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SUMMARY

We generated Dictyostelium double mutants lacking the
two F-actin crosdinking proteins a-actinin and gelation
factor by inactivating the corresponding genes via homol-
ogous recombination. Here we investigated the conse-
guences of these deficiencies both at the single cell level and
at the multicellular stage. We found that loss of both
proteins severely affected growth of the mutant cells in
shaking suspension, and led to a reduction of cell sizefrom
12 pm in wild-type cellsto 9 um in mutant cells. M or eover
the cells did not exhibit the typical polarized morphology
of aggregating Dictyostelium cells but had a more rounded
cell shape, and also exhibited an increased sensitivity
towards osmotic shock and a reduced rate of phagocytosis.
Development was heavily impaired and never resulted in
the formation of fruiting bodies. Expression of develop-
mentally regulated genes and the final developmental
stages that were reached varied, however, with the

substrata on which the cells were deposited. On phosphate
buffered agar platesthe cellswereableto form tight aggre-
gatesand moundsand to express presporeand prestalk cell
specific genes. Under these conditions the cells could
perform chemotactic signalling and cell behavior was
normal at the onset of multicellular development as
revealed by time-lapse video microscopy. Double mutant
cells were motile but speed was reduced by approximately
30% as compared to wild type. These changes were
reversed by expressing the gelation factor in the mutant
cells. We concludethat the actin assembliesthat arefor med
and/or stabilized by both F-actin crosslinking proteinshave
a protective function during osmotic stress and are
essential for proper cell shape and maotility.

Key words: a-actinin, 120 kDa gelation factor, Development, Video
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INTRODUCTION

The mechanical properties of the cytoplasm are important
determiners of cell shape and cell motility and can therefore
greatly influence morphogenesis and cell division. Actin
filaments and proteins that crosslink the filaments and control
their size are major contributors to the mechanical properties
of the cytoplasm (Luby-Phelps, 1994). Cells contain a variety
of actin filament crosslinkers that bind actin with a range of
affinities, have different subcellular localizations, and are dif-
ferently regulated. This combination allows cells to change the
cytoplasm from arigid to a dynamic network (Wachsstock et
al., 1994). In Dictyostelium discoideum a-actinin and the 120
kDa gelation factor (ABP120) are major crosslinking proteins.
They belong to afamily of crosslinking proteins based on their
homology in the actin-binding site and their similar overall

structure (Matsudaira, 1991). Both proteins are found through-
out the cytoplasm, for the gelation factor an enrichment in
pseudopods and an association with the Triton insoluble
cytoskeleton during pseudopod formation have been reported
(Condedlis et ., 1988). Using a rheological approach with a
torsion pendulum it could be shown that the viscoel astic prop-
erties of F-actin gels crosslinked by either a-actinin or the 120
kDa gelation factor are different. a-actinin/F-actin networks
responded to deformation with a strongly damped oscillation,
whereas the gelation factor/F-actin networks reacted in amore
elastic, weakly damped way (Janssen et a., 1996). This could
explain on afunctiona basis the presence of many different F-
actin crosslinking proteins at the sametime and regionin acell.
In addition, F-actin crosslinking proteins can serve as substi-
tutes for large amounts of actin. It required only traces of Dic-
tyostelium gelation factor in relatively weak filamentous



2680 F. Rivero and others

networks to reach the same viscoel astic strength as was found
with high F-actin concentrations alone (Janssen et al., 1996).
The individua input of different F-actin crosslinking proteins
could be assayed even on whole Dictyostelium cells by using
rheological methods, and it became obvious that lack of a-
actinin caused a significant reduction of the viscoelastic
response after deformation at high frequencies. These data
suggest that in Dictyostelium amoebae a-actinin is responsible
for organizing the cytoskeleton against fast and strong impacts
from outside, whereas the 120 kDa gelation factor helps to
build a three-dimensional meshwork of filaments as it is
required in the cell cortex and during pseudopod formation
(Eichinger et al., 1996).

One of the major advantages of the Dictyostelium system for
studying these topics is the possibility to generate cytoskeletal
mutants (Schleicher et al., 1995). For investigation of the 120
kDa gelation factor two mutants have been described, one was
isolated after nitrosoguanidine-mutagenesis (Brink et al.,
1990), in the second one the gene was inactivated using homol-
ogous recombination (Cox et a., 1992, 1996). The chemically
induced mutant exhibited normal motile behavior, mutant cells
isolated by gene disruption showed reduced pseudopod
formation and a slower rate of translocation. Double mutants
lacking a-actinin and gelation factor failed to complete the
developmental cycle and the ability to form fruiting bodies was
strongly reduced (Witke et al., 1992). The parent strains of
these double mutants had been generated by chemica muta-
genesisand were deficient in either a-actinin or gelation factor.

Since it is a concern that during nitrosoguanidine treatment
of cells several genes might be affected, we have now used
homologous recombination to specifically inactivate both
genes by targeted disruption. Double and single mutants were
analyzed at the single cell level and during multicellular devel-
opment. Special emphasis was put on aspects that are con-
trolled by the cortical actin cytoskeleton. In the double mutants
we observed a cell size reduction, the generation of nucleus
free particles, reduced resistance against osmotic shock,
reduced rate of phagocytosis and atered cell shape and cell
motility. A comparison with mutants lacking either a-actinin
or 120 kDa gelation factor indicated that the proteins have a
different impact on these properties and that they rather act in
concert. Their combined loss leads to a general weakening of
the cortical cytoskeleton with severe consequences for devel-
opment.

MATERIALS AND METHODS

Dictyostelium strains and growth conditions

Dictyostelium discoideum strain AX2-214, an axenicaly growing
derivative of wild strain NC-4, is the parent strain of all mutants. A
gelation factor negative transformant (GHR) was generated by dis-
rupting the gelation factor gene via homologous recombination. The
transformation vector used was pDgel 1.5 (Witke et al., 1992) carrying
a 1.5 kb N-terminal EcoRI fragment of the gelation factor cDNA
(Noegel et al., 1989). The isolation of mutants lacking a-actinin and
gelation factor is described by Eichinger et al. (1996).

D. discoideum strain AX2 and mutant strains were either grown at
21°C in liquid nutrient medium with shaking at 160 rpm (Claviez et
al., 1982) or on SM agar plates with Klebsiella aerogenes (Williams
and Newell, 1976) or on nutrient agar plates with Escherichia coli B/2
(Noegel et al., 1985).

