
RESEARCH ARTICLE

Redundant and unique roles of coronin proteins in Dictyostelium
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Abstract Dictyostelium discoideum harbors a short

(CRN12) and a long coronin (CRN7) composed of one

and two beta-propellers, respectively. They are primarily

present in the cell cortex and cells lacking CRN12 (corA-)

or CRN7 (corB-) have defects in actin driven processes.

We compared the characteristics of a mutant cell line

(corA-/corB-) lacking CRN12 and CRN7 with the single

mutants focusing on cytokinesis, phagocytosis, chemotaxis

and development. Cytokinesis, uptake of small particles,

and developmental defects were not enhanced in the

corA-/corB- strain as compared to the single mutants,

whereas motility and phagocytosis of yeast particles were

more severely impaired. It appears that although both

proteins affect the same processes they do not act in a

redundant manner. Rather, they often act antagonistically,

which is in accordance with their proposed roles in the

actin cytoskeleton where CRN12 acts in actin disassembly

whereas CRN7 stabilizes actin filaments and protects them

from disassembly.

Keywords Actin cytoskeleton � Coronin � Cell motility �
Phagocytosis � Development

Introduction

The coronin gene family has members in vertebrates,

nonvertebrate metazoa, fungi and protozoa, but no repre-

sentatives in plants or distant protists. Coronins are

characterized by WD (tryptophan-aspartic acid) repeats

that form a seven-bladed b-propeller as in the b-subunit of

G proteins [1] followed by C-terminal extensions and a

coiled coil domain which mediates oligomerization [2].

They have been associated with actin dynamics like the

control of F-actin assembly and the regulation of the Arp2/3

complex [3, 4]. Moreover, actin binding can be considered

the landmark feature of coronins and actin binding sites have

been mapped to various parts of the coronin paralogues

[5–7]. The first coronin (now designated CRN12) was iso-

lated from Dictyostelium discoideum as a major co-purifying

protein in a preparation of contracted actomyosin and the

analysis of corA- cells revealed roles in cell migration,

phagocytosis and cell division [8–10]. Actin association and
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its sequence relation to the b-subunit of G proteins impli-

cated a role for coronin as an important regulator of the actin

cytoskeleton. Further studies showed that coronins may also

have actin-independent roles. In Saccharomyces cerevisiae

and Leishmania donovani, coronin associates with micro-

tubules and regulates microtubule remodeling during

Leishmania cytokinesis [11–13], mammalian coronin 1

(synonyms: Coronin 1a, CRN4) has a role in activating Ca2?

dependent signaling processes [14].

Most eukaryotes harbor in addition to small coronins

with one WD-repeat domain a coronin gene encoding two

WD-repeat domains designated POD or CRN7 that form

two separate b-propellers [15]. In D. discoideum and

Drosophila melanogaster they are cytoskeletal components

and bind directly to F-actin [16, 17], whereas mammalian

CRN7 associates with Golgi membranes and affects

membrane trafficking [18, 19]. Mutations in the D. mela-

nogaster and Caenorhabditis elegans CRN7 homologues

(Pod proteins) lead to polarity defects, loss of D. discoid-

eum CRN7 causes alterations in chemotaxis and

phagocytosis. Furthermore, in D. discoideum CRN7 defi-

ciency affects the infection process by Legionella

pneumophila, the causative agent of Legionnaire’s disease,

and allows a more efficient internalization of bacteria [16].

CRN12 also has a role during infection as its absence

resulted in enhanced intracellular replication of Mycobac-

terium marinum, a pathogen causing tuberculosis-like

disease in fish and amphibians, and L. pneumophila relative

to the wild-type strain [20, 21].

Here, we compare the in vivo functions of the two

Dictyostelium coronins CRN12 encoded by the corA gene

and CRN7 encoded by corB by analyzing mutants lacking

either one or both coronin proteins with a focus on pro-

cesses that require the actin cytoskeleton. Previous work

had shown that CRN12 and CRN7 interacted directly with

F-actin in vitro. CRN12 co-sedimented with actin fila-

ments, CRN7 exhibited similar properties and protected

F-actin from depolymerization [8, 16], whereas results

from live cell imaging led to the proposal that CRN12

plays a role in actin disassembly [22]. Direct biochemical

data are however lacking.

