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Calreticulin and calnexin are Ca2+-binding proteins
with chaperone activity in the endoplasmic reticulum.
These proteins have been eliminated by gene replace-
ment in Dictyostelium, the only microorganism known
to harbor both proteins; family members in
Dictyostelium are located at the base of phylogenetic
trees. A dramatic decline in the rate of phagocytosis
was observed in double mutants lacking calreticulin
and calnexin, whereas only mild changes occurred in
single mutants. Dictyostelium cells are professional
phagocytes, capable of internalizing particles by a
sequence of activities: adhesion of the particle to the
cell surface, actin-dependent outgrowth of a phago-
cytic cup, and separation of the phagosome from the
plasma membrane. In the double-null mutants,
particles still adhered to the cell surface, but the out-
growth of phagocytic cups was compromised. Green
¯uorescent protein-tagged calreticulin and calnexin,
expressed in wild-type cells, revealed a direct link of
the endoplasmic reticulum to the phagocytic cup
enclosing a particle, such that the Ca2+ storage
capacity of calreticulin and calnexin might directly
modulate activities of the actin system during particle
uptake.
Keywords: calnexin/calreticulin/Dictyostelium/
endoplasmic reticulum/phagocytosis

Introduction

Calreticulin and calnexin are ubiquitous Ca2+ storage
proteins in the endoplasmic reticulum (ER). In addition,
these proteins act as chaperones preferentially directed
toward glycans N-glycosidically linked to a protein close
to its N-terminus (Molinari and Helenius, 2000; for
reviews see Helenius et al., 1997; Trombetta and
Helenius, 1998; High et al., 2000; Ellgaard and
Helenius, 2001). Calreticulin is an ER luminal protein
supplied with a K(H)DEL recognition signal for retrieval.
Calnexin is an ER-speci®c type I transmembrane protein.
Calreticulin has also been implicated in a variety of
functions outside of the ER, ranging from cell adhesion,
integrin-dependent Ca2+ signaling and steroid-sensitive

gene expression (Michalak, 1996; Michalak et al., 1999;
Corbett and Michalak, 2000; Johnson et al., 2001) to
nuclear export (Holaska et al., 2001).

In yeasts and mice, the roles of calreticulin and calnexin
in vivo have been analyzed using gene disruption. Inactiv-
ation of the single calnexin gene CNE1 in Saccharomyces
cerevisiae causes no gross defects in growth, but leads to
enhanced secretion of immature glycoproteins, indicating
a function of CNE1 in the ER quality control apparatus
(Parlati et al., 1995a; Arima et al., 1998). The Schizo-
saccharomyces pombe homolog of calnexin is essential for
viability (Jannatipour and Rokeach, 1995; Parlati et al.,
1995b). Calreticulin-de®cient mice are embryonic lethal
due to changes in cell adhesiveness and impairment of
cardiac development and function (Coppolino et al., 1997;
Mesaeli et al., 1999; Rauch et al., 2000). In the present
paper we investigate calreticulin and calnexin in Dictyo-
stelium discoideum, the only microorganism known to
contain both these proteins. The Dictyostelium calreticulin
and calnexin sequences indicate basal positions of these
proteins in the eukaryote phylogenetic tree. This is of
interest since the Dictyostelium proteins may have main-
tained primary functions not modi®ed to meet the special
requirements of organ and tissue organization in higher
eukaryotes (Johnson et al., 2001).

Here we focus on the role of calreticulin and calnexin in
phagocytosis. The sequence of events involved in particle
uptake by Dictyostelium cells resembles that of profes-
sional phagocytes in vertebrates. Phagocytosis begins with
adhesion of a particle to the phagocyte surface, followed
by transmembrane signal transduction and restructuring of
the cortical actin network in line with phagocytic cup
formation (see the review by May and Machesky, 2001).
In Dictyostelium, two types of receptors mediate the
adhesion of particles: a pair of integral membrane proteins,
also represented in humans (Cornillon et al., 2000), and
lectins with a preference for D-glucose as the terminal
sugar of bacterial liposaccharides (Vogel et al., 1980).
Signal transduction to the actin system requires a
heterotrimeric G-protein (Peracino et al., 1998). As in
mammalian cells, the IP3 kinase pathway is involved in
Dictyostelium phagocytosis (Zhou et al., 1998; Cardelli,
2001), although its major role is in phagosome fusion
rather than particle uptake (Rupper et al., 2001). An
immediate response to particle attachment is the recruit-
ment of the PH domain of CRAC, a protein also implicated
in chemotactic signal transduction and receptor-mediated
adenylate cyclase activation (Parent et al., 1998).

