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Copines make up a family of soluble, calcium-dependent, membrane binding proteins found in a variety of
eukaryotic organisms. In an earlier study, we identified six copine genes in the Dictyostelium discoideum genome
and focused our studies on cpnA. Our previous localization studies of green fluorescent protein-tagged CpnA
in Dictyostelium suggested that CpnA may have roles in contractile vacuole function, endolysosomal trafficking,
and development. To test these hypotheses, we created a cpn4~ knockout strain, and here we report the initial
characterization of the mutant phenotype. The cpnd™ cells exhibited normal growth rates and a slight
cytokinesis defect. When placed in starvation conditions, cpnd™ cells appeared to aggregate into mounds and
form fingers with normal timing; however, they were delayed or arrested in the finger stage. When placed in
water, cpnA~ cells formed unusually large contractile vacuoles, indicating a defect in contractile vacuole
function, while endocytosis and phagocytosis rates for the cpn4™ cells were similar to those seen for wild-type
cells. These studies indicate that CpnA plays a role in cytokinesis and contractile vacuole function and is
required for normal development, specifically in the later stages prior to culmination. We also used real-time
reverse transcription-PCR to determine the expression patterns of all six copine genes during development.
The six copine genes were expressed in vegetative cells, with each gene exhibiting a distinct pattern of
expression throughout development. All of the copine genes except cpnF showed an upregulation of mRNA
expression at one or two developmental transitions, suggesting that copines may be important regulators of

Dictyostelium development.

Copines are a family of highly conserved, ubiquitously ex-
pressed, calcium-dependent membrane binding proteins found
in a variety of eukaryotic organisms. Multiple copine homologs
are found in Paramecium, Dictyostelium discoideum, Arabidop-
sis, Caenorhabditis elegans, mice, and humans (9, 10, 27, 47).
Although the exact function of copines is not known, a growing
body of evidence suggests that copines may mediate an array of
cellular processes by conferring calcium regulation to various
signaling pathways (21, 43, 44, 47).

Copines are defined by the unique combination of two N-
terminal C2 domains responsible for the protein’s calcium-
dependent membrane binding properties and a protein-binding
“A domain” similar to the VWA domain of various extracel-
lular matrix proteins and the extracellular portion of integrins
(9, 45). C2 domains are common in eukaryotic kingdoms and
are able to interact with diverse ligands, including Ca®*, phos-
pholipids, inositol phosphates, and proteins (32, 42). Most
proteins that contain multiple C2 domains appear to regulate
vesicular trafficking and exocytosis; examples include synapto-
tagmin, munc-13, rabphilin, and DOC2. Conversely, single C2
domain proteins generally function as enzymes involved in cell
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signaling and include protein kinases, lipid-modifying enzymes,
and GTPase-activating proteins.

Although copines have two C2 domains, they appear to be
different from previously studied proteins with two C2 do-
mains, such as synaptotagmin and DOC2. The two C2 domains
of copines are more similar in sequence to the C2 domain of
phospholipase C than they are to those of synaptotagmin and
DOC2 (9, 31). In addition, the two C2 domains in copines are
found in the N terminus, while the C2 domains of the other
double C2 domain family members are found in the C termi-
nus. Furthermore, Nakayama et al. (31) found that a neuro-
nally expressed mouse copine localized to cell bodies and den-
drites in neurons, whereas other double C2 domain proteins
localize to presynaptic nerve terminals. In addition, a copine
protein was found to be associated with the nicotinic acetyl-
choline receptor in C. elegans (16). Therefore, copines may be
functionally more related to the single C2 domain proteins
involved in signal transduction than to the double C2 domain
family involved in vesicle trafficking. The most compelling ev-
idence for the involvement of copines in signaling pathways
comes from a study carried out by Tomsig et al. (44) that
showed that human copine I regulates signaling from the tu-
mor necrosis factor alpha receptor in human embryonic kidney
293 cells. However, copines may provide a link between sig-
naling and membrane trafficking pathways.

A general hypothesis proposed by Tomsig et al. (43) for how
copines may regulate signaling pathways is that specific copines
interact with other cellular proteins through their A domains
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and deliver these target proteins to particular membranes in
response to the influx of intracellular calcium through the
action of the C2 domains. Identification of more than 20 dis-
tinct targets of A domains of human copines I, II, and IV by a
yeast two-hybrid screen and the ability of a full-length copine
to recruit these ligands to phospholipid surfaces in vitro pro-
vided the first evidence in support of this hypothesis (43).
Among the proteins that were found to associate with human
copine A domains were various regulators of phosphorylation,
transcription, ubiquitination, cytoskeletal rearrangement, exo-
cytosis, and mitosis, suggesting that copines carry out many
diverse functions. Also in support of this general hypothesis
are two studies that show that the A domain alone can act as
a dominant negative mutation (26, 44). Overexpression of the
A domain by itself would lead to its binding to target proteins,
preventing the endogenous copine from binding its targets.
Because the A domain alone lacks the C2 domains, the target
proteins are not brought to membranes in response to calcium,
thereby causing a breakdown of copine function.

Mutant studies with Arabidopsis and C. elegans also suggest
that copines may be involved in many different cellular pro-
cesses, including growth, development, cell death, stress re-
sponse, pathogen defense, and neuronal signaling. Copine mu-
tants in Arabidopsis have defects in growth and development
and increased cell death and disease resistance (19, 21, 22, 47).
For C. elegans, GEM4, a copine protein, was found to antag-
onize the function of GON2, a cation channel required for
division of the four postembryonic gonad precursor cells and
their development into gonads (8). In addition, inactivation of
a copine gene in C. elegans by RNA interference results in
nicotine resistance, most likely explained by a reduction in
synaptic nicotinic receptor expression (16).

