparison with wild type.
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a nutrient source. This prompted us to investigate directly

differences in phagocytosis among these cell lines.

Phagocytosis initiates as the particle associates with the cell

surface. A phagocytic cup is formed around the particle by

membrane progression and particles are drawn into the cell

by actin-dependent contractile forces and trafficked into the

phago-lysosomal pathway.

We quantitatively measured rates of phagocytosis in the

various null and overexpressing cell lines. Equivalent num-

bers of cells of the different strains were mixed with a defined

number of tetramethyl rhodamine isothiocyanate (TRITC)-

labeled, heat-killed yeast. Samples were removed throughout

a 120–150 min period, treated with Trypan blue to quench the

fluorescence of non-internalized yeast, and phagocytosis

quantitatively determined by measuring cell-associated fluor-

escence that persists after an extensive wash treatment.

The limF- and chlim-null cells exhibited completely oppo-

site effects on phagocytosis in comparison to wild-type con-

trols (Figure 5A and Table II). In the absence of ChLim, the

rate of phagocytosis was significantly greater than that of

wild-type levels. In contrast, loss of LimF reduced overall

phagocytosis by B40%. These data are in fundamental

agreement with growth phenotypes on bacteria, where

chlim-nulls exhibit expanded growth (i.e. enhanced phago-

cytosis), while limF-nulls appear to be prematurely starved

for nutrients. The differing effects on phagocytosis were

replicated when cells overexpressing LimF (LimFOE cells) or

ChLim (ChLimOE cells) were compared. LimFOE cells were

Figure 4 Pinocytosis in LimF, ChLim, and Rab21 mutant cells. Log-
phase cells were incubated with TRITC-dextran at room tempera-
ture at 160 r.p.m. At the indicated times, samples were withdrawn,
quenched with Trypan blue, and intracellular rhodamine fluores-
cence was measured for equivalent cell numbers. Arbitrary fluor-
escence units were normalized to the maximal value obtained for
wild-type (WT) cells within the same experiment. All the experi-
ments were performed 3–4 times.

Figure 5 LimF, ChLim, and Rab21 regulation of phagocytosis. (A) Various strains of Dictyostelium were incubated with TRITC-labeled, heat-
killed yeast particles at room temperature under shaking conditions. At the indicated time points, samples were collected and processed for
fluorimetric analyses. Arbitrary fluorescence units were normalized to the maximal value obtained for wild-type (WT) cells within the same
experiment. All the experiments were performed 3–4 times (see Table II). (B) Comparative analyses of Rab21T21N function for quantitative
phagocytosis. (C) Comparative analyses of Rab21Q66L function for quantitative phagocytosis. (D) Comparative analyses for quantitative
phagocytosis in limF�/chlim� cells.
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more active for phagocytosis than wild type, whereas the

ChLimOE cells were more compromised. Thus, LimF and

ChLim function antagonistically during phagocytosis.

Strikingly, mutations of ChLim were reproducibly more

severe than those of LimF.

Since LimF and ChLim interact physically, we determined

their genetic relationship in chlim-null lines that overexpress

LimF (chlim�/LimFOE) and in limF-null lines that overexpress

ChLim (limF�/ChLimOE). The phagocytosis phenotype of

each double-mutant cell line matched exactly that of the

corresponding single ChLim mutation (Figure 5A and

Table II). chlim�/LimFOE cells were as phagocytically acti-

vated as the parental chlim-nulls, whereas the limF�/

ChLimOE cells exhibited a phenotype more similar to

ChLimOE than to that of the limF-null (Figure 5A and

Table II). These data indicate that ChLim has an inhibitory

role during phagocytosis, whereas LimF must be activa-

ting. The data may suggest that, genetically, LimF may

lie upstream of the inhibitory function of ChLim during

phagocytosis.

We next focused on the role of Rab21 as part of a potential

phagocytic regulatory complex. Expression of the dominant-

negative Rab21T21N significantly inhibited phagocytosis

compared to parental wild-type controls (Figure 5B). More

significantly, expression of Rab21T21N reduced the normally

elevated rate of phagocytosis of chlim-null cells to the low

levels characteristic of Rab21T21N-expressing cells. These data

indicate that Rab21 must lie in a path that is functionally

downstream of the inhibitory action of ChLim. The additional

loss of LimF further compromised phagocytosis. limF�/

Rab21T21N cells were phagocytically less active than are

wild-type cells expressing Rab21T21N (Figure 5B).

