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ABSTRACT:

Phototaxis has been studied in a variety of organisms belonging to all three major
taxonomic domains - the bacteria, the archaea and the eukarya. Dictyostelium discoideum
is one of a small number of eukaryotic organisms which are amenable to studying the
signalling pathways involved in phototaxis. In this study we provide evidence based on
protein coimmunoprecipitation for a phototaxis signalling complex in Dictyostelium that
includes the proteins RasD, filamin, ErkB, GRP125 and PKB.
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INTRODUCTION:

In a variety of organisms, including mammals (Treisman, 1996), signalling cascades
involved in the transduction of extracellular signals into cellular responses have been
characterized. The cells of both unicellular and multicellular organisms need to
communicate with each other and to gather information from their surroundings. Cell
movement, differentiation, growth, and apoptosis are some examples of events that can
be regulated by signals that cells receive from their environment. The signals themselves
can be chemical or physical in nature and one such stimulus is light. Phototactic
movement towards or away from light is important for many organisms to guide their
movement to locations that are better suited for acquiring nutrients or finding prey,
avoiding predators or photochemical damage, growing photosynthetically or dispersing
spores (Fisher, 2002).

Dictyostelium discoideum exhibits phototaxis and thermotaxis in both the unicellular and
the multicellular stages of its life cycle (Fisher, 2001). Because of its well developed
biochemistry and molecular genetics, its fully sequenced haploid genome (Eichinger et
al., 2005) and its experimental tractability as a microorganism, Dictyostelium discoideum
is a useful model to study eukaryotic photomovement. Classical genetic studies of
phototaxis in the multicellular “slug” stage of the Dictyostelium life cycle suggested that
as many as 55 genes are important for this process and that most of them are also
required for normal thermotaxis (Darcy et al., 1994). The encoded proteins regulate
signal transduction pathways involving intracellular messengers cAMP, cGMP, IP3,
Ca’*, heterotrimeric and small GTP-binding proteins as well as cytoskeletal proteins such
as filamin (Actin Binding Protein-120 or gelation factor) and myosin Il (Fisher, 2001).
Among the proteins known to be involved in phototaxis are RasD (Wilkins et al., 2000;
Chubb et al., 2000), filamin (Fisher et al., 1997), and the gelsolin-related protein GRP125
(Stocker et al., 1999). Null mutants lacking any of these proteins exhibit impaired

orientation towards light and deranged thermotaxis.

Many eukaryote signalling pathways are characterized by the involvement of large

multiprotein complexes that mediate the necessary protein-protein interactions involved



(Treismann, 1996). However a role for such signalling complexes in eukaryotic
photomovement has not yet been described. In this paper we report evidence based on
coimmunoprecipitation for a protein complex involved in signal transduction for
phototaxis in Dictyostelium, a complex including the proteins RasD, filamin, GRP125,
PKB and ErkB (also known as ERK2).

MATERIALS AND METHODS:

Dictyostelium strains and culture conditions

In addition to the axenic parental strain AX2, the following transformants were used:
HPF616 (transformant of AX2 ectopically expressing wild type RasD under control of
the actin-15 promoter), HPF619 (transformant of AX2 ectopically expressing wild type
RasD under control of the actin-15 promoter as well as aequorin under control of the
actin-6 promoter), HG1264 (filamin null mutant, Brink et al., 1990), HPF620
(transformant of HG1264 ectopically expressing filamin under control of the actin-6
promoter) and HPF401 (AX2 transformant ectopically expressing aequorin under control

of the actin-6 promoter).

Cells were either grown in shaken suspension (150 rpm) at 21 °C in HL5 axenic medium
(supplemented where appropriate with 15 pg/ml G418 (Promega, Annandale, Australia)
for transformed cell lines), or on SM agar plates on Klebsiella aerogenes lawns
containing 15 pg/ml G418 (Wilczynska and Fisher, 1994; Sussman, 1996; Franke and
Kessin, 1977).