Both chemotactic stimulation and particle attachment
induce the polymerization of actin at the site of stimula-
tion, together with the recruitment of a number of actin-
binding proteins from the cytoplasm. These proteins
include coronin (Maniak et al., 1995), co®lin (Aizawa
et al., 1995), Aip1 (Konzok et al., 1999) and the Arp2/3
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complex (Insall et al., 2001), all of which are common to
Dictyostelium and mammalian cells. A special function
has been attributed to myosin VII, a motor protein with
two FERM domains per subunit which accumulates at the
border of phagocytic cups. Myosin VII promotes phago-
cytosis by enhancing the adhesiveness of the Dicyto-
stelium cell surface (Tuxworth et al., 2001). In the present
paper we show that calreticulin and calnexin are not
essential for the adhesion of particles, but are important for
the subsequent step of particle uptake: the outgrowth of a
phagocytic cup enveloping the particle surface.

Results

Positions of Dictyostelium calnexin and calreticulin
in the phylogenetic tree
Although similar, calnexin and calreticulin sequences can
be distinguished readily by their unique C-terminal ends.
Calnexins are type I transmembrane proteins with a
cytoplasmic C-terminal tail, whereas calreticulins are
soluble proteins supplied with a C-terminal K(H)DEL
signal for retention in the lumen of the ER. Phylogenetic
calculations using distance, maximum parsimony and
maximum likelihood methods uniformly yield distinct
monophyletic clades for calnexin and calreticulin with
high bootstrap support (Figure 1). Even partial sequences
that do not include the C-terminal regions or the two
repeated motifs A and B in the central region of the
sequences can be assigned unambiguously to one of the
two families. This clear separation between the two
families, even in the most deeply branching eukaryotes,
suggests that calnexins and calreticulins already existed as
different proteins in the last common ancestor of present-
day eukaryotes. Calmegin, a paralog of calnexin, is found
at the root of vertebrate calnexins, suggesting that it
evolved by duplication and divergence in early vertebrates.

So far, only Metazoa and Viridiplantae consistently
contain both calreticulin and calnexin. Dictyostelium is the
®rst microorganism known to contain both proteins.
Dictyostelium calreticulin was found, with moderate
bootstrap support, to be phylogenetically close to plant
sequences (Figure 1). Dictyostelium calnexin, on the other
hand, was excluded from the plant calnexin clade with
high bootstrap support, and instead was included with
marginal support in the fungal clade. The fungal clade is
poorly resolved and contains divergent, deeply branching
sequences and members that may not be closely related to
other ones (such as the parabasalian protozoan Tritricho-
monas). The signi®cance of this assignment is therefore
questionable.

Cellular localization of endogenous and green
¯uorescent protein (GFP)-tagged calnexin
and calreticulin
Antibodies raised against calreticulin or the cytoplasmic
C-terminal region of calnexin, which is missing in
calreticulin, were checked in western blots for mono-
speci®city (Figure 2A). When these antibodies were
used for immuno¯uorescence labeling, they recognized
exclusively the reticulate structure of the ER, similar
to an antibody against an inherent ER marker protein,
disul®de isomerase (PDI), which was used as a reference
(Figure 2B).

For visualizing the proteins in live cells, GFP fusions
were constructed. In calreticulin, the GFP tag was placed
behind the N-terminal leader sequence to keep the
C-terminal HDEL retention signal unaffected. In calnexin,
the GFP was fused to the C-terminal end of the
cytoplasmic tail (Figure 3A). Both GFP-tagged proteins
localized to the ER (Figure 3B and C), in accord with
antibody labeling of the endogenous calreticulin or
calnexin. Calnexin±GFP or calnexin antibody provided
the most distinct label of the entire ER, in particular
accentuating the outer nuclear membrane (Figures 2B, 3B
and C). Perinuclear ¯uorescence was less prominent when
calreticulin was labeled either by a GFP tag or with
antibody. All the markers used visualized the peripheral
portions of the ER, which extended into lobes immediately
beneath the cortical layer of actin ®laments (Figure 3B
and C).