We are studying the function of copine proteins in the sim-
ple eukaryote Dictyostelium discoideum. In an earlier study, we
identified six copine genes in the Dictyostelium genome (10).
All six Dictyostelium copine proteins contain the characteristic
two C2 domains followed by a VWA domain, and the amino
acid sequence identity among the Dictyostelium copines ranges
from 28% between CpnA and CpnF to 60% between CpnB
and CpnE. We have focused our studies on one of the copine
proteins, CpnA (10). Through double-labeling experiments, we
showed that a green fluorescent protein (GFP)-tagged CpnA
localized to the plasma membrane and intracellular vacuoles,
including organelles of the endolysosomal pathway, phago-
somes, and contractile vacuoles in fixed cells. The association
of copines with the plasma membrane and particular mem-
brane-bound organelles suggests that copine may have a role in
the trafficking of proteins to these membranes. We also ob-
served a transient, rapid, and recurring translocation of GFP-
CpnA from cytosol to plasma membrane and vacuoles in a
subset of starved cells in vivo. Under starvation conditions,
Dictyostelium begin a developmental program to form multi-
cellular fruiting bodies made up of stalk and spore cells (23).
Because only a fraction of starved cells displayed the transient
GFP-CpnA membrane localization, we hypothesized that
CpnA may have a role in development, particularly in the
differentiation of cells into specific cell types.

To test these hypotheses and further investigate the function
of CpnA, we created a cpnA~ knockout strain of Dictyostelium
and analyzed this mutant strain for defects in growth, devel-
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opment, contractile vacuole function, endocytosis, and phago-
cytosis. In addition, we used real-time reverse transcription-
PCR (RT-PCR) to determine the developmental expression
patterns of all six copine genes, cpnA-cpnF, in Dictyostelium.

MATERIALS AND METHODS

Creation of the cpnA~ null mutant. The DNA ¢pnA knockout construct was
made by PCR subcloning of the 5" and 3’ flanking sequences of cpnA4 on either
side of the bsr gene in the pBSII plasmid. A 900-bp fragment upstream of the
cpnA gene was PCR amplified from genomic DNA by use of the following
primers: 5'-AAAATTTTAACTTCTTCATCATCATCATCT-3" and 5'-GTGAC
CAAAATAACCTT-3". A 1,500-bp fragment downstream of the cpnA gene was
PCR amplified from genomic DNA by use of the following primers: 5'-GG
TGTATCAAATGTATCATTAG-3" and 5'-CAAATGGTGGAAGGGCTTA
CC-3".

These PCR fragments were subcloned into pBSII on either side of the bsr
gene. The plasmid was linearized and electroporated into Dictyostelium NC4A2
cells, an axenic strain derived from the wild-type NC4 strain (38). NC4A2 is
referred to as “wild type” hereafter. Transformed cells were plated in 96-well
plates and grown in HL-5 medium (0.75% proteose peptone, 0.75% thiotone E
peptone, 0.5% Oxoid yeast extract, 1% glucose, 2.5 mM Na,HPO,, 8.8 mM
KH,PO,, pH 6.5) supplemented with penicillin-streptomycin (Sigma) and blas-
ticidin (ICN). Cells from 20 wells that grew in the presence of blasticidin were
passed to larger plates and then screened for CpnA expression by use of Western
blotting with polyclonal rabbit antisera raised against a bacterially expressed
protein fragment of CpnA. Western blotting was carried out as previously de-
scribed (10). Sixteen of the 20 clones did not express CpnA, as shown by Western
blotting; the remaining 4 were assumed to have undergone nonhomologous
recombination to become blasticidin resistant. Three of the clones not expressing
CpnA and one blasticidin resistance clone expressing CpnA were selected for
PCR screening. For PCR screening of the various transformed cells, the follow-
ing primers were designed to amplify ~1 kb of the cpnA gene: 5'-GCTCGAG
CAGTAATTGAGAGAGAATATA-3" and 5'-GGTTATTAATTCTTTTCTAA
TGATACAT-3'. One of the cpnA~ cell clones was transformed with the pTX-
GFP/CpnA plasmid and, expression of GFP-CpnA was verified by Western
blotting and fluorescence microscopy as described in the work of Damer et al.
(10). All cells were stored at —80°C in HL-5 with 10% dimethyl sulfoxide. New
cells were thawed and plated every 2 to 3 weeks.

Growth and development assays. Wild-type cells, nonhomologous recombina-
tion blasticidin-resistant control cells, and cpnA ™~ cells were grown in suspension
at 19°C in either HL-5 medium or a phosphate buffer (150 mM KH,PO,, 20 mM
Na,HPO,, pH 6.1) supplemented with Escherichia coli B/r. Cell densities were
estimated at various time points by use of a hemocytometer. For development on
filters, 5 X 107 wild-type or cpnA~ cells were plated on black filters (catalog no.
HABP04700; Millipore), placed on pads in dishes (catalog no. 09-753-53C;
Fisher), and allowed to develop for 48 h. For development on bacterial lawns,
wild-type and cpnA~ cells were diluted into phosphate buffer to 500 cells/ml.
Overnight cultures of E. coli B/r in HL-5 were mixed with Dictyostelium cells (5:1)
and spread on SM-5 (0.2% proteose peptone 2 [Difco], 0.2% yeast extract
[Oxoid], 0.2% glucose, 0.2% MgSO, - 7TH,0, 0.19% KH,PO,, 1% K,HPO,, pH
6.4) agar plates. Cells were imaged at various time points with an Olympus
SZH10 stereo dissecting microscope and photographed at magnifications of X7
and x40 with a SPOT Insight color camera and Advanced Spot version 4.0.9
software.

Nucleus-counting assays. Cells that were growing on plates or in suspension
for 6 days were allowed to adhere to coverslips for 15 min in a humid chamber,
fixed with 1% formaldehyde in methanol at —10°C for 5 min, washed three times
in phosphate-buffered saline (PBS) buffer, incubated with 0.1 pg/ml DAPI (4',6'-
diamidino-2-phenylindole) for 10 min, rinsed with PBS, and mounted on slides.
Fixed cells were imaged using epifluorescence optics on a Nikon TE2000 with a
100X objective and a UV filter cube. The number of nuclei in 100 individual cells
was counted for each cell type in each assay.