Molecular cloning and vectors

A full-length rasD cDNA was cloned into pZErO™-2 bacterial vector (Invitrogen,
Mount Waverley, Australia) using EcoRI and subcloned into pA15GFP (Fey et al., 1995)
using Xho | and Clal sites in order to create a construct expressing wild type RasD. For
antibody production the rasD cDNA was cloned in frame with the FLAG epitope at the C
terminus using the EcoRlI site of the pFLAG-MAC vector (Sigma, Castle Hill, Australia).

For production of the anti-filamin antibody, the rod domain of filamin was cloned with a



hexahistidine tag at the C-terminus into the pQE32 vector (Qiagen, Doncaster, Australia)
using the BamHI and Sacl restriction enzymes. The FLAG-tagged RasD and His-tagged
rod domain of filamin were expressed in E. coli DH5a and M15 cells respectively and
purified for use in antibody production from E. coli inclusion bodies for RasD and

filamin from the soluble fraction.

The filamin-deficient mutant strain HG1264 was kindly provided by A. Noegel, having
been created originally via chemical mutagenesis of strain AX2-214 strain with 1 mg/ml
MNNG (1-methyl-3-nitro-1-nitrosoguanidine) as described in Brink et al. (1990). No
filamin protein can be detected in this mutant and the mutant phenotype can be rescued
through transformation of a construct (pPROF389) expressing the full length filamin

protein.

The full length filamin gene was amplified via RT-PCR using cDNA derived from wild
type strain AX2 as template and 1lg of each primer
(AWF:GCGGCGGATCCTTCGAAAAGCTTCAAAAATGGCTGCCTGCTCCAAGG
TGGA & AWR:GCGGCGAGCTCCTCGAGTTAATTGGCCAGTACGAGTAGTAG).
After verification of its sequence, the PCR product was cloned into the pDNeO-2 (Witke

et al., 1987) vector using the BamHI and Sacl restriction enzyme sites.
Transformation

AX2 cells were transformed with 20 g of the RasD overexpression construct, 30 g of
the filamin construct was transformed into the filamin null strain HG1264 via Ca(PQOy,),
DNA precipitation method (Nellen et al., 1984). Following 15 days of selection on
Micrococcus luteus lawns on SM agar plates containing 15 g/ml G418 (Wilczynska and

Fisher, 1994) transformants were subcultured on Klebsiella lawns.
Antibody production

Polyclonal antibodies directed against RasD and filamin were produced commercially by
the Institute of Medical and Veterinary Science (IMVS, Adelaide, Australia) in rabbits

after subcutaneous immunization with either the recombinant His-tagged rod domain of



filamin or the Flag-tagged-RasD using a standard immunization protocol with Freund’s
adjuvant. We affinity purified the antibody from the serum by the method of Smith and
Fisher (1984).

Specific peptides were synthesized commercially (Chemicon, Boronia, Australia) for the
purpose of producing antibodies reactive against the following peptides -
CSGGGSGNKWNKVEE (for GRP125) and CDFEGFTYVAESEHLR (for PKB). Rabbit
polyclonal antibodies against these peptides were produced by IMVS.

The anti-ErkB antibody was a kind gift from Dr. Mineko Maeda.
Protein extraction.

Cells were pelleted in centrifuge tubes at 1,900 x g for 2 min in an Eppendorf centrifuge
(model 5702) after which they were washed with saline solution and centrifuged again at
1,900 x g for 2 min. Ice-cold EBC (Sarkisian et al., 2001) buffer (50 mM Tris pH 8.0,
120 mM sodium chloride, 0.5 % NP-40 and protease inhibitors (Roche, Castle Hill,
Australia) was added to cells (1 ml per 10 cells). Cells were incubated on ice for 20 min.
The lysate was accomplished by centrifugation at 9,000 x g in a precooled Eppendorf
centrifuge (MiniSpin) for 15 min. Immediately the supernatant was transferred to a new

centrifuge tube and the pellet was discarded. The lysate was kept at — 20 °C.
Immunoprecipitation

Five microliters of antibody were added to 300 pl of protein extract and rocked overnight
at 4 °C, after which 20 pl of protein A-sepharose (Sigma, Castle Hill, Australia) were
added and the mixture was rocked for 2 h at 4 °C. After this time, the immunoprecipitate
was pelleted by centrifugation for 5 min at 4 °C. The protein A-sepharose was washed 4
times in NETN buffer (20 mM Tris pH 8.0, 1 mM EDTA, 0.5 % NP-40, 900 mM NacCl).
The pellet was washed once in buffer NETN without NaCl. The protein A-sepharose
beads were aspirated to dryness. The resultant pellet was resuspended in 50 pl of 1X

Laemmli buffer and boiled for 5 min. The suspension was stored at -20 °C.



