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Plasma membrane Ca21 ATPases (PMCAs) maintain

proper intracellular Ca21 levels by extruding Ca21 from

the cytosol. PMCA genes and splice forms are expressed

in tissue-specific patterns in vertebrates, suggesting that

these isoforms may regulate specific biological pro-

cesses. However, knockout mutants die as embryos or

undergo cell death; thus, it is unclear whether other cell

processes utilize PMCAs or whether these pumps are

largely committed to the control of toxic levels of cal-

cium. Here, we analyze the role of the PMCA gene,mca-3,

in Caenorhabditis elegans. We report that partial loss-

of-function mutations disrupt clathrin-mediated endo-

cytosis in a class of scavenger cells called coelomocytes.

Moreover, components of early endocytic machinery are

mislocalized in mca-3 mutants, including phosphatidyl-

inositol-4,5-bisphosphate, clathrin and the Eps15 homology

(EH) domain protein RME-1. This defect in endocytosis in

the coelomocytes can be reversed by lowering calcium.

Together, these data support a function for PMCAs in the

regulation of endocytosis in the C. elegans coelomocytes.

In addition, they suggest that endocytosis can be blocked

by high calcium levels.
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The concentration of calcium is about 10 000-fold higher

outside than inside cells. Extracellular calcium is around 2.5

mM, whereas intracellular calcium is quite low; for example,

inDrosophila neurons calcium is at 23 nM (1). Thus, opening

of calcium channels causes profound local increases in

cytosolic Ca2þ, which then initiate signaling cascades

within the cell (2). Aberrant calcium increases can inappro-

priately activate second messenger signaling cascades or

can initiate necrotic or programmed cell death (3). Thus,

after influx, calcium levels in the cell must be rapidly

restored to maintain cellular homeostasis. Extrusion of

cytoplasmic calcium is accomplished by two plasma mem-

brane-localized systems: sodium–calcium exchangers

(NCXs) and plasma membrane Ca2þ ATPases (PMCAs) (4).

Plasma membrane calcium ATPases play essential roles in

capping cytosolic calcium levels (5). A chronically high level

of calcium is very dangerous to cell viability because it can

initiate programmed or degenerative cell death (3). The

phenotypes of PMCA knockouts are consistent with an

initiation of cell death caused by chronic levels of calcium

(4). For example, lack of the ubiquitous pump PMCA4

causes increased apoptosis of particular smooth muscles

(6). Inhibition or mutations of the neuronally expressed

PMCA2 can lead to cell death of hair cells or spinal cord

neurons (6,7). In the absence of PMCA1 function, mutants

die as embryos before implantation (6). In addition, PMCAs

are a target of caspases, and their caspase-mediated

cleavage has been shown to promote apoptosis (8). Thus,

the PMCAs are likely to be important for pumping down

calcium when it reaches toxic levels in the cell.

There is evidence that PMCAs can be activated under

nonlethal calcium concentrations to tune calcium-sensitive

cellular processes. First, calcium ATPases have a higher

affinity for calcium than the NCXs, and are therefore poised

to respond to lower concentrations of calcium (9). Second,

the diversity of isoforms and their specific subcellular

localizations suggest that different PMCAs are specialized

to regulate different biological functions. Alternative spli-

cing among these isoforms determines calcium sensitivity

or inhibition by protein kinase C (4). Third, at least two

PMCAs are likely to regulate biological processes. Murine

PMCA4 is necessary for spermmotility (6,10); it is possible

that this calcium ATPase modulates calcium dynamics in

the sperm tail thereby influencing motor activity. In the

smooth muscle of the bladder, PMCA1 and PMCA4

control the relaxation rate and thus maintain the contrac-

tion–relaxation cycle (11). Fourth, computational modeling

of inner hair cell physiology suggests that calcium dynam-

ics in these cells are likely to be shaped in part by the

calcium ATPase PMCA2a (12,13). However, this proposal

remains to be confirmed in vivo. Thus, it is highly probable

that calcium ATPases play important roles in tuning cal-

cium levels for many cell processes. However, identifying
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which cell processes rely on PMCA function is difficult

using genetic techniques because the phenotypes associ-

ated with null mutations in these genes are often too

severe. Thus, isolation of weak mutations may be import-

ant for the analysis of PMCA function in cells.

Here we demonstrate that hypomorphic mutations in

a PMCA gene in the nematode Caenorhabditis elegans

disrupt endocytosis. These mutations were isolated in

a genetic screen for mutants defective for endocytosis by

specialized scavenger cells (14). These six scavenger cells,

called coelomocytes, are distributed in the body cavity.

Coelomocytes have a high rate of continuous endocytosis

and can rapidly clear fluid phase markers. To observe this

rapid endocytosis, we have constructed a strain that

secretes green fluorescent protein (GFP) from the muscle

into the body cavity (Pmyo-3::ssGFP). In wild-type animals,

the secreted GFP is rapidly endocytosed by the coelomo-

cytes and degraded. In mutants for coelomocyte uptake

(Cup mutants), GFP is not endocytosed but instead accu-

mulates in the body cavity (see Figure 3A for mutant

phenotype). In a screen for Cup mutants, we identified

two alleles of the cup-7 gene, ar492 and ar493, which ex-

hibited defects in coelomocyte uptake and were also un-

coordinated (14). In this article, we demonstrate that cup-7

encodes a PMCA previously named mca-3. In mca-3

mutants, trafficking of fluid phase components to the

lysosome is blocked in the early stages. This defect can

be rescued by lowering extracellular calcium and thus is

likely a consequence of intracellular calcium buildup. Other

PMCAs are not expressed in the coelomocytes; thus,MCA-

3 uniquely contributes to the function of these cells. This

study demonstrates that mutations in a specific PMCA,

MCA-3, disturbs a distinct biological pathway, clathrin-

mediated endocytosis, in the scavenger cells of C. elegans.