Construction of the gelation factor expression vector and
isolation of mutants

To express the gelation factor in the G418- and phleomycin-resistant
strain AGHR?2, a vector was constructed which allowed expression
under the control of the actin 15 promoter and actin 8 terminator
(Knecht et al., 1986) using hygromycin as selection marker. The
hygromycin-resistance gene from pDE109 (Egel hoff et a., 1989) was
cloned into the Smal and Sall sites of pUC19 to generate pHY. This
plasmid was linearized with Hindlll, blunt-ended with S1-nuclease
and ligated to a 0.8 kb fragment encoding the actin 15 promoter and
actin 8 terminator derived from pDEX H (Faix et d., 1992). The
resulting Dictyostelium expression vector pHEX contains a unique
HindllI site between the actin 15 promoter and the actin 8 terminator
which can be used for cloning. For expression of gelation factor, a2.7
kb fragment encoding the full-length cDNA sequence was obtained
from cDNA clone p1-10 (Noegel et al., 1989) using PCR and cloned
into the Hindlll site of pHEX to generate plasmid pHGE.

Transformation of D. discoideum was performed as described
(Witke et al., 1987). For selection of hygromycin resistant transfor-
mants, cells were grown in HL-5 medium, pH 7.5 (Egelhoff et a.,
1989). After transformation cells were allowed to recover overnight
and selection was started with 3 pg/ml hygromycin B (Calbiochem,
La Jolla, CA). Concentrations of the antibiotics were increased
stepwise to 5, 7.5 and 10 pg/ml until control plates were cleared.
Transformants were identified by colony blotting (Wallraff et a.,
1986) using gelation factor specific monoclonal antibody 82-471-17
(Brink et al., 1990).

Western, Southern and northern blotting

SDS-polyacrylamide gel electrophoresis was done as described by
Laemmli (1970). Western blotting was performed using 123|-|abelled
antibodies or the ECL detection system (Amersham, Braunschweig,
Germany). DNA and RNA were isolated as described (Noegel et a.,
1985). After transfer to nylon membranes (Amersham), hybridization
was performed at 37°C for 12-16 hours in hybridization buffer con-
taining 50% formamide and 2x SSC. The blots were washed for 2x
5 minutes in 2x SSC containing 0.1% SDS at room temperature and
1x 60 minutes in wash buffer containing 50% formamide and 2x SSC
at 37°C. 32P-labelled probes were generated using a random prime
labelling kit (Stratagene, La Jolla, CA).

Development of Dictyostelium

For analysis of development cells were alowed to develop on nitro-
cellulose filters (Millipore type HA, Millipore, Molsheim, France) at
21°C as described (Newell et al., 1969) or on phosphate-buffered agar
plates (17 mM Soerensen phosphate buffer, pH 6.0). For devel opment
in shaking suspension cells were washed in Soerensen phosphate
buffer, resuspended at a density of 1x107 cells/ml and shaken at 21°C
and 150 rpm. Morphogenesis was studied by allowing cellsto develop
on 1.2% (w/v) water agar plates or phosphate-buffered agar plates.
Development was also examined with cells growing on SM agar
plates on alawn of K. aerogenes (Williams and Newell, 1976) or on
nutrient agar plates on alawn of E. coli B/2 (Noegel et al., 1985).

Cell size determination

D. discoideum strain AX2 and mutant strains were grown in liquid
medium until a density of 2x10° cellsml was reached. Cells were
washed with cold Soerensen phosphate buffer and left on ice for 20
minutes after vortexing. This procedureled to single essentialy spherical
cells. Cels were photographed and diameters determined from the
prints. Furthermore, cell size distributions were also determined using a
Coulter Counter ZM (Coulter Electronics, Luton, England).

Osmotic shock

Cells were grown to a density of 3x106 cells/ml, washed twice in
Soerensen phosphate buffer and resuspended to a density of 3x107
cells/ml. The cells were kept shaking at 21°C and 160 rpm for 1 hour,



then sorbitol was added to afinal concentration of 0.4 M and shaking
was continued for 2 hours. At various time points samples were taken,
diluted into Soerensen phosphate buffer containing K. aerogenes and
plated onto SM agar plates to assay for viability. Cell lysis upon
osmotic shock was also estimated by determining the protein content
in the cellular pellet.

Phagocytosis microassay

Phagocytosis was measured by amodification of aprevioudy described
assay (Bozzaro et a., 1987). E. coli B/r a a fina concentration of
1x10%9ml were labelled with 0.1 mg/ml FITC (Sigma) as described by
Vogel (1987), except that the incubation time and temperature were,
respectively, 90 minutes and 23°C. Dictyostelium cells starved for 30
minutes in Soerensen phosphate buffer were mixed with cold FITC-
labelled bacteriaat afinal concentration of 4x108 and 5x10%ml, respec-
tively, inafina volume of 0.1 ml in 5 ml polystyrene tubes. The tubes
were shaken at 200 vibrations per minute. At various time points the
cells were washed free of unbound bacteria by diluting with 5 ml cold
50 mM Na-phosphate buffer, pH 9.2, and centrifuging at 110 g for 3
minutes. After an additional washing, the cell pellet was resuspended
in 1 ml Na-phosphate buffer and lysed for 30 minutes with 0.2% Triton
X-100. Fluorescence in cell lysates was measured in a spectroflu-
orimeter SFM 25 (Kontron) at an excitation wave length of 470 nm and
emission wave length of 520 nm. To determine the number of bacteria,
a calibration curve was made by seria dilutions of FITC-labeled
bacteria lysed with 1% SDS for 2 minutes at 90°C (Vogel, 1987).

Chemotaxis

For qualitative evaluation of chemotaxis, cells were starved for 6
hours in Soerensen phosphate buffer in shaking suspension and trans-
ferred onto a glass surface. Cells were stimulated with a micropipette
filled with 104 M cAMP and the ability of the cells to move towards
the micropipette was examined (Gerisch and Keller, 1981; André et
al., 1989). Quantitative analysis of cell motility and chemotaxis was
performed using an image-processing system (Segall et al., 1987) and
a chemotaxis chamber (Fisher et al., 1989) with a maximum cAMP
concentration of 5x1078 M (Brink et al., 1990).