In this report, we follow the new nomenclature for the

coronins, which was recently proposed by Morgan and

Fernandez and is based on phylogenetic considerations [23].

Materials and methods

Development, growth, and transformation

of Dictyostelium

Strains were cultivated in shaking suspension or in

submerged culture at 21�C in axenic medium [24].

Development was initiated by plating 5 9 107 cells on a

phosphate agar plate (10 cm in diameter) and followed

over 24 h. Every 30 min pictures were taken. For analysis

of stream formation under submerged conditions on a

plastic surface, 2 9 105 cells/cm2 were starved under

Sorensen phosphate buffer (2 mM Na2HPO4, 14.6 mM

KH2PO4, pH 6.0) and monitored for aggregation. The

mutant cell lines were maintained in the presence of 5 lg/

ml Blasticidin (MP Biomedicals Inc.) or 10–20 lg/ml of

G418 (Roche). To generate mutant cells lacking corA and

corB, the corB gene was inactivated in corA- mutants

(HG1569) where the corA gene had been inactivated using

a gene replacement vector which carried a G418 resistance

cassette [9]. For corB inactivation the replacement vector

described for the inactivation of corB in Ax2 was used

[16]. Transformants were screened by PCR and confirmed

by Southern and Northern-blot analysis. Cell lines used

were Ax2 (wild-type), corA-, corB- and corA-/corB-.

A detailed characterization of the corB mutant has been

reported previously [16]. The analysis of corA- and corA-/

B- cells has been carried out in parallel. Therefore, data for

Ax2 wild-type and corB- are identical to the ones previ-

ously reported in some instances. This is indicated in the

figure legends.

Phagocytosis assays

Quantitative phagocytosis of TRITC-labeled heat-killed

yeast cells was performed as described [10]. The phago-

cytosis was also assayed on a substratum where the cells

were allowed to settle on coverslips and yeast cells were

added. After 15 min the cells were fixed in methanol,

stained for actin [16] and embedded. Between 200 and 400

cells were analyzed for uptake of yeast particles. For

quantitative analysis of phagocytosis of bacteria pHrodo

E. coli conjugates (Invitrogen) were used. Because the

fluorescence of the pHrodo dye dramatically increases as

the pH decreases from neutral to acidic, it is an ideal tool to

study phagocytosis and its regulation by drugs or envi-

ronmental factors. The lack of dye fluorescence outside the

cell eliminates the need for washing steps and quencher

dyes (www.invitrogen.com). Dictyostelium cells were

harvested and adjusted to a density of 2 9 106 cells/ml.

100 ll (2 9 105 cells) aliquots each were pipetted into the

wells of a 96-well plate (labsystems CLINIPLATE) and

incubated for at least 1 h. During this time, the pHrodo Bio

particles were dissolved in a buffer containing 20 mM

HEPES, 2 mM MgCl2 and 10 mM NaCl, adjusting the pH

to 7.4 with NaOH and sonicated for 5 min in a water bath

sonifier. One vial of these conjugates is sufficient for 20

wells. The culture medium from the D. discoideum cells

was removed and quickly displaced by 100 ll of the

prepared pHrodo E. coli BioParticles (invitrogen). The
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microplate was transferred into the Labscan Fluoroscan

Ascent FL and the phagocytosis experiment started mea-

suring fluorescence at *550 nm excitation and *660 nm

emission. After subtraction of the control values the rela-

tive fluorescence was determined.

