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Abstract

Dictyostelium discoideum is a unicellular eukaryote that, when starved, aggregates to form
multicellular structures. In this report, we identified the proteins secreted by developing
Dictyostelium cells using mass spectrometry based proteomics. A total of 349 different secreted
proteins were identified, indicating that at least 2.6% of the 13600 predicted proteins in the
Dictyostelium genome are secreted. Gene ontology (GO) analysis suggests that many of the
secreted proteins are involved in protein and carbohydrate metabolism, and proteolysis.
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Dictyostelium discoideum is a unicellular eukaryote which lives in soil and proliferates by
feeding on bacteria. Upon starvation, cells stop proliferating, communicate with each other
by secreting signal molecules, and aggregate to form multicellular groups [1]. Each group
consists of ~ 20,000 cells that form a fruiting body, which consists of a mass of spores held
up by a column of stalk cells. These spores are dispersed by the wind and germinate to
amoeboid cells to continue the life cycle. Because of a wide variety of molecular biology,
biochemistry, and cell biology tools to study Dictyostelium, this system is used to elucidate
many different mechanisms.

The Dictyostelium genome encodes 13600 predicted proteins [2,3]. Transcriptome studies
have been performed to understand the complex network of signal pathways that regulate
these genes and thus Dictyostelium development [4,5]. However, much remains to be
understood about the proteins encoded by the genome. For instance, during development,
Dictyostelium cells secrete a large number of different proteins [6], but the nature and
function of most of the proteins are unknown. High-throughput identification of proteins in
cells, or media conditioned by cells, can be done using mass spectrometry (MS), allowing
MS-based proteomic techniques to generate proteome profiles that complement microarray
data. Since many intracellular pathways are regulated by extracellular ligands, in this report
we identify proteins that are secreted by developing Dictyostelium cells.

To collect secreted proteins, wild-type Ax2 cells were grown in shaking culture as
previously described [7]. Cells at mid-log phase (3 x 10° cells/ml) were collected by
centrifugation at 1,500 x g for 3 minutes and washed twice by resuspending the pellets in
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PBM (20 mM KH5PQy, 10 uM CaCl,, 1 mM MgCly, pH 6.1) and collecting cells by
centrifugation. The final cell pellet was resuspended in PBM to 1 x 107cells/ml. Cells (10)
were then pipetted on to a Type 353102 1 um pore sized polyethylene terephthalate
membrane six well format cell culture insert (Becton Dickinson, Franklin Lakes, NJ). After
10 minutes, the cells had settled on, and attached to, the membrane, and the buffer was
gently removed from the insert. PBM was added into the well of a six well plate, and the
insert with cells was then placed in the well (Figure 1A). The amount of buffer in the well
was adjusted to just touch the membrane of the insert to keep the membrane and cells moist.
The cells developed normally, with cells aggregating starting at 6 hours and forming fruiting
bodies at 24 hours (data not shown). A different membrane and well was used for each time
point. After the indicated hours (4, 8, 12, 16, 20, or 24) of development at 21°C, the
conditioned starvation buffer in the well was collected and samples were stored at —80°C.

To verify that the samples contained proteins, 10 ul of conditioned buffer was boiled with 3
ul of 6x SDS sample buffer for 5 minutes, and proteins were separated by electrophoresis on
4-15 % Tris-Glycine gels (Biorad Laboratories, Hercules, CA). The gel was silver-stained
as described previously [8]. Figure 1B shows a silver stained protein gel with a prominent
band at 45 kDa and many other protein bands. We previously identified two proteins,
conditioned medium factor (CMF) and countin, that are secreted by developing cells [9,10].
To verify that these known secreted proteins were present in the conditioned medium
samples, western blots were stained with anti-CMF or anti-countin antibodies. We found
that CMF, a secreted protein that regulates aggregation [11] was present in our samples
throughout development, with barely detectable levels at 4 hours and higher levels during
later development (Figure 2). We found that countin, a secreted protein that determines
aggregate size [10], was also present in our samples throughout development (Figure 2).

To identify secreted proteins, the conditioned starvation buffer samples were then sent to the
University of Utah mass spectrometry and proteomics core facility. This facility did a
trypsin digest of the proteins in the conditioned medium. LC/MS/MS analyses on these
samples were done as described previously described [12,13], with the following
modifications. The tryptic digests were reconstituted in 10 pL, and 5 pL of this was loaded
on a 100 um x 75 mm NanoLC column. To elute the peptides, a gradient of 6 to 86%
solvent B was used at a flow rate of 350 nL/min for 78 minutes. The tandem MS/MS
allowed peptides to be identified based on both the peptide mass and the mass of
subfragments. All peptides used to identify a protein had MASCOT scores >19.