Immunofluorescence studies

Cells were allowed to settle on a coverslip and fixed in cold methanol
(=20°C). Profilin | and contact site A were detected with monoclonal
antibodies 153-246-10 (Haugwitz et al., 1991) and 33-249-17
(Berthold et al., 1985), respectively, followed by incubation with Cy3
labelled anti-mouse 1gG antibody according to the method of Weiner
et al. (1993). Actin distribution was determined by incubation with an
actin specific monoclonal antibody (Simpson et a., 1984). Nuclei
were stained with 4',6-diamidino-2-phenylindole (DAPI).

Synergy experiments

For synergy experiments AX2 cells expressing the green fluorescent
protein under the control of the actin 15 promotor (AX2-gfp)
(Rietdorf et a., 1996) or the bacterial [3-gal actosidase gene under the
control of the actin 6 promoter (AX2-gal) (Dingermann et al., 1989)
were mixed with AGHR2 cells at the vegetative stage and allowed to
devel op through aggregation to the mound stage. In some experiments
AGHR2 cells labelled with rhodamine-dextran (Sigma), were mixed
with 0.5% AX2-gfp cells before plating. For rhodamine-dextran
labelling 1x107 AGHR?2 cells were incubated with 1 ml rhodamine-
dextran solution (10 mg/ml in KK2, 20 mM potassium phosphate
buffer, pH 6.8). This cell suspension was then pressed once through
a Nythal filter (Seidengazefabrik AG Thal, Switzerland) with 7 um
pore size. Thereby about 1-3% of the cells were labelled and retained
the label for more than 24 hours (Siegert and Weljer, 1992). In the
synergy experiments with AX2-gal cells the mounds were fixed and
stained (Bichler and Weijer, 1994).
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Videomicroscopy and digital image processing

Plates for videomicroscopy were prepared as previously described
(Siegert and Weijer, 1989) and incubated at 21°C until mounds had
formed. Video films of mounds were made by placing the agar plates
on a Zeiss IM 35 inverted microscope equipped with x6.3 or x10
objectives and an image intensified CCD camera (SANYO VC 2512).
Video images were captured at 5 or 10 second intervals and stored on
a time-lapse video recorder (Sony EVT 801CE). In several experi-
ments background noise was reduced by averaging 8-16 video images
in real time (25 frames/second) before storing the result as a single
image on the video recorder. Fluorescence measurements were
conducted with a x16 Neofluar objective and a high sensitvity SIT
camera (Hamamatsu C2400-8). To reduce damage of the cells the
excitation light was reduced 64 times by a grey filter and the camera
was adjusted to maximum sensitivity. Between successive time points
of the time lapse measurements (every 10 seconds) the excitation light
was shut off by a computer controlled shutter.

Digital image processing was performed with an IBM compatible
486 66 Mhz computer equipped with an Imaging Technology board
(AFG, resolution 768x512 pixel). Analysis of dark field waves was
carried out essentially as previously described (Siegert and Weijer,
1989, 1995). Briefly, the gray values inside a narrow window placed
across a mound were averaged along the short axis to create a one-
dimensional representation of optical density values. These optical
density dlices were taken every 5 or 10 seconds and stored on a hard
disc. For analysis successive measurements were placed below each
other to obtain a time-space plot which was analyzed by other
programs. The movement of single cells was measured by manually
tracking fluorescent cells (Siegert and Weijer, 1992).

RESULTS

Disruption of the a-actinin and gelation factor genes

For disruption of the a-actinin and gelation factor genes we con-
structed vectors pAAA and pAGF which contain a marker gene
between the 5' and the 3' coding sequences of the respective
gene (Eichinger et d., 1996). AX2 cells were transformed with
linearized plasmid pAAA; G418 resistant transformants were
cloned and tested with mAb 47-62-17 (Schleicher et d., 1988)
to identify a-actinin negative cells. Restriction enzyme analysis
showed that in eleven out of twelve independent a-actinin
negative transformants a gene disruption had occurred, in one
transformant (AHR) a gene replacement event was identified
sincean internal 0.7 kb EcoRI fragment of the gene waslacking.
Mutant AHR cells were transformed with pAGF for disruption
of the gelation factor gene and transformants screened with mAb
82-471-14 (Brink et a., 1990). Two independent clones,
AGHR1 and 2, lacking gelation factor were isolated. In both
mutants inactivation of the gene was due to a gene disruption.

The gene replacement and disruption events were stably
maintained, since after growth of AGHR1 and AGHR2 cells
for more than 100 generations without selection pressure in
liquid medium no revertants were observed when single
colonies or whole cell extracts were analyzed by western
blotting with specific antibodies.

In al subsequent analyses the following strains were
assayed: strain AX2 as wild-type parent strain, strain AHR as
a-actinin deficient transformant, strain GHR as gelation factor
minus mutant in which the gene was disrupted by a single copy
insertion of vector pDgel1.5 (Witke et a., 1992) and strains
AGHR1 and 2 as double mutants (Fig. 1). Since both double
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Fig. 1. Western blot analysis of wild-type and mutant strains. Total
cellular protein from 2x10° cells of AX2 wild type, single mutants
AHR and GHR and double mutant AGHR2 was separated by SDS-
PAGE (10% acrylamide), blotted onto nitrocellulose and probed with
a-actinin specific mAb 47-62-17 or gelation factor specific mAb 82-
471-14. The blot was subsequently probed with cap34 specific mAb
409 (Hartmann et al., 1989) to show comparable |oading.

mutant strains have similar characteristics, in most cases only
the data for AGHR2 are shown.

Growth of the double mutant strains

When grown under axenic conditions AX2 wild-type cells as
well as mutant cells of strains AHR and GHR reached find cell
densities of 1x107 cells/ml and higher. In contrast, AGHR2 cells
never reached similar densities and consistently stopped growth
much earlier. The doubling time was also prolonged from 10
hours for AX2 to 19 hours for AGHR2 (Fig. 2). For AGHR2
cellswe noted a substantial shedding of cellular material during
growth in shaken suspension. These particles often had
diameters of up to 3 um. They contained cytosolic proteins as
visudized by staining for profilin but were devoid of nuclel. This
property could be traced back to a gelation factor deficiency
since GHR cells exhibited a similar phenotype (Fig. 3).
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Fig. 2. Growth of wild-type and mutant cellsin shaking culture.
Growth of wild-type AX2, AHR and GHR in shaking suspension
was comparable, whereas AGHR2 had a reduced growth rate and did
not reach similar cell densities.