Miscellaneous methods

Analysis of cell shape and cell migration during chemo-

taxis was done as described [16], Legionella infection is

described in Peracino et al. [25]. MAbs 176-3-6 and

K67-146-1 specific for CRN12 and CRN7 have been used

in this study [8, 16], act-1 recognized actin [26]. For

DMSO treatment cells on coverslips were kept in culture

medium supplemented with 5% DMSO for the indicated

time at 22�C, fixed with methanol and immunostained

for actin with mAb act-1. Analysis was with a Leica TCS

SP5 confocal microscope (Leica, Wetzlar, Germany). For

analysis of mitotic microtubule structures, cells were

treated with nocodazole (10 lM) for 3 h [27]. Cells were

fixed with cold methanol, microtubules were stained with

the a-tubulin antibody YL1/2 [28], nuclei were stained

with DAPI. The number of cells in prophase to metaphase

with no microtubules and cells with a normal microtubule

cytoskeleton were determined for each strain. The experi-

ment was carried out twice. At least 1,000 cells per strain

were analyzed.

Results

Comparison of CRN12 and CRN7

D. discoideum harbors a small (monomeric) and a long

(dimeric) coronin of 445 (CRN12) and 963 (CRN7) amino

acids encoded by the corA and corB gene, respectively.

Overall, the proteins share 18.1% identity with each other

when directly compared. When we compare the individual

WD-repeat domains we find that the C-terminal WD-repeat

domain of CRN7 is more closely related to CRN12 (30.7%

identity) than the N-terminal WD-repeat domain (26.2%

identity). CRN12 and CRN7 are also present in other social

amoebae species where they are highly conserved. We

identified a small and long coronin each in the genomes of

Polysphondylium pallidum and Dictyostelium fasciculatum.

P. pallidum and D. fasciculatum belong to family 2 and

family 1 of the Dictyostelia, D. discoideum is a member of

group 4 [29]. CRN12 from P. pallidum and D. fasciculatum

were 78.33% and 83.33% identical to D. discoideum

CRN12, the CRN7 proteins from P. pallidum and D. fasci-

culatum were 61.81 and 73.68% identical to D. discoideum

CRN7 (Table 1). All CRN12 proteins have the coronin

signature RxxKxR near the amino terminus (position 6–13

of D. discoideum CRN12), in D. disoideum CRN7 the

N-terminal signature is changed to KxxKxR, whereas the

signature in front of the second WD-repeat domain (resi-

dues 489–494) is identical to the CRN12 signature [30].

Generation of corA-/corB- mutants

CRN7 and CRN12 associate with the actin cytoskeleton

and have a similar subcellular localization. When we

stained GFP-CRN7 expressing cells with a monoclonal

antibody specific for CRN12 we observed CRN12 in the

cell cortex where it accumulated at phago- and pinocytic

cups as described [10]. It co-localized with CRN7 in par-

ticular at macropinosomes and at the cell periphery. The

staining did however not completely overlap as CRN12

showed a more diffuse cytoplasmic distribution whereas

CRN7 was also present in dot-like structures whose iden-

tity is not known (Fig. 1).

The generation and characterization of corA- and corB-

mutants has been described previously [9, 16]. Here we

compared their in vivo functions directly and included

corA-/corB- mutant cells that were generated by intro-

ducing a CRN7 gene replacement vector into corA- cells.

Southern-blot analysis showed the substitution of the

endogenous corB gene by the replacement vector (Fig. 2a).

In Western-blot analysis of total protein extracts with mAb

176-3-6 and K67-146-1 [9, 16] no CRN12 and CRN7

Table 1 The Coronin family in the Dictyostelia

Coronin subfamily Gene Species Gene ID Length

(amino acids)

% Identity with

D. d. Protein

CRN12 corA D. discoideum DDB_G0267382 445

corA P. pallidum PPL_02337 447 78.33

corA D. fasciculatum DFA_04446 447 83.33

CRN7 corB D. discoideum DDB_G0269388 963

corB P. pallidum PPL_06027 920 61.81

corB D. fasciculatum DFA_06579 984 73.68

The genomes of P. pallidum and D. fasciculatum were searched at http://sacgb.fli-leibniz.de/cgi/index.pl using the sequences for D. discoideum
CRN12 and CRN7 (available at http://dictybase.org/index.html)
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protein was detected in the double knockout (Fig. 2b). In

our subsequent analysis we focused on growth, cytokinesis,

chemotaxis, development and phagocytosis behavior.