To establish that the GFP-tagged proteins are ef®ciently
retrieved to the ER, cells expressing either calnexin±GFP
or GFP±calreticulin were co-labeled with tetramethyl-
rhodamine isothiocyanate (TRITC)±dextran, a ¯uid-phase
marker for endosomes that is internalized by macropino-
cytosis (Hacker et al., 1997). Careful analysis of the
original images on computer screens revealed that none
of the GFP-tagged proteins co-localized with this marker
at early or late stages of the endosomal pathway, as
illustrated in Figure 4. This exclusion from the endosomal
pathway remained unchanged in cells that were stressed by
exposure to 10 mM Ca2+. Within the limits of detection we
did not observe any ¯uorescence of GFP±calreticulin in
the cytoplasm or on the cell surface, which is consistent
with the undetectability of endogenous calreticulin at these
locations by immuno¯uorescence labeling (Figure 2B).

Calnexin and calreticulin single and double
knock-out mutants
To assess the function of calreticulin and calnexin in
Dictyostelium cells, we eliminated these proteins indi-
vidually or together by interruption of the corresponding
genes. Correct integration of the gene replacement vectors
was established by Southern blotting of genomic DNA.
(Details of the gene targeting strategies are outlined in
Materials and methods.) Western analysis con®rmed the
absence of calreticulin or calnexin in the single knock-out
mutants, and of both proteins in the double mutants CRT±/
CNX± (Figure 5A). The expression of PDI, another
luminal ER-resident chaperone, was essentially un-
changed in single as well as double knock-out strains.

In liquid nutrient medium, the double mutants had a
moderately reduced growth rate, as shown in Figure 5B.
On average over four experiments, the mean generation
times during exponential growth were 8.3 h for wild type,
9.2 h for calreticulin-null cells, 10.7 h for calnexin-null
cells and 12.9 h for double-null cells. When cultivated
with bacteria on agar plates, the CRT/CNX double-null
mutant grew more slowly than wild type (Figure 5C). In
contrast, the single knock-out mutants did not differ
signi®cantly from wild type, indicating that calreticulin
and calnexin overlap in their capability for supporting
growth under the conditions used.

The double knock-out mutants were not only viable,
but also capable of undergoing development. Starving
cells aggregated into streams radially oriented towards
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aggregation centers, indicating that cAMP signals were
produced and chemotactic responses were elicited. This
was con®rmed by stimulating double-mutant cells through
a micropipette with cyclic AMP (Figure 6). The mutant
cells were responsive to the chemoattractant after 6 h of
development, like wild-type cells, but needed longer
before they were maximally elongated. In the elongated
cells, the front region often appeared broader than in

wild-type cells, but apart from this slight alteration, the
mutant cells responded normally to the attractant. Like
wild-type cells, they often accommodated to changing
directions of a gradient by protruding new leading edges
from the side of the cell body or by converting a tail into a
front (Figure 6). These results show that neither the
activity of cAMP receptors on the cell surface nor the
translation of an external attractant gradient into a motility

Fig. 1. Distance-based phylogenetic tree of calnexins and calreticulins, with highlighted positions of the Dictyostelium proteins. The tree was
computed with the Protdist, Seqboot and Neighbor modules of Phylip, and the alignment underlying the phylogenetic calculations was obtained as
described in Materials and methods. Bootstrap support exceeding 50% of replicates by distance (Clustal; 1000 replicates), maximum likelihood
(Puzzle; 1000 replicates) and maximum parsimony (PAUP; 100 replicates) methods is shown in that order, next to the corresponding node. The tree
shown here was selected from 100 Seqboot replicates for the largest number of nodes supported by bootstrap analysis in Clustal, Puzzle and PAUP.
Database accession codes for the non-redundant protein database at NCBI (http://www.ncbi.nlm.nih.gov/Entrez/) are shown next to each sequence,
except where the sequence was reconstructed from ESTs.
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response depended on the presence of the two Ca2+-
binding chaperones in the ER.