Microscopic analysis of contractile vacuole function. Cells were placed in
glass-bottom dishes and imaged using differential interference contrast on a
Nikon TE2000 with a 100X objective, a Cooke Sensicam camera, and Image
Pro-Plus software. The number of cells out of every 100 cells containing vacuoles
larger than one-fourth of the area of the cell was counted. Initial contractile
vacuole counts were done with cells in HL-5. The HL-5 was replaced with water,
and contractile vacuole counts were taken at various time points after water
replacement. Supplemental movies are 2 frames/s of differential interference
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TABLE 1. PCR primers and probe sequences

EUKARYOT. CELL

Gene and primer
or probe

Primer or probe sequence”

Gene ID no.

cpnA
Forward primer
Reverse primer
Probe

cpnB
Forward primer
Reverse primer
Probe

cpnC
Forward primer
Reverse primer
Probe

cpnD
Forward primer
Reverse primer
Probe

cpnkE
Forward primer
Reverse primer
Probe

cpnF
Forward primer
Reverse primer
Probe

carA
Forward primer
Reverse primer
Probe

cinD
Forward primer
Reverse primer
Probe

rmlA
Forward primer
Reverse primer
Probe

5'-CAGTATCAGATGCAGTAATTGAGAGAGAAT-3'
5'-TGAATCACCATTACTTGCAGTACAATCA-3’
5'-FAM-ATGGGTGGTTGTCAAATG-NFQ-3’

5'-CACAACCAATGCCGATACAGTTTT-3’
5'-ACCTGATTTTTTAGCTGCTTTCTTTGC-3’
5'-FAM-ATTGATTAACGGGAATTCT-NFQ-3'

5'-ACTTTGGCCAGAATTACACATGGAA-3'

5'-TGTGCACCAATGCTATCATAATCATAAACTTCA-3’

5'-FAM-CATATCACCCCCATTAAATT-NFQ-3'

5'-CAGATTTACGACAAACACTGACACA-3’
5'-GTACCCGGATTTACCAACTTTCTTTG-3’
5'-FAM-ACTCCAACGCACCACCTC-NFQ-3'

5'-GGTGAAATCACAGATATGGAAGAAACCA-3'
5'-ACCAACACCAACGATAACGATTGAT-3’
5'-FAM-CATCCTCCAAAGCTCC-NFQ-3'

5'-TGAAGTATTTGGATTCGGTGCTGTT-3’
5'-GTGAGGTAAATTGAATCTTTGGTATTGCT-3’
5'-FAM-AATCACACCACTGATACCTG-NFQ-3'

5'-TGTCAATGGTGGTTTCCCTTGTT-3’
5'-TCTGGTTCTGGTTCTCTTTTTACAATTAACA-3’
5'-FAM-TTGGTTGTGGACTTTATG-NFQ-3'

5'-CCATCCCAAGTCAAGCTGTTCTTT-3'
5'-GAGTGGTTTGCCAATTTCTTTTCCT-3'
5'-FAM-AAGCCTTCTCTAATTTTG-NFQ-3’

5'-GGCGCTGGTGAAATAGTAAGTATATTAGA-3’
5'-GGTTACCGCCCCAGTCAAA-3’
5'-FAM-CTACCCGGCATACATTAT-NFQ-3’

DDB0215368; GenBank:AY332759

DDB0216245; GenBank:AY593970

DDB0216239

DDB0216244

DDB0216242

DDB0233133

DDBO0185024; GenBank:M21824

DDB0191304; GenBank:X15385

DDB0216319

“ FAM, 6-carboxyfluorescein; NFQ, nonfluorescent quencher.

contrast (DIC) images taken every 2 seconds (see Movies S1 and S2 in the
supplemental material).

Total RNA isolation. NC4A2 cells were washed four times in PDF starvation
buffer (20 mM KCI, 11 mM K,HPO,, 13.2 mM KH,PO,, 1 mM CaCl,, 2.5 mM
MgSO,, pH 6.4) by centrifugation at 1,200 rpm for 5 min each, and 2.5 X 107 cells
were plated on filters (HABPO4700; Millipore) placed on top of 47-mm petri
dishes with pads (09-753-53C; Fisher). Monolayers of dishes were placed in
plastic sandwich containers with wet paper towels and allowed to develop at
19°C. Every 2 h for 24 h, the cells from two dishes were washed off the filters by
vortexing in PDF buffer and were collected by centrifugation. Total RNA was
isolated from these cells by use of an RNeasy minikit according to the manu-
facturer’s instructions for the extraction of cytoplasmic RNA (QIAGEN) and
treated with RNase-free DNase (QIAGEN). The amount of RNA was quantified
by UV analysis at an A,40559 of >1.9 and visualized on 1.25% SeaKem Gold
agarose gels (Cambrex) stained with GelStar nucleic acid stain (Cambrex).

Real-time RT-PCR. Each RNA sample (50 ng/pl) was reverse transcribed into
cDNA by use of a high-capacity cDNA archive kit (Applied Biosystems). RT
conditions were alternating cycles of 10 min at 25°C and 120 min at 37°C.
Real-time PCR was carried out in 50-ul volumes by use of MicroAmp optical
96-well reaction plates (Applied Biosystems). Each PCR well contained 25.0 .l
of 2X TagMan universal PCR master mix (Applied Biosystems), 17.5 ul RNase
free H,O, 5.0 pl ¢cDNA sample, and 2.5 ul of each primer (TagMan 20X
Assays-on-Demand gene expression assay mix; Applied Biosystems). Primers
and probe sequences (Table 1) for the six copine genes, two endogenous control
genes, and the positive control gene were designed with an Assays-by-Design file
builder (Applied Biosystems) using the curated model DNA coding sequence of
each gene provided by dictyBase (7). Fluorescence was detected on an Applied
Biosystems 7500 real-time PCR system. PCR conditions were 2 min at 50°C, 10

min at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. Dictyostelium
development, RNA isolation, RT, and real-time PCR were performed twice. The
real-time RT-PCR samples for each gene at each time point were done in
triplicate, and cycle threshold values generated from the reactions were aver-
aged. Cycle threshold values of each gene were normalized to the two endoge-
nous controls and calibrated to an average expression level for the gene being
analyzed. The data from the two experimental sets for each gene were averaged
and the standard errors calculated.