Growth in axenic medium was altered for all coronin

mutants. They grew more slowly and did not reach the

same final densities at the stationary phase as Ax2. corA-

cells showed the highest impairment followed by corA-/

corB- and corB- cells. (Fig. 2c).

For corA- mutants an increased cell size associated with

multinuclearity has been reported, corB- cells are nearly

indistinguishable from the parental Ax2 strain with regard

to size and nuclei number [9, 16]. The corA-/corB- double

mutant was similar in size to Ax2 and showed a decrease in

the number of large multinucleated cells as compared to

corA-. Whereas almost 50% of all corA- cells had three

and more nuclei, this number dropped to 20% for the

corA-/corB- cells. The majority of Ax2 and corB- cells

had one and two nuclei (Fig. 2d).

The cell cortex is organized during mitosis in conjunc-

tion with the microtubule system and defects in either one

might be reflected in changes during mitosis. A hint for this

proposal was the finding that the position of the asters

coincides with areas of the cell cortex where CRN12

accumulates [31]. We next analyzed the frequency of

mitotic stages after Nocodazole treatment which alters

microtubule dynamics and determined the number of cells

in pro- and metaphase. We observed clear differences in all

strains. Whereas 18.4% Ax2 cells were in these stages of

mitosis, we determined for corA- only 3.5%, for corB-

4.7% and for corA-/B- 6.5% (Fig. 2e).

corA-, corB- and corA-/corB- strains show defects

in chemotaxis, the F-actin response after cAMP

stimulation and development

D. discoideum lives as single cell amoeba when food is

abundant, upon starvation the amoebae aggregate and

undergo a developmental cycle resulting in the formation

of a fruiting body [32]. Mutants with defects in the actin

cytoskeleton often exhibit changes in development. Such

changes are thought to result from altered cell shape and

chemotactic motility, which are caused by lack of actin

cytoskeleton associated proteins or by proteins regulating

the changes in the cytoskeleton [33, 34]. We carried out

chemotaxis experiments and analyzed the accompanying

cell shape changes in order to compare the impact of the

coronins on migration and cell polarity.

During migration towards an exogenous cAMP source,

wild-type cells were well polarized and produced pseudo-

podia exclusively at the front and very few lateral

pseudopods and migrated in a highly directed fashion

towards the cAMP source (Table 2, Fig. 3a, b). We have

reported previously, that the corB- cells are slightly

smaller and less polarized but chemotaxis was not signifi-

cantly impaired with regard to speed, however they

changed their direction more often initially due to a more

random fashion of pseudopod extension [16]. The corA-

mutant did not exhibit a well-directed migration towards

cAMP and speed was strongly reduced. Only cells near the

cAMP source migrated over a short distance, whereas the

majority showed a less oriented migration extending sev-

eral pseudopods in all directions [9]. The corA-/corB-

mutant cells migrated even slower than the corA- cells and

in a less persistent way. They were not polarized, however

pseudopod extension was not as frequent as in corA-

(Table 2, Fig. 3a, b).

cAMP induces a well-characterized pattern of F-actin

accumulation in wild-type cells with F-actin polymeriza-

tion occurring between 5 and 10 s after a cAMP pulse, a

rapid depolymerization and a further lower but longer

lasting peak of F-actin accumulation [35]. The first peak is

associated with a rounding up of the cells before they

extend new pseudopods, which is reflected by the second

peak of actin polymerization. The overall pattern was

conserved in all strains. We observed a peak of F-actin

accumulation at 5 s after cAMP stimulation, however the

increase in F-actin content varied. It was lowest in corA-/

B-, intermediate in corA-, and corB- showed the highest

F-actin content. After the F-actin disassembly, a second

and longer lasting F-actin peak followed in all cell lines

(30–40 s) (Fig. 4).

The above results suggest alterations in the regulation of

the actin cytoskeleton upon loss of coronin proteins. We

tried to obtain independent support for this by following

Fig. 1 GFP-CRN7 and

endogenous CRN12 co-localize

to a large extent. GFP-CRN7

expressing cells were fixed and

co-stained for CRN12 with

mAb 176-3-6. The arrowhead
points to areas of colocalization.