Cell size of AGHR mutants

AGHR2 cultures contained both smaller aswell as significantly
larger cellsthan wild-type cultures. For further analysisthe size
distribution of AGHR?2 cells was determined and compared to
the one of AX2, AHR and GHR cells (Fig. 4). Both AHR and
GHR cells were amost indistinguishable in size from AX2
cells, with an average diameter of 12 um whereas most AGHR2
cells had a diameter of 9 um. In addition, there was a second
population of enlarged AGHR2 cells with diameters of approx-
imately 25 um. This second popul ation accounted for about 5%
of the total cell number. Immunofluorescence studies using the
DNA binding dye DAPI reveded that the large-sized AGHR2
cells were multinucleated. Determination of cell sizes in an
automated counter supported the finding that the magjority of
AGHR2 cells was smaller than AX2 cells.

Response to osmotic shock

Exposure of cells to high osmolarities evokes a variety of
responses. The accumulation of compatible osmolytesraisesthe
internal osmotic potential and the synthesis of stress proteins
protects cellular components facilitating repair and recovery
(Kwon and Handler, 1995). Whereas these are ow processes
that occur in pro- and eukaryotes, eukaryotic cells in addition
can quickly respond to changes in cell volume by dis- and
reassembly of their cytoskeletons. When wild-type and mutant
cells were treated for up to two hours with 0.4 M sorbitol and
then diluted into a solution of low osmolarity, survival of wild-
type cells was much better than that of AGHR2 cells. The
osmotic shock led to a marked reduction in the proportion of
viable AGHR2 cells, which was 66% after one hour and 14%
after two hours of treatment with sorbitol (Fig. 5). Comparable
results were obtained when cell lysis was estimated by deter-
mining the decrease in protein content in the cellular pellet. No
significant lysiswas observed for AX2 cellsand AHR and GHR
were comparable to AX2 in their resistance to osmotic shock.

Phagocytosis of mutant strains

Immunofluorescence studies suggest that both crosslinkers are
involved in different steps of the phagocytic process, gelation
factor being located at the phagocytic cup (Cox et al., 1996)
and a-actinin in phagosomes (Furukawa and Fechheimer,
1994). This has prompted us to test single and double mutants
for their ability to phagocytose bacteria. After 30 minutes of
incubation with fluorescently labelled E. coli, AGHR2 cells
showed a significant reduction (40-60%) in the rate of bacterial
uptake, compared to the single mutants and the wild-type strain
AX2 (Fig. 6). Asinternal control we used HSB50, a severely
impaired phagocytosis mutant, which is also defective in cell-
substrate adhesion and is blocked at the mound stage of devel-
opment (Ceccarelli and Bozzaro, 1992). In contrast to HSB50,
the rate of phagocytosisin AGHR2 seems to be normal for the
first 5 minutes, suggesting that the double mutation probably
affects later steps in the phagocytic process more strongly.

Motility and chemotactic behavior of mutant strains

Chemotaxis of starving cells towards CAMP was analyzed in
the capillary assay where cells are stimulated with a
micropipette filled with cAMP (1074 M). AGHR2 cells were
able to move towards the pipette, however, they responded
much more slowly than wild-type cells. In atypical experiment
AX2 cdlls arrived at the pipette within a minute, whereas



Fig. 3. Presence of nucleus free particles
in strains AGHR2 and GHR. In AGHR2
(A-C) and GHR (D-F) cultures taken from
shaken suspension, particles devoid of
nuclel are frequently observed. In A and D
the nuclel are visualized by staining with
DAPI, in B the distribution of profilinl in
AGHR?2 as detected with mAb 153-246-
10 (Haugwitz et al., 1991) and in E the
actin distribution as detected with a
monoclonal antibody (Simpson et al.,
1984) are shown. (C, F) Phase contrast.
Bar, 10 pm.

AGHR2 cells needed approximately 5 minutes to overcome
similar distances.

For quantitative chemotactic analysis cells were analyzed
in a chemotaxis chamber with a camera and subsequent
computer analysis (Fisher et a., 1989). In the absence of
CcAMP wild-type strain AX2 exhibited an average speed of
7.1+2.9 um/minute (Table 1). The lack of either a-actinin or
gelation factor did not result in a significant change in speed
compared to AX2. The double mutant strain AGHR2 in
contrast was slower both in the absence and in the presence
of cAMP. AGHR2-R cells which expressed the gelation
factor after transformation with plasmid pHGE (see below)
were indistinguishable from wild-type motility in the absence
of CAMP. After applying a cAMP gradient double mutant
AGHR?2 failed to respond to the chemoattractant and orient
in the direction of the gradient. The altered chemotactic
behavior of AGHR2 was restored in the transformant
AGHR2-R. The turning rate, which was calculated as the
variance of direction changes between successive time-lapse
intervals divided by the time-lapse interval, was comparable
between all strains tested, suggesting that the lack of one or
both actin-crosslinking proteins did not affect the frequency
of turnings.
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Cell shape of double mutants

A comparison of Fig. 7A,B and C,D shows that after starva-
tion AGHR2 cells are more rounded than AX2 cells, which
are elongated and polarized. Single mutants AHR and GHR
were indistinguishable from AX2 in cell shape and actin dis-
tribution. The absence of cell shape changes in AGHR2 was
also observed when cells were assayed in chemotaxis experi-
ments and stimulated with a pipette filled with cAMP.
Although cells were able to move towards the pipette albeit
slowly, they did not assume the typical elongated cell shape
as was observed for strains AX2, AHR and GHR. Moreover,
we also noted that pseudopod formation was different from
control and single mutants strains, which extended well
formed broad pseudopods in the direction of the cAMP
source. AGHR2 cells in contrast extended rather small
pseudopods and these were frequently formed in positions
pointing away from the chemotactic source. Further studies
and quantitative analyses will be needed to characterize in
more detail these observations.