Immunoblot analysis.

Samples from 2 x 10° cells were solubilized in NP-40 lysis buffer and analyzed by
electrophoresis in either 8% or 10% SDS polyacrylamide gels. After electrophoresis, the
proteins were transferred to PVDF membranes (Amersham, Castle Hill, Australia) for 1 h
at 100 V. The membranes were probed with antibodies to GRP125, PKB, filamin, RasD
or ErkB.

The membranes were incubated in 5 % powdered milk (Diploma) in Tris-buffered saline
(TBS) (2M Tris pH 7.5, 5M NaCl) for 1-3 h at room temperature. The membranes were
then washed briefly with TBS. The primary antibodies were diluted 1/500 — 1/1000 in
TBS-milk and incubated with the PVDF membranes at 4 °C overnight. The membranes
were washed four times (5 min each) in TBS. The secondary antibody Anti-Rabbit 1gG,
HRP Conjugate (Promega, Annandale, Australia) was diluted 1/2500 in TBS containing
5 % powdered milk. The membranes were developed using the AEC staining kit (Sigma,
Castle Hill, Australia) or using the enhanced chemiluminoscence system (ECL,

Amersham, Castle Hill, Australia).
RESULTS AND DISCUSSION

It has become clear in recent years that the proteins in many signal transduction cascades
are organized into signalling complexes that account in part for the specificity and
efficacy of the pathways involved in responses to particular extracellular stimuli
(Treisman, 1996). The assembly of such signalling complexes allows the same
polypeptide to participate in multiple signalling pathways while ensuring that it functions
in response to any given extracellular signal only in the correct pathway. For example the
TOR complex is a known regulator of cell growth in eukaryote cells. In S. cerevisiae
TOR controls pathways involved with the actin assembly and cytoskeletal rearrangement
(Schmidt et al., 1997). In various organisms including D. melanogaster, S. cerevisiae, C,
elegans and in mammalian cells a clear role has been defined in signal transduction for
Ras. Ras signalling has emerged to involve a complex array of signalling pathways,
where cross-talk, feedback loops, branch points and multi-component signalling

complexes are recurring themes (Campbell et al., 1998).



In Dictyostelium, signalling complexes have been reported to be involved in processes
such as chemotaxis as well as attractant-induced cAMP synthesis and signal relay. It has
been demonstrated that Dictyostelium cells express a TORC2 complex similar to the TOR
complex of mammalian cells and S. cerevisiae. It has been shown that TORC2 is
required for chemotaxis, cell polarity and activation of adenylyl cyclase A (ACA). In
this complex RasG has an important role when it is active (Lee et al., 1999; Lee et al.,
2005). It seems that the signalling pathways for chemotaxis and electrotaxis in
Dictyostelium converge upstream of directed actin polymerization, but the mechanism of
transduction of the electric field (EF) signal in Dictyostelium remains unclear (Zhao et
al., 2002).