Results

cup-7 encodes MCA-3, a plasma membrane

Ca2þ-ATPase

Conventional mapping and molecular characterization of

the cup-7 mutations demonstrated that they are alleles of

the calcium ATPase mca-3. Three-point mapping deter-

mined that ar492 is located on chromosome IV between

lin-1 and unc-33 (14). Position in this interval was then

determined by mapping the ar492 mutation relative to

single-nucleotide polymorphisms (SNPs) in a Hawaiian

strain. SNP mapping narrowed the location of ar492 to

an interval between polymorphisms T23E1 and Y54G2A

(IV:�5.94 and IV:�6.88) (Figure 1A). This interval contains

30 open reading frames (ORFs). One of them, mca-3, was

reported to have an RNA interference phenotype resem-

bling the uncoordinated phenotype of ar492 (15,16) and

therefore seemed a likely candidate. The mca-3 gene was

sequenced in the ar492 and ar493 strains, and lesions

were identified in this gene in both strains (Figure 1B–D).

For clarity, this gene will be referred to as mca-3 (mem-

brane calcium ATPase) instead of cup-7 for the remainder

of the article. To determine the amino acid sequence of the

protein, we analyzed the mRNAs from this locus using

reverse transcriptase–polymerase chain reaction (PCR)

(Figure 1B). The MCA-3 protein belongs to the family of

PMCAs, molecular pumps that utilize the energy from ATP

hydrolysis to extrude Ca2þ ions from the cytosol of the cell

(17). There are three PMCAs encoded in the worm

genome: MCA-1, MCA-2 and MCA-3 (17). Of the three,

MCA-3 has the highest sequence identity (62%) to mam-

malian PMCAs (Figure 1E).

Based on sequence homology to mammalian PMCAs, we

can infer the structure of MCA-3. MCA-3 consists of a short

intracellular amino terminus, a total of 10 transmembrane

domains, a cytosolic ATPase domain between transmem-

brane domains 4 and 5, and a cytosolic calmodulin-binding

domain at the carboxyl terminus (Figure 1C). Our analysis of

cDNAs revealed that mca-3 has three splice variants, a, b

and c, at its carboxyl terminus (Figure 1B). Alternative

splicing at this location is conserved among most PMCAs

and is proposed to affect binding affinity to calmodulin,

thereby producing pumps with different Ca2þ sensitivities

(18). MCA-3 isoforms b and c contain alternative calmod-

ulin-binding domains. Isoform a resembles the splice pattern

of isoform c; however, it also contains a short 69-bp exon

that inserts 23 amino acids into the middle of the consen-

sus calmodulin-binding site; this insertion could possibly

render the pump insensitive to regulation by calmodulin.

While overall sequence identity between MCA-3 and

mammalian PMCAs is 62%, two regions reach over 90%

identity. Both of these regions fall in the ATPase domain:

one in the vicinity of the phosphorylation site within

residues 410–435, and the other at the carboxyl-terminal

end of the ATPase domain comprising residues 760–800.

The two mutant alleles are missense mutations in highly

conserved residues and affect all three splice forms ofmca-3.

The PMCAs are highly similar to the sarcoendoplasmic

reticulum calcium ATPases (SERCAs). Thus, we can

speculate on the functions of mutated residues based on

mutational analyses of the SERCAs (19). In ar493, a glycine

(G786) is replaced by a glutamic acid in the ATPase domain

(Figure 1C,D). In SERCAs, this glycine interacts with an

aspartic acid residue through a van der Waals contact,

which allows the aspartic acid to bind to Mg2þ. The Asp–

Mg2þ in turn is necessary for conformational change of the

pump (19). Based on sequence homology, the Gly786Glu

mutation is likely to prevent Asp–Mg2þ binding and thus

hinder a conformational change during the pump cycle. In

ar492, a conserved asparagine (N954) is replaced by

a lysine near the mouth of the pore in the extracellular

loop between TM7 and TM8 (Figure 1C,D).

To confirm that mutations in ar492 and ar493 cause partial

loss-of-function and not gain-of-function or neomorphic

properties, we disrupted the mca-3 locus using RNA

544 Traffic 2007; 8: 543–553

Bednarek et al.



interference (RNAi). RNAi of mca-3 in a wild-type back-

ground decreased coelomocyte staining in 36% of the

animals (n ¼ 80 animals). In addition, 45% of the RNAi

adult animals were paralyzed, similar to the two mutant

alleles. Only a subset of RNAi animals exhibited both the

Cup defect and uncoordinated movement, which is con-

sistent with partial penetrance of RNAi effects. mca-3

RNAi also caused 8% (�2.5) of the progeny to arrest as

embryos, which is a phenotype that was not observed in

the mutant strains. These data indicate that the mca-3

mutations are loss-of-function alleles rather than gain-of-

function mutations because they act in the same direction

as RNA interference. They also suggest thatmca-3 loss-of-

function phenotype is possibly lethal.

To better determine the null phenotype,we performedmca-3

RNAi in the ar492 and ar493 backgrounds. This experi-

ment produced a range of phenotypes that were more

severe than observed for RNAi in the wild type: treated

animals exhibited more embryonic lethality (20.5� 4.93%;

p < 0.005 RNAi in ar492 versus RNAi in wild type), larval

arrest, slow growth, more severe paralysis and an onset of

the Cup defect in larvae rather than in adults. These RNAi

experiments confirm that ar492 and ar493mutants reduce

but do not eliminate protein function. They also indicate

that a molecular null of mca-3 is likely to cause embryonic

lethality similar to the knockout mutations in the mouse.

mca-3 is expressed in the coelomocytes, nervous

system, intestine and muscles

There are three PMCA genes in the nematode. These three

genes may contribute additively to calcium homeostasis of

a cell; alternatively, each gene may be specialized for the

calcium dynamics of a particular tissue. We analyzed the

temporal and spatial pattern of mca gene expression by

placing GFP under the control of each of the upstream

regulatory sequences. Themca-1GFP reporter is expressed

only in one cell, the excretory canal (Figure 2A). For the

mca-2 promoter, GFP is only present in the epidermis

(Figure 2B). We did not detect expression of the mca-1 or

mca-2 reporters in the coelomocytes (Figure 2A,B).