Consistent with Rab21 functioning to activate phagocyto-

sis, Rab21Q66L-expressing cells were hyperactive for phago-

cytosis (Figure 5C). We also monitored phagocytosis in

chlim�/Rab21Q66L and limF�/Rab21Q66L cells. Expression of

the constitutively active Rab21Q66L is unable to rescue pha-

gocytosis in cells deficient for LimF, while Rab21Q66L and

chlim�/Rab21Q66L cells show similarly elevated rates of

phagocytosis.

To examine further the inter-relationships among LimF,

ChLim, and Rab21, we analyzed phagocytosis in cells defi-

cient for both LimF and ChLim (limF�/chlim� cells) and in

limF�/chlim� cells expressing the constitutively active form

of Rab21 (limF�/chlim�/Rab21Q66L cells). If LimF functioned

simply to antagonize the inhibitory role of ChLim, limF�/

chlim� cells would be predicted to have elevated rates of

phagocytosis. This was not observed (Figure 5D); expression

of constitutively active Rab21 in limF�/chlim� cells was

unable to restore phagocytosis.

Collectively, these data indicate a functional and highly

complex interactive relationship among LimF, ChLim, and

Rab21. Activated Rab21 directs phagocytosis; in contrast,

ChLim serves to inhibit the activating function of Rab21,

whereas LimF is required for the activating function of

Rab21. The data do not predict a simple linear relationship

among the proteins, but rather suggest that LimF/ChLim/

Rab21 function as a regulatory unit to direct phagocytic

uptake (see Figure 8).

The CH domain of the ChLim inhibitor and LimF regulate

association with the phagocytic cup

To study the subcellular localizations of the Rab/LIM

phagocytic proteins in live cells, we separately expressed

GFP-ChLim, YFP-LimF, and YFP-Rab21, and examined fluor-

escence in growing cells using confocal laser scanning micro-

scopy. GFP-ChLim can be observed at the cortex of the cell, at

the periphery of some intracellular vesicles/vacuoles, and

additionally with a diffuse intracellular pattern (Figure 6A).

To examine these localizations further, we separately ex-

pressed the CH and LIM regions (see Figure 1) of ChLim as

fusions with GFP. GFP-CHChLim shows exclusive cortical

localization, whereas GFP-LIMChLim is only detected in the

cytosol. In general, GFP-LIMChLim exhibits a diffused cytosolic

distribution, but minimal association with intracellular va-

cuoles, suggesting that this latter association of full-length

ChLim may require both the CH domain and the LIM region

(Figure 6A). The YFP patterns of LimF and Rab21 exhibited

diffuse cytosolic fluorescence with enrichment around

discrete intracellular vacuoles, which is also suggestive of

association with intracellular phago-lysosomal vesicles

(Figure 6A).

The enrichment of CHChLim at the cell cortex is consistent

with an association with F-actin. Therefore, we stained cells

expressing GFP-CHChLim with rhodamine-labeled phalloidin

and simultaneously imaged the cellular localization of both

CHChLim and actin (Figure 6B). The images confirm the tight

association of CHChLim at the cell cortex. There does appear

to be some colocalization of CHChLim and actin at the intra-

cellular face of the cytoskeletal cortex, but not at the actin-

rich projections, a pattern similar to cornonin and cofilin.

The presence of ChLim near the cell surface and its

clear involvement in phagocytosis (see Figure 5) suggests

the possibility of ChLim engagement with the phagocytic cup.

Thus, we examined dynamically the subcellular localization

of GFP-ChLim in cells that were challenged with TRITC-

labeled yeast cells (Figure 7A; see Supplementary Figure 5,

video 1). GFP-ChLim rapidly accumulates at the site of

attachment of yeast and remains in association throughout

the engulfing process and as the yeast particles traffic within

the cell. As with full-length ChLim, GFP-CHChLim is recruited

rapidly to the phagocytic cup; however and in contrast with

ChLim, GFP-CHChLim fluorescence is rapidly lost from the

vesicles as the yeast-containing vesicles are fully engulfed

(Figure 7C; see Supplementary Figure 5, video 2). In many

Table II LimF, ChLim, and Rab21 regulation of phagocytosis

Cell line % relative phagocytosis

WT 10075
limF� 6677
ChLimOE 3577
limF�/ChLimOE 4077
LimFOE 165712
chlim� 230723
chlim�/LimFOE 240730
Rab21T21N 6175
Rab21Q66L 175716