Development of the double mutant strains
Upon starvation D. discoideum cells undergo a devel opmental
cycle in which single amoebae aggregate to form a multicel-
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distribution similar to that of
AX2 and AHR was obtained.
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Table 1. Matility of wild-type and mutant strains

Speed Orientation Turning rate
[um/min] [cos9] [rad®min]
Strain N exp. Buffer Gradient Buffer Gradient Buffer Gradient
AX2 6 7.1£2.9 10.7+2.1 0.02+0.11 0.23+0.08 2.0+0.5 1.7+0.9
GHR 3 5.6+2.3 8.3+t0.5 0.09+0.12 0.14+0.03 1.2+0.3 15+0.1
AHR 3 10.2+5.9 11.6+3.1 0.08+0.10 0.11+0.06 1.3+0.3 1.6+04
AGHR2 4 3.8£1.8 7.3t1.6* 0.01+0.03 0.06+0.05* 2.2+0.6 1.3+0.2
AGHR2R 2 7.5+0.1 8.30.4 0.04+0.03 0.14+0.01 1.8+04 1.6+0.3

Cell tracks were recorded over four 30 minutes periods. In each period 41 images were taken with atime lapse of 45 seconds between subsequent images.
During the first two half hours movement in buffer was analyzed, during the second two half hour periods alinear CAMP gradient with a steepness of 2.5x108 M
cAMP/mm was applied. The values shown in the table were recorded in the first and third half hour period. In each period 50-80 individual cells were averaged.
To avoid cells not only responding to the applied gradient but also to cAMP secreted by other cells, cell densities were used where the average distances between
adjacent cells were at least 50 um. Furthermore, care was taken that no cell aggregates were present. The orientation is expressed as cosf, i.e. the higher the
values the better the orientation in the gradient. Values are given as means + s.d. *P<0.05 relative to AX2 (ANOVA).

[ular fruiting body. This cycle involves differentiation into
spore and stalk cells and requires the sequential expression of
developmentally regulated genes. In strain AGHR2 develop-
ment was heavily impaired. On phosphate agar plates AGHR2
cellswere able to form long aggregation streams similar to that
of AX2 wild-type cells (see Figs 10A,D and 12A). Later during
aggregation many AGHR2 streams broke up, leading to the
formation of small aggregates. Under these conditions tip and
finger formation and occasionally short thick slugs could be
observed, but no further development occurred (Fig. 8).
Overdl the developmental pattern of the double mutant cells
was significantly delayed as compared to wild-type cells. The
single mutants AHR and GHR usually formed smaller aggre-
gation territories which aso resulted in smaller mounds as
compared to AX2 cells. Surprisingly both single mutants
needed less time to form tipped aggregates. Furthermore they
were able to complete development resulting in the formation
of normal looking fruiting bodies.

Further investigations of AGHR2 showed that the stage at
which development was blocked varied with the substrate
used. When deposited on nitrocellulose filters AGHR2 cells
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Fig. 5. Resistance to osmotic shock of strains AX2 and AGHR2.
Cells were shaken in phosphate buffer in the presence or absence of
0.4 M sorbitol for the times indicated, diluted into phosphate buffer
and plated onto SM agar plates with K. aerogenes. Cdll viability after
1 or 2 hours of treatment was determined as the percentage of
coloniesin relation to 0 hours, which was assigned 100%. Each point
isthe average of colony counts from 5 plates. The results of one
representative experiment are shown.

did not develop into aggregates. In paralel, mRNASs specific
for the aggregation stage like contact site A message (Noegel
et al., 1986) were not expressed or were present at reduced
levels, as the mRNA corresponding to CAMP receptor cCAR1
(Klein et al., 1988). The messages of genes later expressed in
development such as the D19 (Early et al., 1988), ecmA and
ecmB genes (Jermyn et al., 1987) were not detected in strain
AGHR?2, suggesting that a differentiation into prespore and
prestalk cells did not take place. During development on
phosphate agar strain AGHR2 aggregated. cARI- as well as
csA-specific RNA could be detected at 6 hours after beginning
starvation, and at 18 hours the cell type specific mMRNAS
coding for PsA and EcmA and EcmB proteins were expressed.
Whereas PsA and ECmA expression iscomparablein AX2 and
AGHR2, dlightly lower levels of EcmB mRNA are apparent
(Fig. 9). The expression of these markers did not substantially
differ between strains AX2, AHR and GHR.

Starvation in suspension culture also allowed devel opment
of AGHR?2 as determined by the presence of the aggregation
specific csA protein, which is enriched at sites of cell to cell
contact (Fig. 7B,D).
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Fig. 6. Phagocytosis of bacteria by wild-type and mutant cells. Cells
were incubated with FITC-labelled E.coli B/r under shaking
conditions for the times indicated, and the number of cell-associated
bacteria determined as described in Materials and Methods. Each
point is the average of determinations madein triplicate. The results
of one representative experiment are shown. Similar results were
obtained in three independent experiments.



Fig. 7. Shape of aggregation
competent AX2 (A,B) and
AGHR2 (CD) cells. Cellswere
starved in Soerensen phosphate
buffer for 6 hours, fixed and
stained with actin (A,C) or
contact site A (B,D) specific
monoclonal antibodies. For
each panel immunofluorescence
and phase contrast are shown.
AGHR?2 célls are unpolarized
and do not show the typical
elongated shape of AX2 célls.
Bar, 10 pm.

Analysis of optical density wave propagation during
aggregation and mound formation

As pointed out above development of the double mutant is
blocked just after the tipped mound stage of development.
Aggregation and mound formation result from relay of CAMP
waves initiated by the aggregation center and chemotactic cell
movement towards increasing CAMP gradients. The observed
defects could result from both defects in signal generation and
propagation as well as from defects in the chemotactic
response.