By comparison with our knowledge of chemosensory signal transduction in
Dictyostelium, our understanding of photosensory transduction in this organism is limited
and there is no reported evidence for the involvement of complexes of signalling proteins.
However there is good reason to expect that signalling complexes would play important
roles in phototaxis because homologues of two of the proteins involved — RasD and
filamin — are known to function in such complexes in other organisms. For both proteins,
the single most dramatic phenotype in null mutants is deranged orientation in phototaxis
and in both cases this phenotype is highly specific and not observed in the case of other
functionally related proteins (RasG and other actin-binding proteins respectively)
(Wilkins et al., 2000; Fisher et al., 1997). The Ras superfamily of proteins are known to
participate in signalling complexes in a variety of transduction pathways in animal cells
(Campbell,1998), while filamin is a scaffolding protein upon which such complexes can
be assembled. Filamin is an actin-binding protein with an N-terminal actin-binding
domain and a rod domain composed of repeated segments, each of which forms an
immunoglobulin fold (Noegel et al., 1989) that is expected to mediate specific protein-
protein interactions (Fisher et al., 1997). Indeed in animal cells it is precisely these
interactions that mediate filamin’s role as a scaffold for the dynamic assembly of

signalling complexes (Awata et al., 2001).

To investigate the possible role of signalling complexes involved in Dictyostelium

phototaxis we therefore began with immunoprecipitation of filamin and RasD.



Immunoprecipitations in combination with immunoblotting are considered the “gold
standard” in evidence for protein-protein interactions (Harlow and Lane, 1988). We
generated and affinity-purified rabbit polyclonal antibodies against recombinant RasD
and filamin expressed in E. coli. To examine the specificity of these antibodies we
performed western blots using total protein from axenically grown cells in the vegetative
growth and multicellular slug stages of development from AX2, or from vegetative cells
of transformants overexpressing one protein or the other. In the case of RasD, a band of
the predicted size was detected on western blots of whole cell lysates (Fig. 1a). The
protein was not detectable in vegetative AX2 cells, but was expressed in AX2 slugs and
in vegetative cells of transformants expressing RasD ectopically (data not shown). In the
case of filamin, multiple bands were seen as a result of partial fragmentation of the
protein that occurred despite the presence of an effective cocktail of protease inhibitors
(Fig. 1b). Filamin is highly susceptible to this partial fragmentation in lysates (Noegel
and Schleicher, pers. comm.) and we were unable to eliminate it entirely. However it did
not cause any obvious interference with the outcomes of the experiments. Filamin was
expressed in both the vegetative and slug stages of development, was not detected in a
filamin-deficient mutant, and was expressed at normal levels in the null mutant
transformed with a filamin expression construct (Fig. 1b).

RasD and Filamin immunoprecipitations.

To test for interactions between RasD and filamin in pull-down experiments we
incubated protein from vegetative or slug stage cells grown in axenic medium with
antibodies generated against RasD (Fig. 2a,c,e) or filamin (Fig. 2b,df). In
immunoprecipitations we found that anti-filamin antibody pulls down RasD along with
filamin (Fig. 2b,f), and that anti-RasD antibody also brings down filamin along with
RasD (Fig. 2a,e). The specificity of this interaction was confirmed by showing that a
recombinant reporter protein (aequorin) was not present in the immunoprecipitates even
when it is overexpressed (Fig. 2c,d). Recombinant aequorin was chosen for this purpose
because we had suitable antibodies for it available in the laboratory and because it is a
heterologous, globular, cytoplasmic protein that forms a heterodimer with GFP

(Miyawaki, 2002), but is not known to be involved in multiprotein signalling complexes



in Aequorea victoria from which it is derived. It was therefore extremely unlikely to be
associated with any specific signalling complexes in Dictyostelium. We conclude that
RasD and filamin interact specifically in vivo in Dictyostelium cells and, since both
proteins are involved specifically in phototactic signal transduction, the results indicate a

photosensory signalling complex containing these proteins.
Other RasD binding partners

Having found an interaction between RasD and filamin in a signalling complex, we
decided to use western blotting to detect the presence in the immunoprecipitates of other
proteins involved in the same photosensory signalling complex. We chose some proteins
already known to be involved in the phototaxis process in Dictyostelium and some whose
homologues are reported to be part of the signalling pathway of Ras in other organisms or
in chemotaxis in Dictyostelium. The proteins selected for study were GRP125, ErkB and
PKB.

Gelsolin-related molecule GRP125 is indispensable during phototactic migration of
Dictyostelium, in that its absence causes a severe defect in the ability of slugs to orient
properly towards the light (Stocker et al., 1999). In coimmunoprecipitation experiments,
we found that anti-RasD antibody pulls down GRP125 (Fig. 3a).