Various strains of Dictyostelium were incubated with TRITC-labeled,
heat-killed yeast particles for 60 min at room temperature under
shaking conditions. Arbitrary fluorescence units were normalized
to the value obtained for wild-type (WT) cells within the same
experiment. All the experiments were performed 3–4 times.
Statistical analyses using the Student’s t-test indicate significant
differences between the mutant strains, at P-values o0.05. 0 times
were nearly identical for all cell lines (see Figure 5A).
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respects, CHChLim association with the phagocytic cup resem-

bles that of actin itself (Schreiner et al, 2002). To visualize

actin localization, we expressed GFP-ABD, the actin binding

domain (ABD) of ABP-120/filamin in fusion with GFP (Pang

et al, 1998). In the presence of yeast, there is an initial

enrichment of actin at the site of phagocytosis, but also

Figure 6 Cellular localizations of ChLim, LimF, and Rab21. (A) Live, wild-type cells expressing GFP-ChLim, GFP-CHChLim, GFP-LIMChLim, YFP-
LimF, and YFP-Rab21 were resuspended in phosphate buffer, plated in chambered coverglasses, and analyzed by confocal microscopy. (B) Cells
expressing GFP-CHChLim were fixed with formaldehyde, stained with rhodamine-phalloidin, and analyzed by confocal microscopy. (C) Cells
expressing YFP-LimF were fed TRITC-labeled, heat-killed yeast particles. Individual cells were imaged simultaneously for YFP and rhodamine
fluorescence by confocal microscopy.

Figure 7 Dynamic distribution of ChLim during phagocytosis. Live wild-type cells expressing (A) GFP-ChLim, (B) GFP-CHChLim, (C) GFP-
LIMChLim, and (D) GFP-ABD were fed TRITC-labeled, heat-killed yeast particles. Individual cells were imaged simultaneously for GFP and
rhodamine fluorescence during a time course by confocal microscopy. See Supplementary Figure 5.
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rapid dissociation once the yeast particle becomes interna-

lized (Figure 7D; see Supplementary Figure 5, video 3).

We were unable to detect consistent association of

the LIMChLim region with internalized yeast (Figure 7B).

Although LIMChLim may be too broadly distributed to permit

localized imaging, ChLim association with phagosomes is

clearly functionally initiated in a CH-dependent manner. The

LIM region appears to be required to maintain association

with the yeast particles as they transit from the cortex;

however, it may not be capable of secondary association in

the absence of the initiating function of the CH domain.

Finally, we have demonstrated that YFP-LimF is also

enriched at the phagocytic cup in a manner similar to that

of ChLim (Figure 6C), although we have been unable to

observe unequivocal association of YFP-Rab21 with phago-

cytic vesicles.

Discussion

Phagocytosis is fundamental to the survival of a broad variety

of organisms. Many unicellular species rely on microbial and

particle engulfment for nutrient capture. Multicellular ani-

mals have extended this response for purposes of host

defense against invading microbial pathogens and for the

regulation of specific developmental pathways. We have

described a novel complex comprised of a Rab21 ortholog

and LIM proteins that regulates phagocytic activity in

Dictyostelium and suggest that a functionally similar pathway

for Rab21 regulation may mediate phagocytic control in other

species.

Activated Rab21-GTP positively regulates phagocytosis

(see Figure 8). In contrast, loss of ChLim increases the rate

of phagocytosis indicating that it has an inhibitory role.

Further, since loss of ChLim is unable to rescue the low

phagocytic rates of cells expressing the dominant-negative

Rab21T21N, ChLim must lie upstream in the regulatory path-

way. Like Rab21-GTP, LimF is a phagocytic activator.

The Rab GTPases comprise a large family of proteins that

target specific intracellular compartments and regulate dis-

tinct pathways of membrane trafficking (Somsel Rodman

and Wandinger-Ness, 2000; Zerial and McBride, 2001;

Henry et al, 2004). In the activated, GTP-bound state, Rab

subtypes recruit discrete effectors to promote vesicle forma-

tion and movement and membrane fusion. Rab subtypes can

be classified into broad groupings on the basis of their amino-

acid sequence relationships. Group V (Pereira-Leal and

Seabra, 2001) includes mammalian Rab subtypes 5, 22A,

21, and 31 (Pereira-Leal and Seabra, 2001; Colicelli, 2004).

Rab5 is the most ancient and may be expressed ubiquitously.