Bar 8 lM
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the actin dynamics in cells treated with DMSO. In D. dis-

coideum and in mammalian cells incubation with DMSO

leads to a reversible disassembly of the cortical actin

cytoskeleton and an accumulation of F-actin as actin rods

in the nucleus [36]. We incubated Ax2 and mutant cells in

growth medium containing 5% DMSO and followed the

Fig. 2 Generation of CRN12/CRN7 (corA-/corB-) mutants. a South-

ern-blot analysis of SpeI digested genomic DNA of Ax2 and corA-/
corB- double-mutant cells. Successful insertion of the replacement

vector reveals a shift from 15 kb for wild-type to 4.3 kb after

digestion with SpeI due to the introduction of an additional SpeI site

into the corB locus by the bsr cassette after the successful gene

replacement event. The gene replacement on chromosome 1 was

revealed with a probe located in the gene 50 to corB [16]. b Western-

blot analysis shows the absence of protein in mutant cells. The

Western blot was labeled with mAb K67-146-1 (CRN7), mAb 176-3-

6 (CRN12), and act 1-7 (actin). Stars indicate CRN7 at 105 kDa and

CRN12 at 55 kDa in the wild-type. Actin (at 43 kDa) was used as

loading control. c Growth in axenic medium is altered for all coronin

mutants. 2x105 cells/ml were used for inoculation. Over a period of

6 days the cells were counted. All coronin mutant cell lines did not

reach the same final densities at the stationary phase as Ax2. The data

for Ax2 and corB- are from Shina et al. [16]. d corA- and corA-/
corB- cells have a cytokinesis defect. For statistical analysis of

multinuclearity of all coronin mutants, more than 300 cells per mutant

strain were analyzed. Significant changes are indicated by a star.

e Nocodazole treatment affects mutant cells more severely than Ax2

cells. Cells were treated with nocodazole for 3 h and analyzed for the

presence of mitotic cells

Table 2 Chemotactic behavior in a spatial cAMP gradient

cAMP gradient Ax2 corB- corA- corA-/B-

Speed (lm/min) 9.89 ± 2.04 7.58 ± 1.71NS 3.37 ± 0.87*** 2.58 ± 0.59***

Persistence (lm/min-deg) 3.82 ± 1.14 2.7 ± 1.27NS 0.84 ± 0.21*** 0.59 ± 0.2***

Roundness (%) 54.5 ± 7.15 61.79 ± 6.71NS 72.82 ± 6.03*** 64.93 ± 8.31***

Direction change (deg) 13.89 ± 6.29 25.69 ± 10.56** 42.34 ± 12.79*** 43.96 ± 9.87***

Images were taken at 409 magnification every 30 s. In all cases cells were recorded over a period of 30 min. Cells were recorded and after

tracing of the cells the centroid of the cells was determined by computer-assisted analysis (DIAS). This allows calculations of speed, persistence,

roundness (ratio of the long and short axis of the cell), and direction change. Persistence is an estimation of movement in the direction of the path,

direction change represents the average change of angle between frames in the direction of movement. The data shown here are derived from five

independent experiments, the data for Ax2 and corB- are from Shina et al. [16]. The data from at least 30 cells were used for statistic evaluation.

The statistical significance with respect to wild-type Ax2 cells was calculated using a t test; *p \ 0.05; **p \ 0.01; ***p \ 0.001; NS not

significant at p [ 0.05
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redistribution of actin over a period of 50 min. In Ax2 the

characteristic cortical actin staining was completely gone

after 30 min and actin rods had formed in the nucleus. In

corA- and corB- cells cortical actin staining was frag-

mented and nuclear actin rods were observed after 20 min

of incubation, in corA-/B- cells similar changes occurred

only after 40 min of incubation (Fig. 5).

Development of the strains was analyzed on a plastic

surface under submerged conditions and on phosphate

agar. Under submerged conditions, cells can aggregate and

form streams, but further morphogenesis does not occur. In

this experiment the aggregation territories were compara-

ble for all strains, however, stream formation differed.