A severe defect of phagocytosis in CRT/CNX
double-null mutants
The slower growth rate of double-mutant cells on agar
plates, as shown in Figure 5C, might be due to a role of
calreticulin and calnexin in phagocytosis, endosome
processing or cell motility. In order to single out an
alteration in phagocytosis, we measured the initial uptake
rate of yeast particles. The internalization of ¯uorescent
yeast particles by wild-type and double-null mutant cells
was compared in shaken suspension by quenching the
¯uorescence of free or cell surface-attached particles with
Trypan blue (Hed, 1986; Maniak et al., 1995). The uptake
of particles into wild-type cells was almost linear for the
®rst 20 min, and reached a steady-state value after ~1 h due
to equal endo- and exocytosis rates of yeast particles.

As shown in Figure 7A, the rate of particle uptake was
dramatically reduced in the double-null cells to <10% of
the wild-type rate. This impairment of particle uptake was
con®rmed by microscopic observation. After 45 min of
incubation, most of the wild-type cells contained several
ingested yeast particles (Figure 7B and C), while in the
mutant cells internalized particles were only found occa-
sionally (Figure 7D and E). Excess yeast particles were left
in the medium, and many were attached to the cell

surfaces. Often, shallow rudiments of cups were observed
at sites of adherent yeast particles (arrowheads in
Figure 7E), suggesting an arrest of phagocytosis at a
stage preceding cup extension.

Fig. 2. Immunolabeling of endogenous calreticulin and calnexin in
Dictyostelium cells. (A) Speci®city of mAbs used as ER markers,
assayed in western blots of total cellular proteins. CNX, calnexin
labeled with mAb 270-390-2; CRT, calreticulin labeled with mAb 252-
234-2; PDI, protein disul®de isomerase labeled with mAb 221-135-1.
The last lane (P) shows a parallel lane stained for proteins with
Ponceau S. (B) Immuno¯uorescence labeling of ®xed cells using the
antibodies shown in (A). Immuno¯uorescence in red is superimposed
on phase-contrast images in dark blue. All three antibodies label the
reticulate structure of the ER. The perinuclear layer in the center
of the cell is most prominently labeled with the calnexin antibody.
Bar in (B), 10 mm.

Fig. 3. GFP fusion constructs of calreticulin and calnexin.
(A) Dictyostelium calreticulin (top) shows the typical tripartite structure
comprising an N-domain, a P-domain consisting of A and B repeats,
and a C-domain ending with a HDEL retention signal. The GFP moiety
has been placed behind the signal sequence of calreticulin. In calnexin
(bottom), a signal sequence is followed by the luminal domain
including a cluster of A and B repeats, which is separated by a
transmembrane (TM) domain from the cytoplasmic domain. GFP is
joined to the C-terminal end of this domain. (B) Cells expressing
calnexin±GFP labeled with calreticulin-speci®c antibody or with
phalloidin for F-actin. Upper panels show nuclei stained with 4¢,6-
diamidino-2-phenylindole in blue, superimposed on phase-contrast
images in red. Lower panels depict the same cells with the ¯uorescence
of calnexin±GFP in green, and antibody or phalloidin label in red.
Areas of merging labels appear in yellow to brownish color. (C) Cells
expressing GFP±calreticulin labeled with calnexin-speci®c antibody or
with phalloidin. Top panels show phase-contrast images; lower panels
show calnexin±GFP ¯uorescence in green, and the antibody or
phalloidin label in red. Bars in (B) and (C), 10 mm.
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Outgrowth of phagocytic cups is rate limiting in
CRT/CNX double mutants
A defect in phagocytosis can be due to impairment of
particle adhesion, of phagocytic cup extension, or of the
®nal closure and separation of the phagosome from the
plasma membrane. The slightly concave shape of the
contact region between the double-mutant cells and yeast
particles indicated that uptake is blocked at an early stage;
therefore, adhesion or outgrowth might be impaired in the
mutants. To distinguish between these possibilities, we
inhibited particle uptake either by latrunculin A to

inactivate the actin system or by cold treatment, and
determined the number of adherent yeast particles per
Dictyostelium cell.