For each time point, 76 to 235 different proteins were identified giving a total of 349
identified proteins (Table 1 and supplementary information). A listing of the 349 proteins,
along with the spectra and identified peptides, is also available in the PRIDE database
(http://www.ebi.ac.uk/pride) with accession number 9943. In addition, lists of the peptide
assignments are in the supplementary information. To identify functional classes of proteins,
Cytoscape (http://cytoscape.org/index.php) was used as a software platform for GO analysis
using the BiNGO plugin (http://www.psb.ugent.be/cbd/papers/BiNGO/). Statistical analysis
for over-represented individual categories was done using hypergeometric tests with the
Benjamini & Hochberg False Discovery Rate (FDR) correction at a significance level of p <
0.05. Protein identifications from the MS data file were converted to Dictybase identifiers to
facilitate Gene Ontology (GO) analysis. The gene association file was downloaded from
www.dictybase.org, which contains GO terms for all genes in the Dictyostelium genome.

A data file listing predicted proteins (see supporting information) was generated from two
independent experiments for each time point. Of the 349 identified proteins, 8% are
associated with proteolysis, 19% with protein metabolism, 7% with carbohydrate metabolic
processes, 36% are associated with other functions, and 30% are of unknown function
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(Table 1). At 4 hours, we detected several enzymes associated with proteolysis, in
agreement with the observation that lyzosomal enzymes are secreted during early
development [14, 15]. We found CMF and countin in the 8, 12, 16, 20, and 24 hour samples,
indicating that known secreted proteins were detected by the MS. We also found adenylyl
cyclase in the 16 hour samples; this may be due to the secretion of adenylyl cyclase-rich
multivesicular bodies that act as chemoattractant-releasing exosomes providing a trail for
migrating cells during aggregation [16]. The process of secreting multivesicular bodies is
dependent on actin and protein synthesis [16]. We detected actin and ribosomal proteins
among the secreted proteins (supplementary information); one possibility is that these
proteins are associated with multivesicular bodies.

In summary, we identified 349 proteins secreted by developing Dictyostelium cells. We
detected known proteins that are secreted as individual glycoproteins (CMF), secreted
proteins that form a complex in the extracellular environment (countin), and proteins that are
secreted in multivesicular bodies (adenylyl cyclase). Other known extracellular signaling
proteins that were identified in this study include the proliferation-inhibiting proteins AprA
and CfaD [7,17], and the quorum sensing proteins DicA and B [18]. The proteins that we
identified probably do not include proteins that accumulate to a very low level, or secreted
proteins that immediately bind to cells, the substratum, or plastic. The absence of glycolytic
enzymes suggests that very few of the proteins we detected were in the extracellular medium
due to cell lysis. Thus at least 349 different proteins, and thus at least 2.6% of the 13600
proteins predicted to be encoded by the genome, appear to be secreted during Dictyostelium
development.

The proteins we identified will be of interest for further research. We found secreted
proteins with similarity to proteins with known enzymatic properties and which are parts of
signal pathways [19-26]. These include dipeptidyl peptidase, cathepsin D, alpha-
mannosidase, cysteine protease, phospholipase-D, protein phosphatase 2A and acid
ceramidase. Some secreted proteins are inhibitors of these enzymes, and are also worth
exploring. For instance, one of the secreted proteins we found is cystatin. Cystatins are
potent inhibitors of cysteine proteases, and decreased expression of cystatins is associated
with some tumors [27]. In the process of identifying proteins secreted during development,
we found known secreted proteins as well as previously hypothetical proteins. The
identification of proteins which accumulate in the extracellular medium during development
will be valuable information for the Dictyostelium community, and in future this method
could be used, for instance, to screen mutants with defects in secretory pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proteins secreted by developing Dictyostelium cells

(A) Experimental setup with wild-type cells on a porous membrane in contact with buffer.
The developing cells aggregate and form fruiting bodies. During this period, molecules are
secreted into the buffer. (B) Aliquots of the conditioned buffer were collected at the
indicated times. Proteins in the conditioned buffer were separated by electrophoresis on a
SDS-PAGE gel, which was then silver-stained.
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Figure 2. The conditioned starvation buffer contains known secreted proteins

Proteins in the conditioned buffer were separated by electrophoresis on SDS-PAGE gels,
and transferred to membranes. The membranes were then stained with affinity purified anti-
CMF or anti-countin antibodies. The position of molecular mass markers (in kDa) is
indicated at left.
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