Endocytosis, phagocytosis, and exocytosis assays. For all assays, wild-type and
cpnA~ cells were harvested from plastic culture dishes and counted, and equal
numbers of cells were diluted into HL-5 to a final density of 1 X 10° to 2 X 10°
cells/ml. The suspension cultures were allowed to recover on a slow shaker for 16
to 24 h prior to the experiment. Each culture was then separated into two flasks,
and control flasks were incubated with 0.02% sodium azide for 30 to 45 min. For
endocytosis assays, 20 mg/ml fluorescein isothiocyanate (FITC)-conjugated dex-
tran (FITC-dextran) (molecular weight, 70,000; 490/530; Sigma) was added to
each flask. Three-milliliter samples were taken out after 0, 15, 30, and 60 min of
incubation and immediately combined with 5 ml of ice-cold HL-5 containing
0.02% sodium azide. Cells were washed three times with cold 0.02% azide-HL-5,
kept on ice in the dark until all the samples were collected, and then resuspended
in 3 ml of cold Na,HPO,, pH 9.2 plus 2% Triton X-100. For phagocytosis assays,
fluorescent beads (FluoSpheres, 1 pm, 505/515; Molecular Probes) were added
to the wild-type and cpnA ™~ cultures at the final concentration of 10 wl beads/ml
of culture. Samples were taken out after 0, 15, 30, 60, and 90 min of incubation.
Cells in each sample were washed four times with cold PBS, resuspended in 3 ml
of cold PBS plus 2% Triton X-100, and kept on ice in the dark until all the
samples were collected. For exocytosis assays, each culture was incubated for 1
hour with 10 pl beads/ml (FluoSpheres, 1 um, 505/515; Molecular Probes), after
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FIG. 1. Analysis of cpnA™ null mutants. (A) Whole-cell samples (5 X
10° cells per lane) from wild-type (wt) cells, nonhomologous recom-
bination blasticidin-resistant (bsr) control cells, and cpnA~ cells were
analyzed by Western blotting with CpnA antiserum. Protein standards
(S) are in the first lane, with molecular masses indicated in kDa. The
arrow points to the CpnA protein band. (B) Wild-type cells, nonho-
mologous recombination blasticidin-resistant control cells, and cpn4™~
cells were lysed and analyzed by PCR using primers that amplify ~1 kb
of the cpnA gene. DNA standards are in the first lane, with lengths
indicated in kb. The arrow points to the amplified cpn4 PCR product.
Both the CpnA protein and the cpnA gene are absent from cpnA~
cells.

which all cells were washed three times in HL-5 medium and resuspended to the
initial concentration in Sorensen phosphate buffer (2 mM Na,HPO,, 14.5 mM
KH,PO,, pH 6.2) and 3-ml samples were collected at 0, 20, 40, 60, and 90 min.
The cells were pelleted and resuspended in 3 ml of Sorenson’s Buffer plus 2%
Triton X-100. Both supernatant and the cells were kept on ice in the dark until
all the samples were collected.

For all assays, the amount of FITC-dextran or fluorescent beads in each
sample was quantified on a Photon Technology International fluorometer. The
data were collected using Felix Software, in a time-based mode, and averaged
over 20 seconds. The protein content of each sample was determined by Brad-
ford assay using Bio-Rad protein assay dye reagent concentrate, and the data
were expressed in terms of pg of FITC-dextran/ul fluorescent beads per mg of
protein. The amount of fluorescence in control samples killed with sodium azide
was subtracted from data for experimental samples for each time point. Finally,
the results were expressed as the percentages of dextran/beads ingested by
endocytosis/phagocytosis or released by exocytosis, with the highest reading
assigned a value of 100%. For each assay, the data from three experimental trials
were averaged and standard errors were calculated.

RESULTS

Creation of the cpndA™ knockout strain. To investigate the
function of CpnA in Dictyostelium, we created a cpnA~ null
mutant by homologous recombination and analyzed the pheno-
type. A DNA construct consisting of the blasticidin resistance
gene (bsr) flanked by ~1 kb of the upstream and downstream
cpnA flanking sequences was electroporated into wild-type
cells. The resultant blasticidin-resistant transformants were
screened by Western blotting using antisera raised to a bacte-
rially expressed fragment of CpnA. Sixteen out of the 20 blas-
ticidin resistance clones screened did not express CpnA pro-
tein, as shown by Western blotting; the remaining four clones
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FIG. 2. mRNA analysis using real-time RT-PCR of wild-type and
cpnA~ cells. Total RNA was isolated from wild-type and cpnA ™~ cells
grown on plates, and mRNA levels for each of the six copine genes
(cpnA to cpnF are labeled A to F, respectively) were measured by
real-time RT-PCR using a relative quantification protocol. (A) For
wild-type cells, gene expression levels for cpnA-cpnF were normalized
to the endogenous control gene, rnlA, and calibrated to the expression
level of the cpnA gene. (B) For both wild-type and cpnA~ cells, gene
expression levels for cpnA-cpnF were normalized to the endogenous
control gene, rnlA. The data are then expressed in terms of the ex-
pression level of each gene in cpnA~ cells relative to the expression
level of the same gene in wild-type cells. Data from four experiments
were averaged and graphed, with error bars representing the standard
error.

were blasticidin resistant yet still expressed CpnA. A Western
blot with whole-cell samples of wild-type cells, one of the
blasticidin-resistant clones expressing CpnA, and one of the
cpnA~ clones is shown in Fig. 1A. As seen in Fig. 1A, the CpnA
antisera recognize two additional Dictyostelium proteins. These
two proteins are found in all three cell strains, while CpnA is
absent only from the cpnA ™ cells. To verify that the cpnA gene
was removed from the genome in the cpnA ™~ cells, we screened
3 out of the 16 cpnA~ clones with PCR; we were not able to
amplify the cpnA gene from these clones but were able to
amplify the cpnA gene from wild-type cells and the blasticidin-
resistant clones expressing CpnA (Fig. 1B). In addition, real-
time RT-PCR studies of the same three cpnA4 ™~ clones demon-
strated that these clones do not produce detectable cpnA
mRNA (Fig. 2B).

In our previous study, we identified six copine genes in the
Dictyostelium genome (10). To measure the mRNA levels for
each of the six copine genes identified in Dictyostelium, we used
a relative quantification real-time RT-PCR protocol in which
expression levels were normalized to an endogenous control
gene, milA, which codes for a mitochondrial large ribosomal
subunit TRNA. For wild-type vegetative cells growing on
plates, mRNA levels of cpnA-cpnE were fairly similar, with
levels of cpnC and cpnD typically 0.5- to 1.0-fold higher than
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FIG. 3. ¢pnA~ cells exhibit normal growth rates. Wild-type cells
(wt), nonhomologous recombination blasticidin-resistant control cells
(bsr), and cpnA~ cells were grown in suspension in either HL-5 me-
dium (A) or a phosphate buffer supplemented with E. coli B/r (B). Cell
densities were estimated at various time points using a hemocytometer.
One representative growth assay is shown for each.