Because of the specific defects observed in the mutants,

we expected that mca-3 would be expressed in the

coelomocytes and the nervous system. The mca-3 GFP

reporter is transcribed from embryogenesis through adult-

hood in many tissues, including body muscle, the nervous

system, the intestine and the coelomocytes (Figure 2C).

We did not detect expression of themca-3 promoter in the

epidermis or in the excretory canal, the tissues that

express the other two mca genes. Although it is possible

that these reporter constructs missed regulatory sequen-

ces, the data indicate that theworm PMCAs are expressed

in complementary patterns. Thus, they are not likely to play

redundant functions.

MCA-3 localizes to the plasma membrane and acts in

a cell autonomous fashion

Based on high conservation between MCA-3 and mamma-

lian PMCAs, we predicted that MCA-3 protein would act at

the plasma membrane. To determine the subcellular local-

ization ofMCA-3,we generated tagged constructs expressing

GFP-MCA-3 isoforms a, b and c under a coelomocyte-

specific promoter. As expected, we found that all three

isoforms of MCA-3 localize to the plasma membrane of

coelomocytes (Figure 2D). Each of these constructs fully

Figure 1: Gene structure of mca-3. A) ar492

maps within a small interval on the left arm of

chromosome IV. B) Exon and intron structure of

mca-3. The 30 end is differentially spliced to produce

splice variants a, b and c. The mutations in ar492

and ar493 affect all three isoforms. C) MCA-3

predicted protein domains. Mutations present in

mca-3 alleles are indicated. Triangle indicates the

location of the differential splice site. D) Sequence

alignment of segments from Caenorhabditis ele-

gans MCA-3 (Ce; accession #NP001023556), fly

(Ds; accession #NP726565), mouse (Mm; acces-

sion #BAA83105) and human (Hs; accession

#AAA36456) PMCAs. Missense mutations in mca-3

alleles ar492 and ar493 are indicated above the

alignments. E) Phylogenetic tree of the worm and

human PMCAs. The bootstrap method with ‘neigh-

bor-joining’ search was used to generate the tree.

Alignments were performed using CLUSTALX and

NJPLOT (Genetics Computer Group). MCA-3 is the

closest homolog of mammalian PMCAs.
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rescued the endocytosis defect of mca-3(ar492) mutant

worms indicating that the protein fusions are functional

and that MCA-3 acts cell autonomously in regulating

endocytosis of the coelomocyte (Figure 3A,B). As ex-

pected, these constructs did not rescue the uncoordinated

defect of this mutant strain because the promoter used for

these constructs is not expressed in the nervous system.

MCA-3 is required during endocytosis

Previous experiments indicate that loss of PMCA function

is often associated with apoptotic cell death (4–8). To

determine whether mca-3 mutations affect the viability of

coelomocytes, we counted the coelomocytes in mca-3

mutants. We examined two strains that express GFP in

the coelomocytes of mca-3(ar492) animals (10 animals

each). In both strains, there are a wild-type number of

these cells—six per animal—suggesting that the defect in

GFP uptake is not because of cell death but rather a defect

in endocytosis in these scavenger cells.

The coelomocyte uptake defect in mutants suggested that

MCA-3 was required for endocytosis in the coelomocytes.

To determine the particular step of endocytosis affected in

the mca-3 animals, we examined GFP distribution in the

mutants. In wild-type worms, GFP is taken up by coelo-

mocytes into endosomes and then is targeted to lyso-

somes for degradation (20). Cup mutants fall into two

groups: mutations in the first group affect either early

Figure 2: Expression pattern of the worm PMCAs and subcellular localization of MCA-3. A–C) Confocal micrographs of adult

hermaphrodites expressing GFP under the mca-1, mca-2 or mca-3 promoters. A) Pmca-1a is expressed in the excretory canal. Low-

magnification Nomarski (left) and fluorescent (right) images of Pmca-1a::GFP. Ventral is down, anterior left. Scale bar is 200 mm. Insets:

high-magnification Nomarski (left) and fluorescence (right) images of coelomocytes. The coelomocytes are outlined with a dotted line and

do not expressmca-1. B) Pmca-2 is expressed in epidermal tissues. High-magnification confocal images of Pmca-2::GFP. Left panel, head

epidermis (including amphid sheath cells and amphid socket cells); middle left panel, syncytial cell hyp7, seam cells (se) do not express

mca-2; the bright spots in the image are the nuclei of the multinucleated cell hyp7; middle right panel, vulval epithelial cells uv1, uv2 and

uv3; right panel, Nomarski (top) and fluorescence (bottom) images of a coelomocyte which does not expressmca-2. Scale bar (except for

coelomocyte images) is 50 mm. C) Pmca-3 is expressed in the nervous system, the intestine, themuscle and the coelomocytes. Anterior is

left, ventral surface facing the viewer. Left panel: longitudinal section of anterior intestine. Middle panel: anterior ventral nerve cord;

arrowhead indicates a muscle cell (mus), arrow points to the ventral nerve cord (vnc). Right panel: high-magnification picture of

a coelomocyte (cc). Bright staining is the muscle (top) and the intestine (left). Scale bar: 50 mm in the left and middle panels and 20 mm in

the right panel. D) Rescuing constructs of all threeMCA-3 isoforms localize to the plasmamembrane (n¼ at least 20 coelomocytes of each

genotype). GFP was fused to cDNAs encoding the isoforms a, b and c and placed under the control of the coelomocyte promoter from the

unc-122 gene (see Materials and Methods). All three constructs rescued the mca-3 mutant defect in coelomocyte endocytosis. Confocal

images of an adult coelomocyte expressing the indicated MCA-3 isoforms fused to GFP at the amino terminus are shown. Bar is 5 mm.
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steps in endocytosis or endosomal recycling, and result in