Ras activates ERK in mammals via raf and MEK and in Dictyostelium an homologous
pathway is involved in chemotaxis (Lee et al., 2005). We used the IP approach to pull-
down ErkB and we found that RasD antibody also pulls-down ErkB (Fig. 3b). PKB is
another important component of the Ras signalling pathway in mammals. In
Dictyostelium, as in mammalian cells, Akt/PKB is part of the regulatory network required
for sensing and responding to the chemoattractant gradient that mediates chemotaxis
(Meili et al., 1999). The anti-RasD antibody was found to coprecipitate PKB along with
RasD (Fig. 3c).

To confirm all these interactions, we did the immunoprecipitations the other way around
ie. we used anti-GRP125, anti-ErkB or anti-PKB antibody in the immunoprecipitation
and detected the presence of RasD in the precipitate by immunoblotting. We found that



antibodies against each of these proteins pulled-down RasD as shown in Figure 3d. We
conclude that GRP125, ErkB and PKB all interact with RasD in Dictyostelium cells as

expected if they are part of a photosensory signalling complex.

Although filamin, RasD and GRP125 are clearly required for normal photosensory signal
transduction, neither ErkB nor PKB have been shown to participate in slug phototaxis,
because null mutants fail to aggregate (Segall et al., 1995; Lee et al., 1999). Accordingly
they cannot be tested for impaired photosensory signal transduction in the slug stage.
However it seems likely that both proteins would participate in slug behaviour, as they
are clearly involved in chemosensory responses to CAMP and there is a great deal of
evidence that the cAMP signalling pathways are also involved in the control of motility
and behaviour in the slug stage of the life cycle (Fisher, 1997; Fisher, 2001). To test the
roles of ErkB and PKB in slug phototaxis directly would require the creation of
conditional mutants (eg. temperature-sensitive mutants) that lack the protein of interest
under specific conditions (eg. after shifting to the restrictive temperature). This approach
is not trivial but it has been used successfully in the case of the single Dictyostelium G
subunit to study the roles of heterotrimeric G proteins in development (Wu et al., 1995,
Peracino et al., 1998, Jin et al., 1998) and Ca®" signalling in response to
chemoattractants (Nebl et al., 2002).

Filamin binding partners.

Rather than being part of a multiprotein signalling complex, each of the RasD binding
partners could interact with it separately and independently. On the other hand, if
GRP125, ErkB and PKB are all part of a signalling complex involving RasD and filamin,
antibodies against them should also pull down filamin. We therefore used our anti-
filamin antibody to determine by immunoblotting whether this was so (Fig. 3e). Filamin
was present in all the pull-downs, suggesting that these are binding partners of filamin as
well. The simplest interpretation is that all 5 polypeptides are present in a multiprotein

signalling complex.

Mammalian filamins are involved in many multiprotein complexes in which they play a

variety of roles. Thus the three mammalian filamin isoforms (FLNA, B and C) have been



shown to interact with at least thirty proteins and all of these apart from actin require the
rod domain or certain repeats within the rod domain (Feng and Walsh, 2004). In some
cases filamin aids in localizing protein complexes to certain locations. For example, in a
complex involving filamin A, dopamine D3 receptor and -arrestin 2, the filamin acts to
localize the receptor with G proteins in plasma membrane lipid rafts (Kim et al., 2005).
In the complex described by Dyson et al. (2003) filamin anchors the GPIb-1X-V receptor
to the platelet membranes providing stability to the membranes and also inducing
recruitment of other proteins to this location, namely PI3-kinase. In other cases filamin
can sequester proteins thereby reducing their concentration in certain areas of the cell.
For example, filamin tethers furin at the cell surface and thereby reduces its rate of
internalization and subsequent trafficking to the trans-Golgi network (Liu et al., 1997).
Thus filamin participates in protein trafficking and cycling of proteins. In other cases
filamin has been shown to be essential for signal transduction, since disrupting the
interactions between filamin and their binding partners interferes with correct signaling
from these complexes. Awata et al. (2001) have shown, for example, that activation of
ERK by the Ca**-sensing receptor CaR requires filamin - when the interaction between
CaR and filamin is inhibited ERK activation is reduced. Filamin is present in the
photosensory transduction complex described in this paper and is most likely acting as a
scaffold to which the other proteins in the complex can bind. However its exact role in