Fig. 8. Development of strains AX2 (A,C) and
AGHR2 (B,D). Cellswere plated either on
nutrient agar on alawn of E. coli B/2 (A,B) or
on phosphate agar (C,D) and allowed to develop
at 21°C. Picturesin C and D were taken 24
hours after plating the cells; no further
development occurred. Bars: 0.5 mm for A and
B; 0.1 mm for C and D.
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Time lapse videos showed that wave propagation and rota-
tional cell movement, both clockwise and counter clockwise,
occur in aggregates of both the wild type and the double mutant
strain. AHR and GHR formed small rotating mounds and rings.
To visualize the spatial pattern of wave propagation an image-
subtraction algorithm was used which resulted in white prop-
agating waves on a dark background (Fig. 10B,E). Fig. 10B
shows concentric ring waves emanating from the AX2 mound
shown in Fig. 10A, whereas in Fig. 10E the pattern of wave
propagation of the AGHR2 mound from Fig. 10D is a multi-
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Fig. 9. Expression of developmentally regulated genes in strains
AX2 and AGHR?2 after devel opment on phosphate agar (A) and
nitrocellulose filters (B). Cells (1x108) were allowed to develop at
21°C and harvested at different time points (in hours) for RNA
isolation; 10 pg of total RNA per time point were separated in
formaldehyde agarose gels (1.2% agarose). After transfer onto nylon
membranes the blots were hybridized with the indicated cDNAs. For
expression of cell type specific genes, RNA isolated 18 hours after
beginning starvation was probed with cell type specific cDNAs.

armed spiral rotating counterclockwise. Spiral and concentric
patterns of wave propagation could be observed in al strains
studied, although in the AHR and GHR mutants multiarmed
spirals were more frequently observed.

To quantitate darkfield wave propagation we constructed
time-space plots by measuring changes in the optical density
along a cross-section of a mound (Siegert and Weijer, 1995).
As an example of the method employed Fig. 10C,F shows
typical time-space plots of AX2 (C) and AGHR2 (F) mounds
at late stages of mound formation. Propagating waves appear
as a pattern of alternating dark and bright bands. By plotting
the intensity values versus time at a certain location in the
mound the period length of darkfield waves can be determined
by measuring the distance between the minima of gray values
(Siegert and Weijer, 1989). We show two plots of temporal
behavior for both AX2 (Fig. 10G,c) and AGHR2 (Fig. 10G,f)
at alate stage of mound formation, corresponding to measure-
ments made in Fig. 10C and F, respectively.

Fig. 11 summarizes the results of this analysis performed
during mound formation in double and single mutants compared
to wild-type AX2 cells. In aggregates of wild-type and single
mutant cells, measurements could be started as soon as 5 hours
after plating on KK2-agar, whereas in aggregates of AGHR2,
which were significantly delayed in devel opment, measurements

could be started approximately 7 hours after plating. In AX2
mounds the period length was found to be approximately 1.5
minutes at 7 hours of development and this period increased to
4-5 minutesjust beforetip formation. The double mutant showed
significantly (P<0.001, ANOVA) longer periods of around 2
minutes at 7 hours of development. Later on, the periodicity
increased up to 4-5 minutes, similar to AX 2, and was maintained
for very long periods of time. Both the AHR and GHR mutants
showed similar period lengths in the range of 0.6-1.4 minutes
between 5 and 7 hours of development, which are significantly
lower (P<0.001, ANOVA) than that of AX2. After 7 hours both
single mutants formed tips without measurable decrease in
period length as in AX2 or the double mutant. These results
suggest that the cAMP signalling system athough not impaired,
is dtered in both the single as well as in the double mutants.

Analysis of cell movement of AGHR2 during mound
formation

In order to be able to quantitatively compare the movement
of double mutant with wild-type cells under conditions where
they both respond to the same signals we perfomed synergy
experiments between AX2 and AGHR2 cells (Fig. 12). A low
percentage of AX2-gfp cells expressing green fluorescent
protein was mixed with AGHR2 mutant cells, in which alow
percentage of cells (0.3%) was labelled with rhodamine
dextran and movement for both cell types recorded. Analysis
of these experiments showed that AX2 cells moved signifi-
cantly (P<0.001, Student’s t-test) faster in chimeric aggrega-
tion streams (5.6£1.9 um/minute, n=23) than the rhodamine
labelled AGHR2 cells (3.6+1.6 um/minute, n=32).

Contrary to AGHR2, in the course of aggregation the AX2
cells collected preferentialy in the aggregation center (Fig.
12B,C). This was checked explicitly by performing synergy
experiments between AGHR2 cells and AX2 cells expressing
the reporter gene 3-gal actosidase under the control of the actin
6 promoter (Bichler and Weijer, 1994) and fixing the mounds
at different times of development. The AX2 cells aggregated
within the mound of AGHR2 cells and formed one or severa
centers (Fig. 12D). This situation persisted for 6 hours, then
the AX2 cells dispersed again.

Rescue of mutant AGHR2 by expression of gelation
factor

AGHR2 was transformed with plasmid pHGE that harbored
the gelation factor cDNA under the control of the actin 15
promoter and actin 8 terminator. Transformants were selected
for expression of the protein and development was analyzed.
Western blot analysis revealed that the 120 kDa gelation factor
was expressed with similar levels as in AX2 wild type (Fig.
13A) and by Southern blot analysis a single copy integration
into the gelation factor gene was detected leading to stable
expression of the protein. All clones expressing the 120 kDa
gelation factor formed fruiting bodies (Fig. 13B).

DISCUSSION

Alterations in cell size, growth and sensitivity to
osmotic shock

Cells lacking a-actinin and gelation factor exhibit severa
defects already during growth, the most notable being a reduced
growth rate, a reduction in cell size and increased sensitivity



Fig. 10. Wave propagation in
AX2 and AGHR2 mounds.
(A,D) Dark field images of AX2
(A) and AGHR2 (D) early
mounds on KK 2-agar.

(B,E) Wave propagation in AX2
(B) and AGHR2 (E) mounds
shownin A and D, respectively,
visualized by image subtraction.
Two images 25 seconds apart
were subtracted; this resulted in
bright pixel values where the two
images differ and dark values
where the two images are
identical or similar. In B wave
propagation is concentric,
whereasin E wave propagation
appears as amultiarmed spiral.
(C,F) Time-space plots of wave
propagationin AX2 (C) and
AGHR2 (F) late mounds. Time-
space plots were constructed as
described in Materials and
Methods. Recording was started 8
(C) and 13 (F) hours after plating
the cells. Images were taken
every 10 seconds. The number of

G
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images recorded was 270.