an almost complete block of uptake of the secreted GFP

(14). This group includes mutants deficient in clathrin,

dynamin and RME-1, an EH domain protein required for

endosomal recycling (14,21). The second group comprises

genes participating in trafficking from the endosome to the

lysosome. In this latter class, GFP is still cleared from the

body cavity but it is not degraded and instead accumulates

in large vesicles within coelomocytes (20). In mca-3

mutants, GFP does not accumulate in the coelomocytes

but rather accumulates in the body cavity (Figure 3A, left

column), and thus these mutations block early steps in

endocytosis. The uptake defect is first visible in L4 larvae

or young adults. At this point, GFP starts to accumulate in

the body cavity and there is a severe reduction in the

number and sizes of GFP-filled vesicles in the coelomo-

cytes (Figure 3A, right column).

The early steps of endocytosis consist of the following

events. First, the machinery for endocytosis is recruited to

the endocytic site. Second, the clathrin coat assembles and

the membrane invaginates to form a coated pit. Third, the

deeply invaginated pit is separated from the membrane by

the GTPase dynamin. Finally, the clathrin coat is removed

from the nascent vesicle. To determine which step of

endocytosis is affected in mca-3 mutants, we examined

the localization of different molecular markers of endocy-

tosis. To assay recruitment of the endocytic machinery to

the plasma membrane, we determined the distribution of

clathrin heavy chain (22), of RME-1, an EH domain-contain-

ing protein required for endocytosis (14,21), and of phos-

phatidylinositol-4,5-bisphosphate (PI(4,5)P2). We assayed

PI(4,5)P2 by the localization of the pleckstrin homology

domain of mouse phospholipase C d fused to GFP

(PH::GFP) (23). In the wild type, PI(4,5)P2 causes PH::GFP

to be localized to the plasma membrane (Figure 4A,B). In

the mca-3 mutants, PH::GFP fluorescence at the plasma

membrane was severely reduced, and we conclude that

PI(4,5)P2 levels were reduced. PI(4,5)P2 is likely to be

important for endocytosis because it recruits the adaptor

complexes AP2 and AP180 to the plasma membrane,

which then recruit clathrin (24,25). As predicted, given

the low levels of PI(4,5)P2 inmca-3mutants, the localization

of clathrin heavy chain to the plasma membrane was

severely reduced (Figure 4A,B). In wild-type coelomocytes,

RME-1 localizes to the internal vesicles and to the plasma

Figure 3: MCA-3 is required for endocytosis in coelomocytes.

A–C) Confocal images of adult hermaphrodites secreting GFP from

the muscles into the body cavity (arIs37, n ¼ at least 80 animals of

each genotype). The left column shows whole worms at a low

magnification. Arrows indicate the positions of the coelomocytes

in the worms; not all six coelomocytes are evident in each section.

Genotypes of the imaged animals are indicated. In the wild type,

the shape of the body is not visible because GFP fluorescence is

confined to the six scavenger cells. In mca-3 mutants, the body

cavity fills with GFP in the extracellular space and the shape of the

animal is visible. The right column shows individual coelomocytes

at a higher magnification from these animals. Coelomocytes are

large solitary scavenger cells; the bright spots are GFP-loaded

vesicles within a single coelomocyte. In mca-3 mutants, the

coelomocyte appears as a dark cell surrounded by GFP in the

extracellular space. Bar is 5 mm in higher magnification images.

A) Mutations of mca-3 result in a Cup phenotype in adult animals.

In wild-type animals, coelomocytes clear the GFP from the body

cavity, whereas in both mca-3 mutant strains GFP accumulates in

the body cavity. B) Coelomocyte-specific expression of eachMCA-3

isoform is sufficient to rescue the Cup defect. Images of mca-3

(ar492) mutant animals expressing the indicated mca-3 isoforms

under a coelomocyte-specific promoter. Arrowheads indicate GFP

expressed in the pharynx, which was used as a transgenic marker.

‘Pcc 0 indicates the coelomocyte-specific promoter of the unc-122

gene (see Materials and Methods). C) Growth in limiting calcium

conditions rescues the Cup defect. Images of mca-3 mutant

animals grown on plates containing 1 mM EGTA.
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membrane (21), and retrieves endocytosed receptors from

the sorting endosome to the plasma membrane (21,26).

Previous studies indicated that this localization pattern is

perturbed in endocytic mutants such as cup-4 (27). Inmca-3

mutants, RME-1 fluorescence is reduced to 16% of wild-

type level in the coelomocytes (Figure 4C). It is possible

that the depletion in RME-1 is caused by the depletion in

clathrin because the RME-1 homolog EHD1 binds clathrin

(28). However, it is also possible that the reduction of

RME-1 occurs because of a buildup of intracellular calcium.

These results indicate that MCA-3 is required for the first

step of endocytosis: the recruitment of the endocytic

machinery to the plasma membrane.

Markers for later compartments such as endosomes and

lysosomes were not mislocalized indicating that late

Figure 4: MCA-3 is required for

plasma membrane localization of

endocytic markers in coelomo-

cytes. A) Plasmamembrane and Golgi

markers show abnormal staining in

mca-3-deficient coelomocytes, which

can be rescued by growth in limiting

calcium conditions. Confocal micro-

graphs of coelomocytes in wild-type

and mca-3(ar492) adult hermaphro-

dites raised on normal or EGTA-con-

taining plates. Background genotype

and growth conditions are indicated at

top. Animals in different rows express

the following GFP fusion proteins

(from top to bottom): PLC delta-PH

domain (array cdIs80) to monitor

PI(4,5)P2, clathrin heavy chain (array

bIs5), an EH hand protein RME-1

(array cdEx39) and a Golgi marker

mannosidase II (array cdIs54). Bar is

5 mm in all images. Images of wild-

type and mutant coelomocytes were

takenwith thesameexposure andmag-

nification for each marker. In the image

of the PLC delta-PH domain-GFP in

mca-3 mutant, the coelomocyte is

outlined. B) Plasma membrane-asso-

ciated endocytic markers have

decreased levels in mca-3(ar492) mu-

tants. Quantification of fluorescence

of the indicated markers in wild-type

and mutant coelomocytes. **p <

0.05, error bars represent standard

deviation. C) Endocytic markers are

not mislocalized in oocytes of mca-3

mutant animals. Confocal micro-

graphs of oocytes in wild-type and

mca-3(ar492)mutant animals express-

ing GFP fusions to the indicated pro-

teins. Bar is 10 mm in all images.
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trafficking steps are unaffected (Figure 5). However, these