that of cpnA. In contrast, the mRNA levels of cpnF were on
average 5.6-fold lower than cpn4 mRNA expression (Fig. 2A).
When expression levels of each of the copine genes in cpnA—
cells were compared to expression levels of the each of the
copine genes in wild-type cells, cpnA expression was not de-
tectable in cpnA~ cells, and there was little difference in ex-
pression levels for cpnB-cpnF (Fig. 2B). This indicates that
when growing on plates in nutrient-rich media, cpnA~ cells do
not compensate for the lack of cpnA by increasing expression
of any of the other five copine genes.

cpnA~ cells exhibit normal growth rates, but some are
multinucleated. cpnA ™~ cells typically appear to have a normal
morphology. In addition, cpnA~ cells are able to grow in sus-
pension in axenic culture and feed on bacteria at rates similar
to those seen for wild-type cells (Fig. 3A and B). However,
some of the cpnA~ cells appeared to be much larger than
normal, which suggested that these cells may have a slight
defect in cytokinesis. Mutant cells lacking myosin heavy chain
II are not able to undergo cytokinesis when placed in suspen-
sion culture and become very large and multinucleated. How-
ever, although cytokinesis is still impaired when these cells are
grown on dishes, they are able to divide, presumably by the
daughter cells crawling away from each other (11).

To determine if the larger-than-normal cpnA~ cells were
multinucleated, cells that had been growing in suspension and
cells that had been growing on plates were fixed, the DNA was
stained, and the nuclei were imaged using fluorescence micros-
copy. The abnormally large cells were indeed multinucleated.
To quantify this defect, the numbers of nuclei in individual
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FIG. 4. ¢cpnA~ cells exhibit a slight cytokinesis defect. Wild-type
cells (wt), nonhomologous recombination blasticidin-resistant control
cells (bsr), wild-type cells expressing GFP-CpnA (wt/GFP-CpnA),
cpnA~ cells expressing GFP-CpnA (cpnA-/GFP-CpnA) and cpnA~
cells (cpnA-) were grown in HL-5 on plates (A) or in suspension
(B) for 6 days. Cell samples from each were fixed and stained with
DAPI, and the numbers of nuclei in individual cells were counted using
fluorescence microscopy. The percentages of cells containing a partic-
ular number of nuclei were calculated for two independent experi-
ments and averaged. The error bars represent standard error.

cpnA~ cells growing on plates or in suspension were counted
and compared to those for wild-type cells (Fig. 4A and B).
cpnA~ cells consistently had more nuclei than wild-type cells
both when grown on plates (Fig. 4A) and when grown in
suspension (Fig. 4B). Although a few cells had many nuclei (up
to 20), most multinucleated cpnA ™~ cells had 2 nuclei. There-
fore, cpnA™~ cells appear to have only a slight cytokinesis defect
that does not affect the overall growth rate. The observed
cytokinesis defect was more pronounced in the newly created
cpnA~ cells and almost disappeared after several months of
passage on plates. This cytokinesis defect was seen for three
independent cpnA~ cell clones tested. In addition, a GFP-
tagged version of CpnA was expressed under the actinl5
promoter in one of the cpnA™~ clones. The expression of GFP-
CpnA completely rescued this phenotypic defect in cpnA™
cells. Wild-type and cpnA~ cells expressing GFP-CpnA had
numbers of nuclei similar to those for wild-type cells (Fig. 4A
and B).

Developmental expression patterns of the six copine genes.
Although Dictyostelium cells can live independently as single-
celled amoebae, they undergo cell differentiation and morpho-
genesis to form multicellular structures when placed in starva-
tion conditions. Dictyostelium cells placed in starvation buffer
on filters at a particular density will characteristically complete
their development in a 24-hour period. Upon starvation, cells
undergo chemotaxis in response to periodic waves of secreted
cyclic AMP and aggregate into hemispherical mounds at about
10 h after the beginning of starvation. Next, a tip is formed on
the mound that elongates to give rise to a finger-shaped struc-
ture at 14 to 16 h. During the final stage of development, called
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FIG. 5. Developmental expression patterns of copine genes in Dictyostelium. Wild-type Dictyostelium cells were developed on filters, and cell
samples were harvested every 2 h during the 24-h development. Total RNA was isolated from each cell sample, and mRNA levels were measured
by real-time RT-PCR using a relative quantification protocol. Gene expression levels for cpnA to cpnF (panels A to F, respectively) and for the
carA gene (G) were normalized to those of two endogenous control genes, rnlA (M) and cinD (A), and calibrated to an average expression level
for each gene. Expression levels were then log,, transformed. Data from two experiments were averaged and graphed, with error bars representing
the standard error. (H) Gene expression levels of the endogenous control gene cinD relative to that of the other endogenous control gene, rnlA.

culmination and beginning at 19 to 20 h, a dramatic change in
morphology occurs, wherein cells terminally differentiate into
spore or stalk cells to form fruiting bodies. Associated with
differentiation and morphological changes during development
is a regulated program of gene expression brought on by a
variety of secreted factors (12, 23).

The mRNA levels for each of the six copine genes during
Dictyostelium development were measured using a relative
quantification real-time RT-PCR protocol. Because no single

gene is expected to be expressed at the very same level
throughout development, we used two different genes as our
endogenous control genes: rnlA and cinD. rnlA, also known as
IG7 and rrn, codes for a mitochondrial large subunit TRNA,
while cinD, also known as H7, codes for a DNA binding pro-
tein (2). Both rulA4 and cinD are considered to be constitutively
expressed throughout development and have been used exten-
sively as internal controls for nonquantitative RT-PCR analysis
(39). Consistent with previous studies, the endogenous control
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FIG. 6. On filters, cpnA~ cells are arrested or delayed in the finger stage of development. Wild-type (WT) and cpnA~ (cpnA-) cells (5 X 107)
were plated on filters in starvation buffer and allowed to develop. Images were taken with a dissecting microscope at various time points after
plating. (A and B) 12 h; magnification, X7; bar = 4 mm. (C and D) 24 h; magnification, X7; bar = 4 mm. (E and F) 48 h; magnification, X40;

bar = 0.6 mm.

genes were observed to have similar transcription levels, rela-
tive to each other, throughout development. However, in one
of the two sets of RNA samples quantified, the /4 mRNA
levels were lower at the 24-h time point. Because of this result,
there was an increase in the cinD expression level relative to
that seen for mlA4 and a larger standard error at the 24-h time
point (Fig. SH).