(G) Oscillatory patternin AX2
(c) and AGHR2 (f) mounds
analyzed from time-space plots C
and F, respectively. Each graph
was obtained by plotting the
normalized and frequency filtered
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intensity values along the vertical
line shown in the corresponding
time-space plot. Bar, 100 pm.
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towards osmotic shock. These altered properties could well
reflect a reduced strength of the cortical cytoskeleton which
cannot resist the internal forces during cell growth and leads to
amuch smaller cell size. There exists aso a population (about
5%) of very large multinucleated cells suggesting that both
crosslinking proteins might be involved in the division of
daughter cells after DNA replication. In this respect AGHR2
cells resemble D. discoideum cells deficient in myosin 1 (De
Lozanne and Spudich, 1987; Manstein et al., 1989; Pollenz et
al., 1992), profilin (Haugwitz et a., 1994) or coronin, an actin-
binding protein preferentially found in crown-like cell surface
protrusions of D. discoideum (De Hostos et al., 1991, 1993).
Lack of these proteinsresulted in adefect in cytokinesisleading

30 45 15 30 45
Time (min)

to large multinucleated cells. The effects were, however, much
more pronounced than in double mutant cells. Generation of
multinucleated cells in general indicates impaired cytokinesis
athough there have been no indications from immunofluores-
cence studies that the crosslinkers are located in the cleavage
furrow as was shown for myosin Il (Yumura et a., 1984) and
would strongly support arole in cytokinesis.

Most remarkable is the formation of particles of considerable
size but without a nucleus. These particles were already
observed in the GHR mutant lacking only the gelation factor.
They could be generated by a mechanism that has been
suggested for the formation of blebs. In general blebs as surface
extensions are thought to be generated by fluid driven expansion
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Fig. 11. Analysis of period length of darkfield waves during mound
formation in single (AHR, GHR) and double (AGHR2) mutants as
compared to AX2. Periodicity was determined from graphs derived
from time-space plots, similar to those shown in Fig. 10G. The
distance between the minima of the gray values was measured. For
each data point 4 to 6 successive waves were averaged. The number
of mounds analyzed was 13 (AX2), 20 (AGHR2), 6 (AHR) and 13
(GHR). Mounds were recorded for 15 to 80 minutes.

of the cell membrane (Cunningham, 1995). The expansion
decreases as cortical gelation is achieved. This modd is based
on data obtained with cells lacking ABP280. The cells showed
an extensive surface blebbing which could be suppressed by the
introduction of ABP280 (Cunningham et ., 1992). The gelation
factor is very similar to ABP280 with regard to primary and
secondary structure and our data suggest that it is also involved
inthis particular aspect of the cortical cytoskeleton. Animpaired
cytokinesis together with the formation of non-nucleated
particles might well be responsible for the reduced growth rate
of double mutant cells in shaking culture.

The increased sensitivity in double mutant cells to osmotic
shock isalso in agreement with areduced strength of the cortical

Fig. 12. Movement of AX2-gfp
cellsin aggregates of AGHR2.

(A) Transmitted light image of alate
AGHR?2 aggregate (8 hours of
development). Bar, 150 um.

(B) Fluorescence image of the same
aggregate asin A, showing the
locdization of few (0.3%) AX2-gfp
cellsin the mound. (C) Fluorescence
image of the same mound 30
seconds later than theonein B
showing distribution and shape

of AGHR2 cells, which were
|abelled with rhodamine-dextran.
(D) Synergy experiment with 99%
AGHR2 cellsand 1% AX2-gal cells
after 17 hours of development. The
AX2-gal cdlshave preferentialy
accumulated in the center of the
mound. Bar, 50 pm.

cytoskeleton. There is increasing evidence indicating that the
actin cytoskeleton plays an important role in the adaptation to
Stuations of atered tonicity. In a recent study it has been
observed that melanoma cells deficient in ABP280 are not able
to activate potassum channels and to regulate their volume
when swollen in diluted solutions. Rescue of the célls by trans-
fection with ABP280 corrected these defects (Cantiello et al.,
1993). In yeast a rapid and reversible disassembly and redistri-
bution of the actin cytoskeleton occursin response to an osmotic
stress, and genetic and morphologica studies performed with
osmosensitive mutants indicate that an actin-binding protein
could be involved in actin redistribution during osmotic shock
(Chowdbury et a., 1992). Dictyostelium responds to an osmotic
stress by a relocalization of myosin which alows the cells to
adopt a spherical shape and provides the mechanical strength
necessary to resist extensive shrinkage (Kuwayamaet al., 1996).
These reports along with the results reported here point to an
interplay of the various components of the actin cytoskeleton in
response to osmotic stress whose details remain to be elucidated.

Alterations in phagocytosis

Besides actin, a variety of actin-binding proteins have been
shown to be involved in phagocytosis in Dictyostelium dis-
coideum. Whereas coronin (Maniak et al., 1995), myosin IB
(Fukui et al., 1989), the 30 kDaactin-bundling protein (Furukawa
and Fechheimer, 1994) and gelation factor (Cox et a., 1996)
colocalize with actin at the phagocytic cup at the onset of phago-
cytosis, immunofluorescence studies suggest that a-actinin is
involved in later stages (Furukawa and Fechheimer, 1994). Lack
of either a-actinin or gelation factor did not result in aterations
of the rate of phagocytosis, on the contrary, double mutants
lacking both crosdlinkers showed areduction of about 50% in the
rate of phagocytosis. Our data also suggest that early steps of
phagocytosis are not affected in double mutants, pointing out a
differential contribution of both crosdlinkersto the diverse phases
of phagocytosis. As shown by the andysis of mutants deficient




Fig. 13. Rescue of AGHR2 by
introduction of a gelation factor
expression vector. AGHR2 cells were
transformed with the expression vector
pHGE and transformants expressing 120
kDa gelation factor were tested for the 120 — o=
ability to form fruiting bodies. (A) Total

cell protein of 2x10° cells of strain AX2

(lane 1), AGHR2 (lane 2) and

transformant AGHR2-R (lane 3) was

separated by SDS-PAGE, transferred onto

nitrocellulose and incubated with the

gelation factor specific mAb 82-471-17.

(B) AGHR2-R cells expressing gelation

factor were alowed to develop at 21°C on

nutrient agar plates on alawn of E. coli

B/2. Bar, 1 mm.

kDa

in cytoskeletal proteins, the contribution of these proteins to
phagocytosis is variable. In mutants defective in coronin or
myosin IB the rate of phagocytosis is reduced by about 70% or
30%, respectively (Maniak et a., 1995; Jung and Hammer,
1990), whereas mutants deficient in 30 kDa actin-bundling
protein are unimpaired in phagocytosis (Rivero et al., 1996). In
contrast to our results mutant strains deficient in gelation factor
generated by Cox et al. (1996) show a 50% reduction in the
ability to phagocytose bacteria. These differences might be
explained by the different Dictyostelium parent strains used, AX2
for GHR and AX3 (Cox et a., 1992, 1996).