Table I shows the number of yeast particles sticking to
wild-type and mutant Dictyostelium cells in a shaken
suspension with 10 mM latrunculin A. Conditions were the
same as for the measurement of uptake as shown in
Figure 7A, except that the excess of yeast particles over

Fig. 4. Retention of calnexin±GFP and GFP±calreticulin in the ER,
shown in live Dictyostelium cells labeled with the endosome marker
TRITC±dextran, which is taken up by macropinocytosis. (A) Cells
expressing calnexin±GFP. (B) Cells expressing GFP±calreticulin.
Upper panels show the ¯uorescence of TRITC±dextran in red. In the
confocal images, cell bodies appear black with the exception of
endosomes loaded with the marker. In the middle panels, GFP
¯uorescences are shown in green. In the lower panels, both images are
superimposed on each other. Cells were incubated for the times
indicated with TRITC±dextran. Until 30 min after internalization,
endosomes are in the acidic phase (Aubry et al., 1997). After >90 min,
endosomes of all stages until exocytosis should be loaded with the
marker. Cells were incubated either in 10 mM TRICIN±HCl buffer
pH 7.0 without Ca2+ or with 10 mM Ca2+. Bars, 10 mm.

Fig. 5. Wild-type AX2, single and double mutants, and their growth in
liquid medium or on agar plates with bacteria. (A) Western blot of
wild-type (WT), calreticulin-null (CRT±), calnexin-null (CNX±) and
two independent CRT/CNX double-null mutants (CRT±/CNX±). Strain
designations are given at the bottom. Equal amounts of protein were
applied per lane, and the blot was probed for the presence of
calreticulin, calnexin and PDI using a combination of calreticulin-,
calnexin- and PDI-speci®c mAbs. (B) Semi-logarithmic plot of axenic
growth with liquid nutrient medium in shaken suspension. Data are
from one experiment. (C) Growth on bacterial lawns on agar plates
measured as the increase in plaque diameter over time.
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Dictyostelium cells was reduced from six to three. The data
reveal a moderate decline in adherence; less extreme
however, than is necessary to explain the massive
reduction in the rate of phagocytosis.

Inhibition of particle uptake by cold treatment was
performed as described by Tuxworth et al. (2001). Again,
particle adhesion was only moderately diminished in CRT/
CNX-de®cient mutants (Table II). This result contrasts
with the strong suppression of particle adherence observed
by Tuxworth et al. (2001) in myosin VII-null mutants,
con®rming that a step after particle adhesion is rate
limiting in phagocytosis of CRT/CNX double-null
mutants.

Connection of the ER to phagocytic cups
The impairment of phagocytosis in calreticulin- and
calnexin-de®cient mutants raises the question of the
mechanism of action of the two ER proteins in particle
uptake. We addressed this question by exploring whether
the ER in Dictyostelium cells associates closely enough
with phagocytic cups to exert a direct, local in¯uence on
cup extension.

The phagocytic cup is a thin circular lamella containing
actin ®laments and actin-binding proteins sandwiched
between two membranes, one surrounding the particle and
the other forming the outer cup surface (Maniak et al.,

1995). To visualize ER dynamics in connection with cup
formation, we have recorded phagocytosis in a confocal
time series of wild-type cells using either GFP±calreticulin
or calnexin±GFP as ¯uorescent labels. With both markers,
the ER was found to extend into outgrowing phagocytic
cups.

Figure 8A±C illustrates ER association with phagocytic
cups formed around yeast particles. As Dictyostelium cells
prefer to embrace particles at sites of high curvature, they
tend to protrude extensions into the cleft between two
adjacent particles attached to the phagocyte (Insall et al.,
2001). Figure 8A shows an ER tube invading this space.
Evidence for extension of the luminal space of the ER into
phagocytic cups is provided by Figure 8B, depicting a cell
labeled with GFP±calreticulin. This cell takes up two yeast
particles in tandem, enveloping each particle in a layer of

Fig. 6. Chemotaxis of CRT/CNX double-null mutant cells in
comparison to wild type (WT). Cells were starved either for 6 h (t6) or
16 h (t16) and subsequently stimulated with cAMP through a
micropipette. Orientation of cells in gradients of the chemoattractant is
seen in all examples of wild-type and mutant cells. In the mutants, the
typical elongation of aggregating cells needed a longer period of
starvation than 6 h, which is suf®cient for wild type. Numbers indicate
times after positioning of the micropipette. Bar, 10 mm.