In addition to the expression levels of the copine genes,
we measured those of the car4 gene throughout develop-
ment as a positive control. carA, or cARI1, codes for a major
cyclic AMP receptor that has previously been shown to be
developmentally regulated. carA mRNA is undetectable in
vegetative cells by Northern blot analysis, and its expression
is upregulated early in development as cells are aggregating
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into mound structures. carA mRNA levels remain elevated
through aggregation before steadily decreasing (37). Our
observations of the expression pattern of car4 were consis-
tent with this pattern (Fig. 5G).

Our real-time RT-PCR data indicate that all six copine
genes are expressed in vegetative cells and at various levels
throughout development (Fig. SA to F). All of the copine
genes are upregulated at one or two developmental transi-
tion points, except cpnF, which shows decreasing expression
throughout development. The cpnA gene was observed to have
two peaks, a modest peak at the 8-hour time point and a
threefold peak between the 12- and 16-hour time points; each
of these peaks corresponds to a major transition during devel-
opment. The 8-hour time point occurs just prior to mound
formation, when cells transition from the unicellular to the
multicellular stage. The 16-hour time point corresponds to the
finger stage, when many of the prespore and prestalk genes are
being activated (Fig. 5A). Three other copine genes, cpnC,
cpnD, and cpnE, also exhibited an increase in mRNA expres-
sion that peaked at ~16 h. All six copine genes were observed
to have an approximately threefold decrease in expression
from the 16-hour time point to the 20-hour time point, fol-
lowed by a slight increase at the 22-hour time point before
dropping at the 24-hour time point. Although all six copine
genes of Dictyostelium are expressed at relatively high levels in
vegetative cells (0 h), this study suggests that copine genes may
be important regulators in Dictyostelium development.

cpnA~ cells are arrested or delayed in the finger stage of
development prior to culmination. To determine if cpnA ™~ cells
are able to execute a normal developmental program, wild-
type and cpnA~ cells were allowed to develop on filters and
bacterial lawns. Three independent cpnA ™~ clones were devel-
oped on filters, and all three exhibited the defects described
below. cpnA ™ cells appeared to begin development in a normal
manner; the cells streamed and aggregated into small mounds
with timing similar to that seen for wild-type cells. However,
the ¢pnA~ mounds appeared to be different than wild-type
mounds in that we did not observe the characteristic C-shaped
mounds due to the spiraling movement of cells within the mound
(Fig. 6A and B). In addition, some of the mounds formed by
cpnA~ cells were irregularly shaped (Fig. 6B). Mounds formed
by cpnA~ cells proceeded to the finger stage in a normal time
frame; however, they became delayed or arrested at the finger
stage (Fig. 6C and D). Eventually, after another 24 h, some of
the fingers developed into fruiting bodies, but most were
smaller than wild-type fruiting bodies (Fig. 6E and F). The
expression of GFP-CpnA under the actinl5 promoter in
cpnA~ cells did not rescue the developmental defect; these cells
were also delayed or arrested in the finger stage. This perhaps is
not surprising, given that normal transcriptional regulation of
cpnA is most likely very important to its proper function. Indeed,
cpnA expression is upregulated at 16 h during development (Fig.
5A), while actinl5 is downregulated at this stage (24).

Cells mixed with bacteria and spread on agar plates will feed
on the bacteria and divide to produce clear plaques within a
bacterial lawn. As the cells in the center of the plaque starve,
the cells will develop, resulting in plaques made up of cells at
various stages of development. Six independent cpnA4 ™ clones
were developed on bacterial lawns, and all six exhibited the
defects described below. On bacterial lawns, cpnA ™~ cells were
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delayed in plaque formation, with plaques appearing ~24 h
later than what was observed for wild-type cells (Fig. 7A and
B). In addition, cpnA ™~ cells made multifingered structures that
accumulated at plaque edges, while wild-type cells formed nor-
mal single-fingered structures that filled the entire plate (Fig.
7E and F). As observed for cells developed on filters, cpnA~
cells developed on bacterial lawns were delayed or arrested at
the finger stage and made smaller-than-normal fruiting bodies
(Fig. 7E and F). Our observations of the cpnA ™~ mutant suggest
that cpnA is necessary for the proper formation of mounds and
fruiting bodies, and it is at these stages where there is an
upregulation of cpnA gene expression during development.

cpnA~ cells contain unusually large contractile vacuoles
when placed in water. Because we previously found that GFP-
CpnA associates with contractile vacuoles (10), an organelle
involved in osmoregulation, we carried out experiments to
determine whether cpnA~ cells are able to behave normally
in hypo-osmotic conditions. Wild-type and cpnA ™~ cells were
placed in water and observed using DIC microscopy. Within 30
min, cpnA~ cells contained several vacuoles that were unusu-
ally large in comparison to those seen for wild-type cells (Fig.
8A; also see Movies S1 and S2 in the supplemental material).
We identified these vacuoles as contractile vacuoles by immu-
nofluorescence labeling with an antibody to calmodulin (20) as
previously described (10) (data not shown). Time-lapse imag-
ing of cpnA~ cells placed in water revealed that cells are able
to expel water from some of the smaller contractile vacuoles
found within the cell; however, the time of discharge of the
vacuoles appeared to be prolonged (see Movies S1 and S2 in
the supplemental material). To quantify the large-vacuole
problem, cpnA~ and wild-type cells were placed in water, and
the percentages of cells that contained at least one unusually
large contractile vacuole were determined. Large vacuoles
were arbitrarily designated as being larger than one-fourth of
the area of the cell. Most of the cpnA~ cells contained these
unusually large vacuoles after 30 min to 1 h in water, while very
few of the wild-type cells did. However, after 5 to 6 h in water,
the cpnA ™ cells no longer had large vacuoles and looked sim-
ilar to wild-type cells (Fig. 8B). Three independent cpnA~
clones were observed in water, and they all exhibited the
large-vacuole phenotype. Expression of GFP-CpnA under the
actinl5 promoter in the cpnA~ cells was not able to rescue this
defect.