compartments were reduced in size and the endoplasmic

reticulum (ER) (29) was dispersed in mca-3 mutants

(Figure 5). The decrease in the size of endosomes and

lysosomes and the dispersal of the ER are common to all

cup mutants that block endocytosis and are likely to be an

indirect consequence of the defect in uptake and reduction

in trafficking in these mutants (27). mca-3 mutations also

resulted in what appeared to be smaller Golgi stacks as

visualized by mannosidase II-GFP (Figure 4A) (20). This

defect is likely as a result of high cellular calcium because

increased calcium levels cause a similar phenotype in

yeast cells (30).

Another tissue with high rates of endocytosis is the gonad.

Yolk is secreted by the gut, and endocytosed by the

developing oocytes in a clathrin-mediated process (31).

To determine if calcium clearance by MCA-3 was import-

ant for endocytosis in oocytes, we examined uptake of

GFP-tagged vitellogenin. In contrast to our previous ob-

servations (14), MCA-3 does not seem to be required for

endocytosis in the germ line. Vitellogenin was not mis-

localized in mca-3(ar492) or in mca-3(RNAi) animals (data

not shown). In addition, clathrin and RME-1 were not

mislocalized in the oocytes of mca-3 mutants (Figure 4C).

These results indicate that MCA-3 is not required for

endocytosis by oocytes.

Coelomocyte uptake can be rescued by limiting

extracellular calcium

Because MCA-3 is responsible for clearance of calcium

from the cytosol, then mutations in mca-3 are likely to

cause an increase in internal calcium. To test whether

calcium buildup is responsible for the observed mca-3

mutant phenotype, we lowered the extracellular calcium

levels by growing animals on plates containing 1 mM

EGTA. EGTA rescued GFP uptake into coelomocytes in

mca-3 mutants (Figure 3C), restored PI(4,5)P2 levels and

localized the early endocytic proteins to the plasma mem-

brane (Figure 4A). This result is consistent with the

hypothesis that the endocytic block in mca-3 mutants is

caused by inappropriate calcium clearance because of the

mutated calcium pump (also see Discussion).

Discussion

Ca2þ homeostasis is required to maintain proper Ca2þ

signaling and cell survival. Plasma membrane calcium

ATPases, along with NCXs, are responsible for expulsion

of calcium from the cytosol into the extracellular space.

Here we present evidence that under physiological con-

ditions, a worm PMCA encoded by the mca-3 gene is an

important regulator of endocytosis. Our results indicate

that the MCA-3 protein acts in the initial steps of endocy-

tosis, likely during the recruitment of the endocytic machin-

ery to the membrane. First, as expected, MCA-3 localizes

to the plasma membrane, the site of endocytosis. Second,

the mca-3 mutant phenotype mimics the phenotypes of

other early endocytic mutants such as clathrin or dynamin.

Third,mca-3mutations cause mislocalization of the plasma

membrane-localized components of endocytosis, the pro-

teins clathrin and RME-1 as well as reduction of the lipid

PI(4,5)P2. Fourth, analysis of the remaining PMCAs indi-

cates that MCA-3 is a non-redundant regulator of endocy-

tosis. Finally, the mca-3-associated endocytic defect can

be rescued by growing animals under limiting calcium

Figure 5: mca-3mutations do not disrupt the trafficking from

endosomes to lysosomes. Confocal micrographs of coelomo-

cytes in wild-type and mca-3(ar492) adult hermaphrodites ex-

pressing GFP fusions to RAB-5 (early endosome), RME-8 (late

endosome), CUP-5 (lysosome) and cytochrome b5 (ER). Distribu-

tions of markers for the endosome to lysosome pathway are

similar to those of thewild type. By contrast, the ER is dispersed in

mca-3(ar492) instead of being perinuclear. Images of wild-type

and mutant coelomocytes were taken with the same exposure

and magnification. Bar is 5 mm in all images.
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conditions. In the following paragraphs, we will discuss

three questions: (1) Are defects present in mca-3 mutants

because of excess calcium? (2) Are calcium ATPases

specifically devoted to particular cell biological processes?

(3) How could excess calcium inhibit endocytosis?

Are defects present in mca-3 mutants due to excess

calcium? Because PMCAs pump calcium out of cells in

biophysical reconstitution experiments (32), it is expected

that calcium secretion is their main activity in the cell.

Indeed, several studies demonstrated that PMCAs play

a role in calcium secretion under physiological conditions

and that calcium actually increases in cells with defective

PMCA function. For example, pharmacological inhibition of

PMCAs in neurons, smooth muscles and endothelial cells

results in increased calcium levels (33,34). Consistent with

these studies, we find that the cellular defects observed in

worm PMCA mutants can be accounted for by aberrant

calcium homeostasis. Specifically, reducing extracellular

calcium rescued themutant phenotype. Thus, while pharma-

cological experiments concluded that inhibition of PMCAs

leads to intracellular calcium buildup, mutant studies can

identify the functional consequences of calcium buildup.