Rab21 is absent in yeast, but is expressed in Dictyostelium,

nematodes, and Drosophila. Rab5 and Rab22A appear to

exhibit unique involvement in phagosome formation and

early endosome trafficking (Roberts et al, 1999; Clemens

et al, 2000; Duclos et al, 2000, 2003; Kauppi et al, 2002;

Perskvist et al, 2002; Vieira et al, 2003; Saito-Nakano et al,

2004). Little, however, has been published on the function of

Rab21 in any system. Our data suggest that Rab21-GTP, like

Rab5, plays a fundamental role in phagosome formation and

early endocytic pathways. The colocalization of the Rab21

regulators ChLim and LimF with the phagocytic cup and the

forming phagosome lend strong support to this model. The

absence of Rab22A and Rab31 in nematodes, Drosophila, and

Dictyostelium (see Pereira-Leal and Seabra, 2001; Colicelli,

2004) further emphasizes the likelihood for a conserved and

critical role for Rab21 in host defense and development.

While Rab GTPases are fundamental for phagosome

maturation and trafficking, actin remodeling is also critical.

Actin is polymerized at the site of particle attachment and

directs membrane extension during phagosome formation. In

Dictyostelium, many actin-associated proteins are enriched at

the phagocytic cup and play essential roles in phagocytosis.

For example, cells that are deficient in the two F-actin cross-

linking proteins a-actinin and ABP120 have reduced uptake

and intracellular growth of Legionella (Fajardo et al, 2004).

LIM proteins LimC and LimD are also involved in cytoskeletal

organization and associate with the phagocytic cup (Khurana

et al, 2002a, b), and cells lacking both limC and limD

have phagocytic properties that are similar to those of the

a-actinin�/ABP120� cells (Fajardo et al, 2004). However, the

actions of Rab21 on phagocytosis do not appear to function

by simply altering actin remodeling. Rather, we suggest that

Rab21 acts in parallel with Rab5 to regulate vesicle traffick-

ing. None of the LimF, ChLim, or Rab21 mutant cell lines

show adhesion abnormalities (see Table I), defects that are

associated with changes in cytoskeletal structure and that are

known to indirectly alter phagocytic rates (see Niewohner

et al, 1997; Cornillon et al, 2000; Tuxworth et al, 2001; Fey

et al, 2002; Gebbie et al, 2004). In addition, while we have

observed some alterations in F-actin assembly, they do not

correlate with phagocytic changes. Finally, no abnormalities

were observed for any of the cell lines for pinocytosis or

growth in liquid media (see Figure 4), thus separating

LimF, ChLim, and Rab21 function from a mechanism that

is common to both phagocytosis and pinocytosis (see

Cardelli, 2001).

Central to our model for phagocytic regulation is activated

Rab21-GTP. Since, inactive Rab21T21N and activated Rab21Q66L

are able to interact equally with and independently of both

LimF and ChLim, neither would appear to function as an

effector protein for Rab21-GTP. We suggest that Rab21, LimF,

and ChLim participate as a novel interactive regulatory com-

plex, where ChLim possesses an inhibitory role within a

complex (see Figure 8); the activating function of Rab21Q66L

for phagocytosis is dependent on the presence of LimF. As

mediators of protein–protein interactions, LimF and ChLim

may have functional counterparts in other systems that are

not immediately identified by simple bioinformatics. In this

regard, LimF and ChLim have unique functions among the

characterized LIM proteins of Dictyostelium, which primarily

Figure 8 The antagonistic action of LimF, ChLim, and Rab21 during
phagocytosis. We propose that phagocytosis in Dictyostelium is
regulated by activating and inhibitory interactions of LimF,
ChLim, and Rab21-GTP and suggest that similar regulatory path-
ways involving Rab21 are required in other professional phagocytes.
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regulate cytoskeletal function and cell adhesion and motility

(Khurana et al, 2002a, b).

Materials and methods

Growth, development, and transformation of Dictyostelium
For growth on bacteria, Dictyostelium were plated on SM agar plates
overlaid with Klebsiella aerogenes. Cells were also cultivated in
shaking suspension or in submerged culture at 211C in D3T medium
(KD Medical). The mutant cell lines were maintained in the
presence of 5mg/ml blasticidin and/or 10–20 mg/ml of G418 and/or
25mg/ml of hygromycin B, as appropriate. Null mutants of LimF
and Chlim were generated by homologous recombination of
targeting constructs disrupted by insertion of a blasticidin resistance
cassette. For generation of limF�/chlim� double null mutant, gene
replacement vector was constructed by insertion of G418 cassette in
the coding region of ChLim. The limF� cells were transformed with
the resulting vector and transformants were selected in the presence
of blasticidin and G418. All the transformants were screened by PCR
and further confirmed by RT–PCR and Northern blot hybridization.