To determine if the defect in contractile vacuole function
observed for cpnA~ cells affects cell viability in water, cell
viability assays with cpnA ™~ and wild-type cells were carried out.
We found that cpnA4~ cells had no decrease in cell viability in
water from what was observed for wild-type cells (data not
shown). This was not surprising, given that we had not ob-
served excessive swelling or bursting of cpnA ™~ cells when they
were placed in water. cpnA~ cells make unusually large con-
tractile vacuoles soon after being placed in water but are able
to recover within 5 to 6 h, suggesting that the cells may com-
pensate for the loss of the cpnA4 gene by upregulating other
genes. Therefore, we used real-time RT-PCR to determine
whether copine genes are upregulated in wild-type cells and
cpnA~ cells in response to hypo-osmotic stress. However, we
did not find that any of the copine genes were upregulated in
response to hypo-osmotic stress in the course of several exper-
imental trials.
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CpnA-

FIG. 7. On bacterial lawns, cpnA~ (cpnA-) cells are delayed in plaque formation, make multifingered structures, and are arrested or delayed
in the finger stage of development. Wild-type (wt) and cpnA ™~ cells were mixed with E. coli B/r and plated on agar plates. Images were taken with
a dissecting microscope at various time points after plating. (A and B) Day 3; magnification, X7; bar = 4 mm. (C and D) Day 5; magnification,
X7; bar = 4 mm. (E and F) Day 7; magnification, X7; bar = 4 mm. Insets in panels E and F are images taken from the same plates as in panels

E and F; magnification, X40; bar = 0.6 mm.

cpnA~ cells do not exhibit defects in rates of endocytosis,
phagocytosis, and exocytosis. In our previous study, GFP-
CpnA was found to associate with organelles of the endolyso-
somal pathway and phagosomes, suggesting that CpnA may
have a role in endocytosis and/or phagocytosis (10). To assay
the efficiency of endocytosis, the rate of uptake of FITC-con-

jugated dextran was measured by quantifying the amount of
fluorescence inside cells at various time points after incubation
with the FITC-dextran (Fig. 9A). To assay the efficiency of
phagocytosis, the rate of uptake of fluorescently labeled beads
of 1 pm in diameter was measured by again quantifying the
amount of fluorescence inside cells at various time points after
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FIG. 8. ¢pnA~ cells have unusually large contractile vacuoles when placed in water. (A) Wild-type (WT) and cpnA ™~ (cpnA-) cells in HL-5 were
placed in glass-bottom dishes and allowed to settle. The HL-5 was replaced with water, and after 2 h, the cells were imaged using DIC microscopy.
(B) Wild-type and cpnA~ clones in HL-5 were placed in glass-bottom dishes and allowed to settle. The HL-5 was replaced with water and the
numbers of cells with vacuoles larger than one-fourth of the area of the cell were counted at various time points using DIC microscopy. The
percentages of cells containing large vacuoles from three independent experiments were calculated and then averaged. The error bars represent

standard error.

incubation with beads (Fig. 9B). To measure the rate of bead
exocytosis, cells were first incubated with fluorescent beads for
1 hour and then washed and resuspended in buffer containing
no beads; subsequently, the amount of fluorescence remaining
inside the cells at various time points was quantified (Fig. 9C).
For all three assays, the data were normalized by the protein
content of each sample and expressed as percentages of fluo-
rescence, with the highest fluorescence reading assigned the
100% value. Our results indicate that cpnA~ cells do not ex-
hibit any defects compared to wild-type cells in the rates of
endocytosis and phagocytosis. Furthermore, cpnA~ cells are
able to exocytose beads taken up by phagocytosis at rates
similar to those for wild-type cells.

DISCUSSION

Copines are calcium-dependent membrane binding proteins
with hypothesized roles in signal transduction and membrane

trafficking. Several studies provide evidence for copines func-
tioning in a variety of signaling pathways that regulate growth,
development, cell death, and defense (8, 19, 21, 22, 44, 47).
Here, using the model organism Dictyostelium discoideum, we
provide the first functional evidence for a copine having a role
in organelle function and membrane trafficking. The Dictyoste-
lium genome has six distinct copine genes, and Dictyostelium
cells lacking one of these genes, the cpnA gene, exhibit a defect
in contractile vacuole function. The contractile vacuole system,
which functions in osmoregulation, is made up of membrane-
bound tubules and bladders that connect with the plasma
membrane to expel water. In addition, some studies indicate
that the contractile vacuole system plays a role in calcium
homeostasis and sequestration (28, 30). When Dictyostelium
cpnA~ cells are placed in water, they develop unusually large
contractile vacuoles, indicating that CpnA has a role in regu-
lating the volume of contractile vacuoles and/or the exocytosis
of contractile vacuoles necessary for water expulsion.
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FIG. 9. ¢pnA~ cells exhibit normal rates of endocytosis, phagocy-
tosis, and exocytosis. Wild-type (WT) and cpn4~ (CpnA-) cells in
suspension were incubated with FITC-dextran (A) or 1.0-um fluores-
cent beads (B and C). At various time points, cell samples were taken.
The fluorescence intensity was measured and the protein concentra-
tion determined for each cell sample. The data were first calculated in
terms of pg of FITC-dextran/pl fluorescent beads per mg of protein
and then normalized, with the highest reading assigned the value of
100%. For the exocytosis assays (C), cells were first incubated with the
beads for 1 hour and then washed, and then cell samples were taken.
Data from three experimental trials were averaged, and standard er-
rors were calculated.

cpnA~ cells also exhibit other phenotypic defects. Many
cpnA~ cells contain more than one nucleus, suggesting ineffi-
cient cytokinesis. In addition, cpnA ™~ cells become arrested or
delayed in the final stages of development. Both of these phe-
notypic characteristics of the null mutant could also be attrib-
uted to defects in membrane trafficking. Studies with several
cell types have shown that membrane trafficking at the cleav-
age furrow is necessary for cytokinesis (for reviews, see refer-
ences 1, 29, and 35). Moreover, differentiation into spore cells
during Dictyostelium development requires vesicle exocytosis
(41). Dictyostelium cells lacking clathrin heavy chain, a well-
characterized protein involved in vesicle budding, exhibit de-
fects in endocytosis but also exhibit defects in cytokinesis, con-
tractile vacuole function, and development (33, 34, 36).

EUKARYOT. CELL

Alternatively, CpnA may have distinct roles in each of the
three processes.