Wild-type cells formed continuous streams towards the

aggregation center. In corB- cells stream formation

occurred in a similar manner but the streams frequently

broke up. Streams of corA- cells appeared more loose and

irregular whereas those of the corA-/corB- strain were like

in wild-type (Fig. 6a).

When we analyzed development on a solid substratum,

we observed significant changes for corA- and corB-

mutants. Ax2 cells develop under starvation conditions

within 24 h into fully matured fruiting bodies [32].

Development begins with aggregation after 6 h of starva-

tion followed by the mound and slug stage at 16 h of

starvation. corA- cells have a delay in development by

Fig. 3 Chemotactic movement of coronin mutants is altered. a Com-

puter generated cell tracks and stack images of all coronin mutants in

comparison to the wild-type Ax2. Aggregation competent cells were

deposited on coverslips and after settling down challenged with

cAMP. The star indicates the location of the pipette filled with cAMP.

The cell perimeters were outlined and are shown for two represen-

tative cells each. The data for Ax2 and corB- are from Shina et al.

[16]. Bar 8 lm. b Cell shape changes of aggregation competent

mutant and Ax2 cells were analyzed by DIAS software. Images were

taken every 10 s. The outlines were traced manually and the changes

of direction (arrows) calculated using the DIAS image analysis

software. The green areas indicate new membrane protrusions and

the red areas retractions

308 M. C. Shina et al.



approximately 6 h as compared to Ax2 and mature fruiting

bodies are formed 30 h after the onset of starvation. corB-

showed accelerated development and had formed aggre-

gates already at the 4 h time point and fruiting bodies after

20 h in comparison to the 24 h needed by Ax2. Develop-

ment of the corA-/corB- strain was comparable to Ax2

(Fig. 6b).

The coronins in phagocytosis

Phagocytic pathways in Dictyostelium are similar to the

ones in mammalian cells [37, 38]. They rely on the actin

cytoskeleton and actin-associated proteins play an impor-

tant role. Both coronins accumulate at the phagocytic cup

[10, 12]. Furthermore, for CRN12 a crucial role in phag-

ocytic processes has been well documented. In particular,

in experiments with TRITC-labeled yeast CRN12-deficient

cells showed a strongly decreased uptake [10]. This

decrease was even stronger in the corA-/corB- strain

(Fig. 7a). For CRN7-deficient cells we had observed a two-

fold higher rate of yeast internalization than for control

Ax2 cells [16]. We also investigated whether this pheno-

type was due to an altered uptake of yeast particles by

single cells or to a change in the number of phagocytosing

cells by determining the number of intracellular yeast

particles after 15 min of phagocytosis. In a representative

experiment, 59% of all corB- cells contained one or two

yeast particles, in case of Ax2 34% had ingested one or two

yeast cells, for the corA- mutant we determined 23% and

for the double mutant 22% of the cells pointing to different

phagocytic properties of the cells. A comparative analysis

of uptake of E. coli, which are considerably smaller than

yeast cells and have different surface properties, showed

that all mutant cells exhibited a strong decrease in E. coli

phagocytosis (Fig. 7b).

CRN7 and CRN12 have distinct roles during infection

with Legionella pneumophila

D. discoideum is frequently used as surrogate host to study

infection of cells by pathogenic bacteria. In such studies it

was shown that CRN12 has roles during L. pneumophila

infection as corA- cells were reported to be more per-

missive for intracellular growth than wild-type cells [21]

and loss of CRN7 allowed a better uptake of the bacteria.

In a direct comparison of the corA-, corB- and corA-/

corB--double knockout strains in standard infection assays

using L. pneumophila Corby the most remarkable differ-

ence noted between the mutants was in the number of

intracellular bacteria recovered after gentamicin treatment.