For expression of GFP fusion proteins, full-length and deletion
constructs of Chlim were fused to the C-terminus of GFP into the
pDexRH expression vector (Westphal et al, 1997). YFP-tagged
versions of LimF and Rab21 were generated by fusing the respective
cDNAs at the C-terminus of YFP into pDXA-YFP expression vector
(Knetsch et al, 2002). For overexpression, cells were electroporated
with 5–10mg of plasmid DNA and selected with 20mg/ml of G418
(Invitrogen) or 25mg/ml of Hygromycin B (Calbiochem).

Cell lines used were as follows: WT (wild type)—Ax3; limF�—
limF-null, BLAST resistant; LimFOE—LimF overexpressor, G418
resistant; chlim�—chlim-null, BLAST resistant; ChLimFOE—ChLim
overexpressor, G418 resistant; Rab21Q66L—Rab21 constitutively
active, G418 resistant; Rab21T21N—Rab21 dominant negative, G418
resistant; limF�/ChLimOE—BLAST resistantþG418 resistant;
chlim�/LimFOE—BLAST resistantþG418 resistant; limF�/
Rab21Q66L—BLAST resistantþG418 resistant; limF�/Rab21T21N—
BLAST resistantþG418 resistant; chlim�/Rab21Q66L—BLAST re-
sistantþG418 resistant; chlim�/Rab21T21N—BLAST re-
sistantþG418 resistant; limF�/chlim�—BLAST resistantþG418
resistant; limF�/chlim�/Rab21Q66L—BLAST resistantþG418 resis-
tantþhygromycin resistant; GFP-ChLim—GFP fused to full-length
ChLim, G418 resistant; GFP-CHChLim—GFP fused to CH domain of
ChLim, G418 resistant; GFP-LIMChLim—GFP fused to Lim domain of
ChLim, G418 resistant; YFP-Rab21—YFP fused to full-length Rab21,
G418 resistant; YFP-LimF—YFP fused to full-length LimF, G418
resistant.

Rab21 mutagenesis
RabB (Bush et al, 1993) has been renamed Rab21 and we have used
this new convention throughout. pAD-HARab21WT and pAD-
HARab21QL were kindly provided by Dr James A Cardelli and used
to express, respectively, wild-type Rab21, constitutively active
Rab21Q66L. Dominant-negative Rab21T21N was generated by PCR-
based mutagenesis using the primers GAAGGTTGTGTTGGTAAAA
ACTCAATAGTTTTTAGATATATAGAC and GTCTATATATCTAAAAAC
TATTGAGTTTTTACCAACACAACCTTC and QuickChange II (Strata-
gene). Mutation sites, in bold, change the threonine at position 21 to
asparagine. All of the constructs were verified by sequence
analyses.

Yeast two-hybrid interactions
For bait constructs, protein coding regions of LimF were cloned
in-frame with the DNA binding domain (BD) of pLexA (Clontech
Matchmaker). Yeast cultures were grown under standard conditions
in liquid medium or on solid medium with minimal synthetic
dropout medium. All yeast transformations were carried out using
standard TE/lithium acetate. In brief, the reporter strain EGY48/
p8op-lacZ was sequentially transformed with the bait plasmid as
the pLexA-LimF fusion and a Dictyostelium cDNA library (8–16 h)
cloned into pB42AD (kindly provided by Dr Richard A Firtel).
Transformants were screened for leucine auxotrophic marker (Leu)
and b-galactosidase (b-gal).

For characterization of individual positives, plasmids were
isolated from yeast and transformed into E. coli KC8 cells (hsdR,
leuB600, trpC9830, pyrFHTn5, hisB463, lacDX74, strA, galU, galK)

and selected on M9 plates supplemented with ampicillin and
thiamine. The plasmids were isolated from bacterial cells and were
sequenced using the prey plasmid-specific primers.

Domain-specific interactions were also tested. EGY48/p8op-lacZ
yeast cells were simultaneously transformed with prey plasmids
containing full-length ChLim or Rab21 or truncated versions of
ChLim and with bait plasmids containing the different LIM domains
of LimF. The selected transformants were tested on minimal plates
lacking Leu in the presence of X-gal as above.

All the constructs were verified by sequence and Western blot
analyses.