Several proteins have been shown to localize to or associate
with contractile vacuoles in Dictyostelium; these include a Ca**
ATPase (30), the vacuolar H* ATPase (18), calmodulin (48),
two Rab proteins (5, 17), drainin (3), dajumin (14), Rh50 (4),
and LvsA (15). Mutant studies have shown that drainin (3),
Rabl1 (17), RabD (6), and LvsA (15) are each necessary for
proper function of the contractile vacuole. Moreover, similar
to the cpnA null mutant, drainin null mutant cells display large
contractile vacuoles (3), as do cells expressing a dominant
negative version of Rab11 (17). In addition and also similar to
cpnA~ cells, lvsA~ cells exhibit defects in both cytokinesis and
contractile vacuole function (15, 25). A detailed microscopic
study of cytokinesis in Dictyostelium by Fukui and Inoué (13)
revealed that the constriction of the cleavage furrow is accom-
panied by an efflux of water, as evidenced by highly active
contractile vacuole formation during cytokinesis. This study
suggests a function for the contractile vacuole system in cyto-
kinesis and may explain the phenotypic defects in the cpnA~
mutant and in /vs4~ mutants.

It is also interesting to note that while Rab11 is associated
with contractile vacuoles in Dictyostelium, the mammalian
Rabl1 is associated with endosomes, functions in endosome
recycling, and has also recently been shown to be involved in
the trafficking of endosomal vesicles to the cleavage furrow
(46). Furthermore, when human embryonic kidney HEK293,
human bladder carcinoma T24, and rat pheochromocytoma
PC12 cells expressing a GFP-tagged human copine I are stim-
ulated with carbachol or a calcium ionophore, the GFP-tagged
copine is rapidly translocated from the cytosol to small periph-
erally located organelles, which are perhaps recycling endo-
somes (J. L. Tomsig and C. E. Creutz, unpublished data).

The overexpression of a N-terminally GFP-tagged CpnA in
cpnA -~ cells is able to fully rescue the cytokinesis defect but not
the contractile vacuole defect. Contrary to the idea that CpnA’s
role in cytokinesis may be secondary to its role in contractile
vacuole function, as speculated above, the partial rescue of the
phenotypic defects by the overexpression of GFP-CpnA sug-
gests that CpnA has different roles in the two processes. While
GFP-CpnA expression in cpnA ™~ cells is able to fully rescue the
cytokinesis defect, the overexpression or the GFP tag may
interfere with its ability to rescue the contractile vacuole de-
fect. Although we have previously shown that GFP-CpnA is
able to bind membranes in a calcium-dependent manner (10),
the GFP tag may alter the calcium sensitivity of CpnA’s mem-
brane binding activity. In addition, the C2 domains of synap-
totagmin I have been shown to bind to several different pro-
teins (42); therefore, it is possible that the GFP at the N
terminus interferes with the binding of proteins to the C2
domains of CpnA.

Copine mutant studies with Arabidopsis indicate that copines
function to promote growth and development (47). Similarly,
our study suggests that copine genes may be important regu-
lators in Dictyostelium development. cpnA~ cells are able to
aggregate into mounds with normal timing; however, the
mounds are irregularly shaped. Cells continue to develop but
become delayed or arrested in the finger stage, prior to culmi-
nation. These developmental defects are observed at transi-
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tional stages that correspond to modest increases in expression
of the cpnA gene in wild-type cells (Fig. 7A).

We also determined the developmental expression patterns
of the other five copine genes in Dictyostelium. Each of the
six copine genes exhibited a distinct pattern of expression
throughout development, suggesting that each of the genes
carries out a distinct function in development. All of the copine
genes except cpnk’ show an upregulation of expression at one
or two developmental transitions. All six copine genes of Dic-
tyostelium (cpnA-cpnF) are expressed at relatively high levels in
vegetative cells (0 h). ¢pnC is up-regulated at the 2-hour time
point and may be involved in early aggregation, while cpnA4 and
cpnB exhibit a small increase in expression around the 8-hour
time point, suggesting these genes may have a role in mound
formation. cpnA, cpnC, cpnD, and cpnE exhibit an increase in
mRNA levels that peak at 14 to 16 h, suggesting that these
genes may be involved in the differentiation of cells into pre-
spore or prestalk cells. The study of Yang et al. (47) on copine
mutants of Arabidopsis suggests that copines are involved not
only in promoting cell growth and development but also in
repressing cell death. Perhaps some of the copine genes are
up-regulated in prespore cells but not prestalk cells, leading to
the ultimate survival of spore cells and the death of stalk cells
during the final stages of culmination. Determining if the var-
ious copine genes are preferentially expressed in either pres-
pore or prestalk cells will offer further insight into the function
of copines genes during Dictyostelium development.

If the general function of copines is to bind to specific target
proteins and carry them to particular membranes, then CpnA
may bind to a protein necessary for targeted exocytosis and
bring that protein to the contractile vacuole membrane during
hypo-osmotic stress, to vesicles targeted for the plasma mem-
brane at the cleavage furrow during cytokinesis, and to vesicles
targeted to the plasma membrane during spore cell differen-
tiation. Alternatively, CpnA may have roles in cytokinesis, con-
tractile vacuole function, and development, because it is able
to bind to several different target proteins. Proteomic analysis
of the midbody of mammalian cells undergoing cytokinesis
identified a copine protein as a component of the midbody
(40). We have not observed GFP-CpnA to localize to the
cleavage furrow or midbody in Dictyostelium, but such local-
ization may be very transient, given that our previous studies
with GFP-CpnA indicated that CpnA localization to contrac-
tile vacuoles in live cells lasts for only a few seconds (10). If the
function of CpnA is to facilitate the targeting of a particular
protein to the contractile vacuole during hypo-osmotic stress,
this may explain why cpnA ™~ cells display a contractile vacuole
defect for only a few hours after being placed in water. Perhaps
without the help of CpnA, it takes much longer for the target
protein to accumulate on the contractile vacuole membrane. In
addition, the mild cytokinesis defect and the transient contrac-
tile defect observed for the cpnA ™~ cells may be due to the fact
that the Dictyostelium copines have some overlapping functions
and that the creation of multiple copine knockout strains
would produce more-severe phenotypes. Copine mutant stud-
ies with Arabidopsis have shown that double and triple copine
gene deletion mutants exhibit phenotypes more severe than
those of the single gene deletion mutants (47). To fully under-
stand the function of copines in Dictyostelium, it is critical to
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identify their target proteins, and we are currently working to
identify the binding partners of CpnA.
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