While in the case of the corA- mutant bacterial colony

forming units (cfu) after 3 h were comparable to Ax2,

the corB- mutant had internalized about eightfold more

Fig. 4 F-actin polymerization responses upon cAMP stimulation of

aggregation competent cells. Samples were taken at the indicated time

points after stimulation with 1 lM cAMP. The amount of F-actin was

normalized relative to the F-actin level of unstimulated wild-type

cells. The relative F-actin content was determined by fluorimetric

measurements of TRITC-phalloidin. The data are the average of six

independent experiments for each cell line. The data for Ax2 and

corB- are from Shina et al. [16]

Fig. 5 Actin dynamics differ in

wild-type and mutant strains.

Wild-type and mutant cells were

incubated in 5% DMSO for the

indicated times (min) and

immunostained with mAb act1

recognizing actin. DMSO

induces a disruption of the actin

network. Nuclei were stained

with DAPI. Size bars 5 lm
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bacteria and the corA-/corB--double knockout strain

behaved like the corA- strain showing uptake rates com-

parable to wild-type. The intracellular replication of the

bacteria was not influenced by any of these mutations in

our experiments (Fig. 8).

Discussion

CRN12 and CRN7 are the only coronin proteins present in

D. discoideum. They represent the two structural classes of

coronins, the monomeric coronins and the coronin 7 type of

coronins composed of two WD repeat domains. Monomeric

coronins can be classified into six vertebrate subfamilies,

two nonvertebrate subfamilies and three further subfami-

lies, coronins 10, 11 and 12, at the base of the tree with

members from alveolata, fungi and euglenoza. The mono-

meric coronin of D. discoideum, CRN12, belongs to the

most basic subfamily. Coronin 7 proteins show the broadest

species distribution among protists, fungi, and metazoa,

which suggests that they originated early in evolution by

tandem duplication and fusion of a protozoan monomeric

coronin [23].

CRN12 and CRN7 from D. discoideum have been

described as cytoskeletal proteins with similar but not

identical activities towards F-actin [9, 16, 22]. The

Fig. 6 Coronin mutants show

changes in developmental

timing. a Stream formation

under submerged conditions on

a plastic surface. 2 9 105 cells/

cm2 were starved under

Sorensen phosphate buffer on

plastic plates and monitored for

aggregation. Representative

images were taken at 2.59 (left)
and 109 magnification (both

panels at the right). Bar 1 cm

and 200 lm. b Development on

non nutrient agar. For

developmental analysis

*5 9 107 cells were deposited

on a phosphate agar plate

(10 cm in diameter).

Development was recorded by

video imaging over 24–30 h

after onset of starvation.

Representative pictures are

shown. Bar 1 mm
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localization of both proteins overlaps to a large extent in

immunofluorescence studies, furthermore they co-localize

with F-actin stained by TRITC phalloidin.

In D. discoideum, a combination of chemotactic

migration and differential cell adhesion is essential for all

stages of its life cycle [39]. Morphogenesis starts with

single amoebae which chemotactically aggregate when

they starve, adhere to each other and form a multicellular

organism undergoing morphogenetic changes. The main

regulator of this process is cAMP which is secreted by the

cells. cAMP acts in two ways. It alters gene transcription

leading to the expression of development specific proteins

and it induces changes in cell shape and chemotactic

movement towards cAMP. Both events are essential for the

ordered progression through the developmental life cycle

that ends with the formation of a fruiting body. The actin

cytoskeleton is one of the important targets of cAMP sig-

naling as it controls cell shape formation and cell motility

[33]. This proposition is supported by analysis of mutants

in cytoskeletal proteins as well as in components that

regulate the actin cytoskeleton. For example, myosin heavy

chain deficient D. discoideum cells do not form fruiting

bodies but stop already at the mound stage, an early stage

of development. Mutants in which the activation of the

small GTPase Rap which regulates actin assembly at the

posterior pole during chemotaxis, is altered have a cell

adhesion defect during aggregation and a cell patterning

defect in the post aggregation stage [34, 40].