Are calcium ATPases specifically devoted to particular cell

biological processes? Our data indicate that partial loss of

MCA-3 function causes inhibition of a specific cellular

process, clathrin-mediated endocytosis. Similarly, loss of

the brain-enriched PMCA2 leads to specific neurological

defects such as deafness and balance problems, which are

not necessarily related to cell death (6). Thesemutant mice

are deaf, likely because of defects in the electrical gradient

required for hair cell function (35–38). In addition, PMCA2

mutants lack the calcium carbonate accretions, called

otoconia, that sense acceleration (35), and have reduced

calcium levels in milk (39). These data suggest that

PMCA2 functions in specific cell processes to tune cal-

cium levels rather than just for anti-apoptotic functions.

Cell- and tissue-specific expression patterns of different

genes and splice forms also suggest that PMCAs are

committed to the regulation of individual biological pro-

cesses. Our data are consistent with these findings:MCA-3

may be responsible for fine-tuning calcium levels for

efficient clathrin-mediated endocytosis.

Although it is tempting to imagine that the PMCAs are

exclusively dedicated to specific processes, such as

endocytosis, it should be recognized that the PMCA

expression may affect any process sensitive to calcium.

Although endocytosis may be particularly sensitive to loss

of PMCAs, the defects in mca-3 mutant animals are not

limited to endocytosis. For example, both alleles of mca-3

cause abnormalities in Golgi structures, a phenotype pre-

viously reported in yeast cells in response to abnormal

changes in calcium levels (30).

How does excess calcium inhibit endocytosis? Most of the

work on the role of calcium in endocytosis comes from the

studies of synaptic vesicle recycling at nerve terminals. At

synapses, calcium influx is necessary to activate endocy-

tosis (40). Similarly, in non-neuronal cells some studies

indicate that calcium is required for endocytosis (41,42). By

contrast, our results demonstrate that elevated calcium

levels inhibit endocytosis. An inhibitory role for calcium in

endocytosis was originally proposed by von Gersdorff and

Matthews (43). In these experiments, calcium influx

induced by ionomycin inhibited synaptic vesicle endocyto-

sis. In non-neuronal cells, high calcium was found to inhibit

fluid phase endocytosis in epidermoid cells and receptor

endocytosis of EGF in pancreatic cells and fibroblasts

(44,45). One possible target of high calcium is dynamin

because Robinson and Cousin reported that high concen-

trations of calcium could inhibit dynamin in in vitro assays

(46). Another possibility is that the observed inhibition of

endocytosis results from low levels of plasma membrane

PI(4,5)P2. PI(4,5)P2 is required for nucleation of endocyto-

sis because it provides a membrane anchor for the clathrin

adaptor complexes AP2 and AP180 (24,25). Thus, absence

of PI(4,5)P2 would likely result in mislocalization of clathrin

and an overall inhibition of endocytosis. Reduction of

PI(4,5)P2 could also affect localization of other endocytic

components; for example, both dynamin and epsin are

recruited to the plasma membrane by binding PI(4,5)P2 via

their phospholipid-binding domains (47). How does loss of

mca-3 function reduce phosphoinositide levels? One pos-

sibility is that PI(4,5)P2 is metabolized by phospholipase C.

Indeed, phospholipase C d can be directly activated by

calcium (48), and activation of this enzyme has been

demonstrated to inhibit clathrin-mediated endocytosis of

apical proteins in renal epithelial cells (49). To assess

whether mca-3 acts through hyperactivation of a plc gene,

we perturbed all five worm phospholipase C (PLC) genes

by RNAi. Although the known phenotypes for these

knockdowns were observed, endocytosis in the coelomo-

cytes was not rescued (data not shown). Thus, it is likely

that the mca-3 endocytosis defect is only partially due to

reduction in PI(4,5)P2 levels and increased calcium is

affecting multiple proteins required for endocytosis. It is

also possible that calcium buildup has an indirect effect on

endocytosis. While we have not observed any indications

of apoptosis in either of the mca-3 mutants, increased

calcium levels could well affect the overall cell health and

simply slow down any processes occurring within the cell.

Finally, calcium influx is used as a second messenger in

the cell; thus, aberrant calcium clearance could influence

other biological processes that could in turn inhibit endo-

cytosis. While the specific molecular targets of high

calcium still need to be identified, our data and other work

suggest that a buildup of calcium inhibits endocytosis. This

hypothesis is especially interesting because most studies

indicate that calcium also plays a role in activation of

endocytosis. It is thus likely that at least in coelomocytes

the response of endocytosis to intracellular calcium is

bipartite: the initial rise of calcium activates endocytosis,

but prolonged high levels of calcium inhibit the same

process.

550 Traffic 2007; 8: 543–553

Bednarek et al.



Materials and Methods

Strains
Wild-type strains were C. elegans isolates from Bristol (strain N2). Mapping