Alterations in chemotaxis

After stimulation with cAMP the cortical actin cytoskeleton
undergoes a dramatic reorgani zation which leads to achangein
the direction of new pseudopod extension and consequently in
the direction of cell locomotion. Actin crosslinking proteins are
thought to be essential in this process since they allow the sta-
bilization of the newly formed structures. A loss of actin
crosslinking proteins should result in the formation of less
stable protrusions and lead to impaired cell locomotion
(Condedlis, 1993). When assayed in a chemotactic chamber
cells lacking either a-actinin or gelation factor did not exhibit
significant differences in velocity compared to wild-type cells.
This is in agreement with motility data obtained with chemi-
caly derived mutant strains (Brink et al., 1990; Schleicher et
al., 1988; Wadllraff et a., 1986). A gelation factor defective
strain has been described by Cox et al. (1992). Characterization
of this strain suggested that the lack of gelation factor resulted
in abnormalities in the rate and extent of pseudopod formation
and aso in the amount of F-actin incorporated into newly
formed pseudopods after stimulation with chemoattractant. Fur-
thermore, cells expressing no gelation factor were roughly three
times slower than wild-type cells when moving in buffer and
also exhibited altered motility 20-40 seconds after stimulation
with cAMP. As was the case also for phagocytosis defects,
these differences in cell motility between the ABP-120" strains
generated by Cox et al. (1992, 1996) and the strain generated
by Brink et al. (1990) and the strain GHR described here might
be explained by the different Dictyostelium parent strains used.

In contrast to mutant strains AHR and GHR, the speed of
double mutant cells was reduced by more than 30% both in the
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absence and presence of CAMP. The defect could be restored by
expression of gelation factor in the transformant AGHR2-R. Fur-
thermore, double mutant strain AGHR2 was not able to orient
properly in a chemotactic gradient and move towards the cAMP
source. Thisresult contrasts with the fact that in the micropipette
assay AGHR2 cells moved towards a pipette filled with cAMP
although with a reduced speed and abnorma pseudopod
formation. In this respect it has to be considered that the motility
assay performed in the chemotaxis chamber and the assay
performed with the micropipette differ in the concentrations of
CcAMP, dthough an effect of the different substrates used in each
case (BSA coated glass in the chemotaxis chamber and uncoated
glass in the micropipette assays) cannot be excluded. Indeed, the
formation of reversible substrate adhesion sites is an essentia
aspect of cell locomotion (Stossal, 1993). In addition, cells were
capable of streaming and aggregating when deposited on agar
plates indicating a production of and a response to cAMP.

The analysis of cell movement in chimeric streams consti-
tuted by AGHR2 cells and a low percentage of fluorescently
labelled AGHR2 and AX2 célls clearly shows that AGHR2
cells are much more rounded and unpolarized than AX2 cdlls,
being in agreement with observations made in the micropipette
assay and in immunofluorescence studies. A less polarized cell
shape has been observed in aggregating myosin heavy chain
(MHC) minus cells as well (Eliott et al., 1993). Furthermore
MHC minus cells like AGHR cells exhibited less directed and
coordinated movements in streams (Doolittle et al., 1995).
From our cell movement analysisit also becomes clear that the
double mutant cells move less efficiently than AX2 towards
the same in vivo signals.

Alterations in development

Whereas mutants lacking one of the two actin crossinking
proteins are able to aggregate and make normal looking fruiting
bodies, mutants lacking both proteins have a developmental
defect and do not appreciably form fruiting bodies. In this
respect AGHR2 cells resembled the previously described
double mutants (GA and AG series; Witke et a., 1992) in their
inability to undergo the complete developmenta cycle. In
contrast to the GA and AG strains which, depending on the con-
ditions, occasionally formed fruiting bodies, no fruiting body
formation was detectablefor strains AGHR2 and AGHR1 under
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al conditions tested. When deposited on nitrocellulose filters
the block occurred a a much earlier stage of development
compared to GA mutants and abolished the ability of AGHR2
cellsto differentiate into prespore and prestalk cells whereasin
GA cells the expression pattern of early and late genes was
comparable to the one of wild-type cells, including a differen-
tiation into prespore and prestalk cells. These differences could
be due to the nitrosoguanidine treatment of the GA parents
which could have affected other loci resulting in apartial rescue
of the phenotype. This could also explain the different behavior
of AGHR2 and the previously described strains in cell growth
and phagocytosis. During development on phosphate-buffered
agar AGHR2 cells were able to aggregate, but development
stopped at the mound stage just after the formation of the tip.
RNA analyses have shown that a differentiation into prestalk
and prespore cells takes place in AGHR2 cells. A substrate
dependent adhesion could account for the different develop-
mental pattern observed on nitrocellulose filters and on agar.

The analysis of optical density wave propagation allowed us
to study the chemotactic signal relay which controls aggrega-
tion and mound formation. Our measurements of optical
density wave propagation show that the mutant is capable of
generating the characteristic increase in signa period length
during aggregation, reaching periods below two minutes
followed by a characteristic lengthening to 4-5 minutes just
before tip formation. This increase in period length has been
attributed to a switch from high to low affinity cAMP receptors
(Rietdorf et al., 1996). Therefore the double mutants seem to
be able to express these types of receptors to levels sufficient
for a physiological relevant response.

Synergy experiments show that the mutant cells are able to
generate the signals required for tip formation, but are not able
to sort properly. Even if in mutant and wild-type mixtures AX2
cells collect in the tip and presumably generate suitable signals
for tip formation AGHR?2 cells cannot respond properly. The
Situation partially resembles that found with MHC minus
mutants, which can differentiate but cannot sort out to form a
tip (Springer et a., 1994; Traynor et a., 1994; Dodlittle et al.,
1995; Shelden and Knecht, 1995). This deficiency has been
attributed to a reduced tactile strength during aggregation and
mound stage (Wessels et al., 1991; Shelden and Knecht, 1995).
Thus, in both situations, the one reported here and in myosin
minus cells, aweakened cortical cytoskeleton might not allow
cells to generate the protrusive force necessary to migrate and
sort out within a mass of aggregated cells.
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