Disruption of the corB gene caused an accelerated

development at early time points, whereas corA- mutants

showed a delay in development of about 6 h. The devel-

opmental timing of the corA-/corB- mutant was

comparable to wild-type Ax2 (Table 3). Furthermore, we

observed significant impairment in motility and polariza-

tion in the corA- and corA-/corB- strains when we

analyzed their behavior in a cAMP gradient. The corB-

cells displayed no significant alterations in motility and

polarization, although pseudopod extension initially

occurred in a more random fashion (Table 2). Previously

we had found that CRN7 associates with the Triton X-100

insoluble cytoskeleton after a cAMP stimulus. We con-

cluded that CRN7 is not crucial for chemotactic behavior

and the associated cytoskeletal reorganization but its

presence makes these events more efficient. In case of the

corA- and corA-/corB- mutants we observed a higher

directional change and a rounder cell shape with respect to

wild-type. When compared to the single corA- knockout

cells the corA-/corB- cells showed a slight improvement

with regard to polarity. Both parameters indicate a defect in

proper polarization of the cells and therefore altered rear-

rangement and stability of the actin cytoskeleton under

Fig. 7 Phagocytosis of yeast and E. coli cells. a Quantitative analysis

of TRITC-labeled yeast and b pHrodo E. coli uptake. Cells were

resuspended at 2 9 106 cells/ml in fresh axenic medium and an up to

sixfold excess of fluorescent yeast cells and labeled bacteria as

recommended by the supplier were added. Fluorescence of the

internalized marker was measured at selected timepoints. In (a) data

are presented as relative fluorescence that of Ax2 being considered as

100%. The data for Ax2 and corB- in (a) are from Shina et al. [16]

Fig. 8 Infection of coronin mutants with L. pneumophila. Replication

of L. pneumophila over 4 days was assessed in wild-type, corA-,

corB- and corA-/corB- double knockout mutants. The graph

represents the colony forming units (cfu) of the different time points

post infection. With the exception of the corB- strain similar numbers

of intracellular bacteria were detected 3 h post infection. Intracellular

replication was monitored over 96 h by determining the cfu. The data

for Ax2 and corB- are from Shina et al. [16]
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conditions of the gradient. We suggest that although the

cells can sense the cAMP gradient the signal cannot be

translated into a correct cytoskeletal answer as might be

also suspected from the F-actin response to a cAMP

stimulus.

CRN12 and CRN7 localize to the phagocytic cup [10,

16] and corA- and corB- as well as the double knockout

display changes in phagocytosis (Table 3). Phagocytosis is

a combination of cellular adhesion, phagosome formation,

uptake and phagosome maturation [37]. Whereas the

corA- and the corA-/corB- show a decrease in the uptake

of bacteria and yeast, corB- cells show a reduced uptake of

E. coli but an increased uptake of yeast particles. For

CRN12 a presence on vesicles of the endocytic pathway

was reported where the protein associated with the endo-

cytic compartment in an ordered fashion [41]. CRN7 was

mainly present at the vesicles during uptake and lost from

vesicles once they were internalized. The involvement in

different processes may partially explain the observed

defects.

Mechanisms that regulate phagocytosis play an impor-

tant role in the host defence against invading

microorganisms and several studies have addressed the

relationship between coronins and the intracellular survival

of pathogens [21, 37, 42]. In D. discoideum GFP-CRN12

was seen at the phagocytic cup upon internalization of

L. pneumophila and was lost after 60 s. Furthermore,

GFP-CRN12 was located in a heterogeneous fashion at

D. discoideum compartments harboring bacteria [20]. In

contrast to the GFP-CRN12 overexpressor and previous

studies of the CRN12 knockout, corA- cells showed in our

experiments no difference in uptake and replication

of L. pneumophila with respect to wild-type.

The two coronin proteins in D. discoideum are both

actin cytoskeleton associated proteins, they can bind to

F-actin and they participate in the same cellular processes,

in cytokinesis, phagocytosis, cell motility and chemotaxis,

and in development. The comparison of the mutant phe-

notypes however shows no additive effects indicating that

the proteins act in independent pathways. In some of the

processes studied, for example in development, they have

opposing roles (Table 3). These findings support the pro-

posal that CRN12 and CRN7 have different activities in the

regulation of the actin dynamics with CRN12 promoting

the disassembly of the filaments whereas CRN7 rather

stabilizes filaments.
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