experiments used the polymorphic strain from Hawaii CB4856. GFP

secretion strain GS1912 dpy-20(e1282) arIs37[Pmyo-3::ssGFP] IV was used

in screens for coelomocyte uptake. Two isolatedmca-3mutant strains were

GS2526mca-3(ar492) dpy-20(e1282) arIs37[Pmyo-3::ssGFP] IV and GS2527

mca-3(ar493) dpy-20(e1282) arIs37[Pmyo-3::ssGFP] IV. mca-3 expression

analysis was performed using strain EG3350 oxEx593[Pmca-3::GFP]. Sub-

cellular localization and rescue experiments used strains NP877 unc-119

(ed3) III; cdIs72[Pcc::GFP-MCA-3a, Pmyo-2::GFP, unc-119þ], NP877

unc-119(ed3) III; cdIs63 [Pcc::GFP-MCA-3b, Pmyo-2::GFP, unc-119þ] and

NP894 unc-119(ed3) III; cdIs70[Pcc::GFP-MCA-3c, Pmyo-2::GFP, unc-

119þ]. Yolk uptake was analyzed using strain DH1006 bIs1[vit2::GFP, rol-6

(su1006)]. For analysis of markers, the following strains were used: clathrin

heavy chain-GFP strains DH1116 bIs5[CHC::GFP, rol-6(su1006)] and NP958

mca-3(ar492); bIs5[CHC::GFP, rol-6(su1006)], PLC delta-PH domain-GFP

strains NP898 cdIs80[Pcc1::PLCd::GFP, rol-6(su1006)] and NP927 mca-3

(ar492); cdIs80[Pcc1::PLCd::GFP, rol-6(su1006)], RME-1-GFP strains

NP187 cdEx39[Pcc1::GFP::RME-1(271a1), Pmyo-2::GFP] and NP661 mca-3

(ar492); cdEx39[Pcc1::GFP::RME-1(271a1), Pmyo-2::GFP], RAB-5-GFP

strains NP212 cdEx49[Pcc1::GFP::RAB-5, Pmyo-2::GFP] and NP715 mca-3

(ar492); cdEx49[Pcc1::GFP::RAB-5, Pmyo-2::GFP], RME-8-GFP strains

DH1336 bIs34[rme-8-GFP, rol-6(su1006)] and NP654 mca-3(ar492);

bIs34[rme-8-GFP, rol-6(su1006)], CUP-5-GFP strains NP249

cdEx60[Pcc1::GFP::CUP-5, rol-6(su1006)] and NP640 mca-3(ar492);

cdEx60[Pcc1::GFP-CUP-5, rol-6(su1006)], cytochrome b5-GFP strains

NP738 unc-119(ed3); cdIs36[pcc1::C31E10.7-GFP, unc-119(þ), Pmyo-2

::GFP] and NP810 mca-3(ar492); cdIs36[pccI::C31E10.7-GFP, unc-119(þ),

Pmyo-2::GFP], and mannosidase II-GFP strains NP822 unc-119(ed3);

cdIs54[pcc1::MANS-GFP, unc-119(þ), Pmyo-2::GFP] and NP860 mca-3

(ar492); cdIs54[pcc1::MANS-GFP, unc-119(þ), Pmyo-2::GFP]. Expression of

mca-2 was analyzed using strain EG3992 oxEx732[Pmca-2::GFP].

Mapping
Previous mapping determined that ar492 is located on chromosome IV

between lin-1 and unc-33 (14). Fine mapping was performed using single

nucleotide polymorphisms (SNPs) (50). Briefly, 96 F2 Cup progeny were

isolated from ar492/Hawaiian heterozygotes. PCR revealed that 1/96 Cup

progeny were heterozygous for a Hawaiian polymorphism close and on the

left side at �6.88 (Y54G2A.22) and 1/96 was close and on the right side

at �5.94 (T23E1.1) (Figure 1A). Based on RNA interference phenotype,

only one gene,mca-3, was a good candidate (15,16). Both alleles ar492 and

ar493 were sequenced at the mca-3 locus at the University of Utah

sequencing facility, and were confirmed to have molecular lesions in the

mca-3 ORF (Figure 1C). The ethane methyl sulphonate (EMS)-induced

lesions result in the following missense mutations: in ar492 asparagine

954 is mutated to a lysine (transversion aat to aaG), and in ar493 glycine 786

is mutated to a glutamic acid (transition gga to gAa).

cDNA analysis
Wild-type cDNA was generated by reverse transcription of total RNA

extracted from 10 small plates of wild-type worms. Worms were lysed in

1 mL Trizol reagent (Gibco-BRL/Invitrogen, Carlsbad, CA, USA), and cellular

debris was removed by centrifugation. RNA was purified by isopropanol

and ethanol precipitations and resuspended in water. Two-hundred and fifty

nanograms of RNA was used for each reverse transcription reaction using

SuperScriptTM II RT (Invitrogen). The common exons were amplified in two

PCR reactions; the C-terminal splice variants were obtained in separate

PCR reactions. For first DNA strand synthesis of common exons, the 50

portion was generated using primer oEB242 [GCTGCAGCGACAGCTTTTC]

and 30 portion was generated with oEB246 [GTTAACCCACGGACCCAAA-

GAAT]. The DNA was then amplified with PCR using primers pairs oEB242/

oEB241 [GTGCTAGCCTGGAGGAGCTTC] (50 region of common exons) and

oEB243 [GCACAGGCGCTTCTCGAC]/oEB244 [CATATTTGTCAGATGGCT-

GAGC] (30 region of common exons), and cloned into a TA cloning vector

pCR2.1 (Invitrogen) to yield plasmids p3 and pE, respectively. Primer

oEB241 appends a 50 NheI site on the 50 end of the DNA that was later

used to generate expression constructs. C-terminal differential splicing

predicted by WORMBASE [http://www.wormbase.org, release WS110,

1 October, 2003] was confirmed as follows. Primers oEB249 [CTATA-

GATTGTTCGTCTCCTTGATA] and oEB248 [TTACACGTGAGCAACA-

GAAACTG] were designed to anneal to the very 30 end of isoforms a and

c (oEB249) and isoform b (oEB248), and used to generate the first DNA

strand. The termini were then amplified by PCR using those primers with

a 50 primer oEB245 [CACAGGAGAAGCTCGACTTG], TA cloned to yield

plasmids p3end-a (isoform a), p3end-b (isoform b) and p3end-c (isoform c).

High fidelity PCR was performed using pHusion (Finnzymes, Espoo,

Finland); all plasmids were sequenced to confirm wild-type sequence.

Inhibition via RNA interference
50 (922 bp) coding region from the 50 region of mca-3 was PCR amplified

using oligos 50GTGCTAGCCTGGAGGAGCTTC and 50GCTGCAGCGACAG-

CTTTTC and cloned into pCR-Blunt (Invitrogen). Inserts in both orientations

were used as templates for T7 in vitro transcription (Riboprobe Combination

System T3/T7, Promega, Madison, WI, USA). Sense and antisense strands

were mixed together at 0.1 mg/mL, annealed (658C for 1 min, 508C for

5 min, slow ramp to 208C over 5 min), and injected into 10 wild-type

young adults. Progeny of injected animals were analyzed for defects in

GFP uptake by the coelomocyte as well as general locomotory defects.