this complex is yet to be determined.
Conclusion

Our results suggest a photosensory transduction complex containing at least 5 proteins —
RasD, filamin, GRP125, ErkB and PKB, the first three of which have been demonstrated
previously on the basis of mutant phenotypes to be essential for normal phototaxis. This
is the first report of evidence for such a signalling complex involved in eukaryotic
phototaxis. It will be of interest in future work to identify other proteins in this complex
and to verify their roles in phototaxis by the phenotypic study of appropriate mutants.
Our results do not reveal whether filamin interacst with RasD in its active or inactive
form. Either is possible. For example, Ohta et al. (1999) found that human filamin A

binds several members of the superfamily of small GTPases, namely RhoA, Rac and



Cdc42, regardless of whether or not they are activated, while it binds RalA only in the
GTP-bound active form. It will be of interest in future work to determine whether RasD
is recruited to the complex in its active or inactive form, or both. Two of the proteins
studied in this work (ErkB and PKB) have been shown to be essential for chemotactic
aggregation and to participate in a chemosensory signalling complex (Lee et al., 2005).
This raises some interesting questions. Is the same core signalling complex being used by
Dictyostelium cells in both unicellular and multicellular stages of development? How
does membership of the complex change during development with some members being
dropped and others being recruited? The answers should become clearer as the full

membership of these signalling complexes is learned in the course of future work.
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Figure 1. Specificity of the anti-RasD and anti-filamin antibodies

Each panel shows a western blot of total cellular protein using the indicated antibody to
detect either RasD (panel a) or filamin (panel b). Arrows indicate the position and size of

molecular weight markers for both blots.
a. AX2 slug stage cells.

b. Vegetative cells of AX2 (left track), HG1264 (centre track — filamin-deficient mutant),
HPF620 (right track — filamin mutant ectopically expressing filamin under the actin-6

promoter).
Figure 2. Filamin and RasD are binding partners

Each panel shows two lanes. The first lane contains a positive control for the efficacy of
the antibody detection using total protein extracts from cells known to be expressing the
protein to be detected. Slugs (panels a and €) or vegetative cells (panel b) from AX2, or
vegetative cells from AX2 transformants expressing RasD (HPF616 - panel f) or aequorin
(HPF401 - panels ¢ and d) were used. The second lane contains a sample from an
immunoprecipitation (IP) using the antibody listed above the lane. The antibody used to
detect protein in each western is written above the arrow to the side of each box. The IP
was performed on lysates from vegetative cells known to be expressing both the protein
recognized by the IP antibody and the protein being detected in the western blot. The
cells used were AX2 (panel b), a RasD-expressing AX2 transformant ( HPF616 - panels
a,e and f), an aequorin-expressing AX2 transformant (panel d), and an AX2 transformant
expressing both RasD and aequorin (HPF619, panel c). Both RasD and filamin (but not

aequorin) were present in both RasD and filamin immunoprecipitations.
Figure 3. Other binding partners in the phototaxis signalling complex

As in Figure 2 each panel shows one lane containing, as a positive control for success of
the antibody detection, total protein extract from AX2 (slugs - panels a to d, vegetative

cells - panel e) and each of the other lanes contains an immunoprecipitation (IP) sample



prepared using the antibody listed above the lane from vegetative cell lysates of AX2
(panel e) or a RasD-expressing transformant of AX2 (HPF616 - panels a to d). The
protein detected in each western is listed above the arrow to the side of each box.
GRP125, ErkB and PKB were all present in RasD immunoprecipitations (panels a to c).
RasD (panel d) and filamin (panel e) were both present in immunoprecipitations of each
of GRP125, ErkB and PKB.
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