Protein purification and pull-down assays
The full-length cDNA coding regions of LimF and ChLim were
cloned downstream of the GST sequences in pGEX vectors
(Amersham-Pharmacia Biotech). GST alone and both fusion
proteins were expressed in E. coli strain BL21 (DE3; Stratagene)
under the control of the tac promoter.

For lysates, 5�107 Dictyostelium cells were incubated on ice for
30 min in 100ml of lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 2 mM MgCl2, 0.5 mM EDTA, 1 mM DTT, 0.5% Triton X-100
plus protease inhibitors). The lysate was cleared by centrifugation
at 12 000 r.p.m. for 10 min at 41C.

Gutathione-Sepharose beads (BD Biosciences Clontech) com-
plexed with 20–30mg of purified GST, GST-LimF, or GST-CH-LIM
were incubated with 100ml of lysate at 41C for 3 h. Beads were
harvested by centrifugation and washed at 41C in lysis buffer. A
50ml portion of 1� SDS gel loading buffer was added to the pelleted
beads and the mixture was boiled for 10 min. Proteins were
fractionated by NuPage 4–12% acrylamide gels (Invitrogen) and
blotted onto nitrocellulose membranes. Membranes were blocked
in TBS-T (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween
20) containing 5% nonfat milk and probed with a-GFP (Covance),
a-Rab21 (provided by James A Cardelli), or a-HA (Sigma-Aldrich)
antibody.

Fluorescence microscopy
The cells expressing GFP- and YFP-tagged fusion proteins were
harvested in log phase, washed, and resuspended in PBS. Cells were
plated on either chambered coverglasses (Nalge Nunc Interna-
tional) or glass bottom dishes (MatTek Corporation), allowed to
settle for 15 min, and observed using the Axiovert 100M inverted
microscope (Carl Zeiss). In vivo phagocytosis, using TRITC-labeled
yeast, was performed as described previously (Maniak et al, 1995).

For F-actin staining, cells were resuspended in PBS and layered
on glass coverslips. After 15 min, PBS was replaced by 0.5 ml of fix
solution (3.7% formaldehyde in PBS). After 5 min, the fix solution
was removed and replaced with 0.5 ml of 0.5% NP-40 in PBS to
permeabilize the cells. After 5 min, detergent solution was removed
and the coverslips were immediately washed three times in PBS.
F-actin was stained with TRITC-phalloidin (Sigma) in PBS for
30 min in a covered humid chamber at room temperature.

Fixed and live cells were observed using an inverted microscope
(Axiovert 100M) equipped with a confocal laser system (LSM 510,
Carl Zeiss) and an oil immersion � 63/1.4 objective lens. An argon
laser (488 nm) was used for excitation of GFP and YFP and HeNe1
(535 nm) was used for rhodamine.

Quantitative phagocytosis
Quantitative phagocytosis using heat-killed yeast cell was per-
formed as described (Maniak et al, 1995). Dictyostelium were
washed, and resuspended in fresh medium at 2�106 cells/ml. After
recovery for 15 min in shaking suspension at room temperature,
TRITC-labeled heat-killed yeast cells were added to the cell
suspension. Samples of 1 ml were withdrawn at indicated time
points and added to Trypan blue solution (20 mg/ml dissolved in
20 mM sodium citrate containing 150 mM NaCl) to quench the
fluorescence of noninternalized yeast cells. Cell pellets were
resuspended in Phosphate buffer, and fluorescence was measured
in a luminescence spectrometer LS50B (Perkin-Elmer) using 544 nm
light for excitation and 574 nm for emission.

Quantitative pinocytosis
Log-phase cells were incubated with TRITC-dextran at room
temperature at 160 r.p.m. (Hacker et al, 1997). At selected times,
1 ml samples were withdrawn and quenched with Trypan blue. The
cell pellets were resuspended in phosphate buffer and intracellular

Rab21 regulation of phagocytosis
T Khurana et al

The EMBO Journal VOL 24 | NO 13 | 2005 &2005 European Molecular Biology Organization2262



rhodamine fluorescence was measured; excitation was at 544 nm
and emission at 574 nm. Arbitrary fluorescence units were normal-
ized to the maximal value obtained for wild-type cells within the
same experiment. All the experiments were performed 3–4 times.

Cell adhesion assay
Adhesion of cells to substrata was performed as described (Fey et al,
2002). Briefly, log-phase cells were plated overnight in tissue
culture dishes. The next day, the dishes were shaken for 60 min at
varying speeds, from 0 to 90 r.p.m. Unattached cells were removed
and counted using a hemocytometer.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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