GFP constructs

pEB73 (Pmca-3::GFP transcriptional fusion)
For expression analysis, a 2.5-kb region upstream of mca-3 ATG was

amplified from genomic wild-type DNA with oligos oEB232 [AATTCTGCAG-

CACAATGGCTACAGTAGCC] and oEB237 [TTCTACCGGTACCCGAAGCTC-

CTCCAGTGATG]. These primers append PstI and AgeI restriction sites,

respectively. The promoter fragment was then inserted into a PstI and AgeI-

digested Fire lab vector pPD95.75 to produce a transcriptional GFP fusion.

The construct was injected into gonads of adult animals at concentration of

10 ng/mL, along with 90 ng/mL worm genomic DNA. Ten independent

transgenic lines were generated and analyzed for GFP expression. All lines

expressed GFP in the same tissues and one representative line oxEx593

was analyzed using confocal microscopy.

Pmca-1::GFP transcriptional fusion
For expression analysis, a 3.4-kb region upstream ofmca-1ATGwas amplified

from genomic wild-type DNA with oligos oEB340 [GAATGCATGCATGTTCA-

GAAGACTGGGAAGG] and oEB341 [TCCTACCGGTCCTGCGTTAGTATCAG-

GAGAGG]. These primers append SphI andAgeI restriction sites, respectively.

The promoter fragment was then inserted into a SphI and AgeI-digested Fire

lab vector pPD117.01 to produce a transcriptional GFP fusion. The construct

was injected into gonads of adult animals at concentration of 10 ng/mL, along

with 90 ng/mL worm genomic DNA. Twenty independent transgenic animals

were generated and analyzed for GFP expression. All animals expressed GFP

in the same tissue and were analyzed using confocal microscopy.

Pmca-2 ::GFP transcriptional fusion
For expression analysis, a 3.3-kb region upstream of mca-2 ATG was

amplified from genomic wild-type DNA with oligos oEB342 [GAATGCATG-

CGTGCATTAATTTAGTTAGCATATACTG] and oEB343 [TTCTACCGGTCCG-

CGGAGCTCCATGAGGAG]. These primers append SphI and AgeI restriction

sites, respectively. The promoter fragment was then inserted into an SphI-

and AgeI-digested Fire lab vector pPD117.01 to produce a transcriptional GFP

fusion. The construct was injected into gonads of adult animals at concen-

tration of ng/mL, along with 90 ng/mL genomic worm DNA. Three independ-

ent transgenic lines were generated and analyzed for GFP expression. All

lines expressed GFP in the same tissues and one representative line oxEx732

was analyzed using confocal microscopy.

Coelomocyte rescue constructs
cDNA fragments from p3 and pE were ligated together to produce a cDNA

including the common exons in the 50 region of the mca-3 gene. This cDNA
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was cloned into 30 end constructs p3end-a, p3end-b and p3end-c to yield full-

length cDNAs of eachmca-3 isoform. To analyze the subcellular localization

of MCA-3, a fusion protein was constructed and put under the control of

coelomocyte-specific promoter of unc-122 (51). The minimal coelomocyte

promoter and GFP were PCR amplified from the plasmid pPD97/98 (52)

using primers oEB323 [GCATGCCCACGGAAATGACTATCAG] and oEB251

[GCTAGCACCATATTCTTTGTATAGTTCATCCATGCCATG]. These primers

append 50 SphI and 30 NheI restriction sites that were used to insert the

coelomocyte promoter and GFP into plasmid pPD117.01 (Fire lab vector).

Themca-3 full-length cDNAswere then cloned using theNheI site appended

at the 50 end of eachmca-3 isoform and EcoRV site present in the TA cloning

vector pCR2.1 (Invitrogen) to yield plasmids Pcc::GFP-MCA3a (isoform a),

Pcc::GFP-MCA3b (isoform b) and Pcc::GFP-MCA3c (isoform c). These

plasmids were then gene gunned to generate arrays cdIs72 (isoform a),

cdIs63 (isoform b) and cdIs70 (isoform c), and analyzed for localization of the

fusion protein. All N-terminal fusions showed plasmamembrane localization

and rescued the Cup phenotype. Lines expressing the rescuing constructs

were further analyzed by confocal microscopy. In addition, we generated

constructs with GFP fused to the C-terminus rather than the N-terminus of

MCA-3. However, they accumulated in the cytoplasm and did not rescue the

Cup defect, and therefore were deemed not functional (data not shown).

Analysis of markers for various compartments
Marker strains used are described in the earlier section of Materials and

Methods. Coelomocyte counts were performed in NP654 mca-3(ar492);

bIs34[rme-8-GFP, rol-6(su1006)] and NP860 mca-3(ar492); cdIs54[pcc1::

MANS-GFP, unc-119(þ), Pmyo-2::GFP]. For analysis of protein distribution

in mca-3 mutants, coelomocytes were identified using Nomarski optics,

confocal images of wild-type and mca-3 mutant coelomocytes expressing

GFP-fused markers were taken using a � 100 objective. Strains expressing

the same marker were imaged with identical settings.

Analysis of fluorescence levels
Unaltered collected images were opened through IMAGEJ. The coelomo-

cytes were selected with freehand and measured for average pixel

intensity. For each genotype, three independent images were analyzed.

Growth on EGTA plates
To assay limiting calcium conditions, animals were grown on nematode

growth medium (NGM) plates without calcium and with 1 mM EGTA.

Confocal microscopy
To analyze the tissue distribution of mca gene expression, animals carrying

the GFP transcriptional constructs were immobilized using 50 mM sodium

azide and imaged on a Pascal LSM5 confocal microscope using a Zeiss� 63

1.4 NA objective. For the remaining images, adult hermaphrodites were

paralyzed in 10 mM levamisole, and the images were taken with a Nikon

PCM 2000, using argon 488 excitation.
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