Fig. 7. Phagocytosis of yeast particles in wild-type and CRT/CNX
double-null mutants. (A) Internalization of particles over time in two
experiments (open and closed symbols) by wild-type AX2 cells
(diamonds) and cells of two independent double mutants HG1772
(squares) and HG1773 (triangles). Particle uptake is plotted in arbitrary
¯uorescence units re¯ecting the number of internalized yeast particles.
(B±E) Internalized particles distinguished by red ¯uorescence from
adherent particles whose ¯uorescence is quenched. Phase-contrast
images are colored in blue. Wild-type cells (B and C) show numerous
ingested particles. In double-null cells (D and E), only few internalized
particles are found. Arrowheads in (E) point to adherent particles
not enveloped by a phagocytic cup. Bars for the upper and lower
panels, 10 mm.
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the ER. The sequence of Figure 8C shows accumulation of
ER membranes at the site of particle adhesion (0±25 s
frames) followed by an overall orientation of cisternae
towards the particle being engulfed (30±85 s frames). The
phagosome remained enveloped by ER membranes for no
longer than 30 s after internalization of the particle.
Afterwards, contacts of the ER to the phagosome became
transitory. Phagosomes that had been formed before
recording of the cell commenced were not consistently
associated with the ER, emphasizing that ®rm association
occurs primarily at the onset of, and during, the uptake
process.

Association of the ER with sites of particle uptake was
also observed when yeast particles were replaced with
smaller bacteria. Typically, the bacteria attached to
protrusions of Dictyostelium cells before being engulfed.
Figure 8D and E shows two sequences of bacteria uptake:
one for a cell labeled with calnexin±GFP, the other with
GFP±calreticulin. In both sequences, an ER strand is seen
to extend towards the phagocytic cup, with the ER forming
a loop or a bowl-shaped terminus below the nascent
phagosome.

Discussion

In this paper we present two ®ndings: (i) that elimination
of both calreticulin and calnexin by gene replacement
causes a severe impairment of particle uptake; and (ii) that
cisternae of the ER are drawn into the cup-shaped cell
surface extensions that envelop a particle during its
internalization. The ®rst ®nding demonstrates that the
two Ca2+-binding proteins are either directly or indirectly
involved in phagocytosis. The second set of data points to
a close association of the ER with the membrane of the
incipient phagosome throughout the uptake process. This
connection raises the possibility that the Ca2+-buffering
capacity of calreticulin and calnexin in the ER directly
in¯uences the Ca2+ concentration in the slim cytoplasmic

space of the phagocytic cup. Since a strong reduction in
the rate of growth on bacteria was observed in double-null
mutants and only a marginal effect was seen in single
calreticulin- or calnexin-de®cient mutants, the two
proteins are thought, in this particular aspect, to mutually
complement each other.

An effect of calreticulin and calnexin from within the
ER, extending into the microenvironment of the phago-
cytic cup, appears more likely than an exit of either protein
from the ER. We have found neither calreticulin nor
calnexin in the endosomes, in the cytoplasm, or on the
surface of Dictyostelium cells. For localization, the use of
GFP-tagged calreticulin and calnexin in live cells proved
to be superior to immuno¯uorescence detection of the
proteins in ®xed cells. As reported for other cells (Prinz
et al., 2000), the ER tends to become fragmented in
Dictyostelium under the mild ®xation conditions that
preserve immunoreactivity.

The correct localization of GFP±calreticulin was
favored by placement of the GFP moiety at the
N-terminus of the protein, so as not to disturb the HDEL
retention signal at the C-terminus. The correct localization
of calnexin blocked at its cytoplasmic tail by GFP was not
a certainty, but fortunately this fusion protein proved to be
a superb means of visualizing the dynamics of the highly
convoluted ER membrane system in vivo.

The demonstration of calreticulin and ER membranes in
phagocytic cups is in accord with previous results for
mammalian phagocytes. In neutrophils, SERCA Ca2+-
ATPase and calreticulin accumulate at the phagosome, the
Ca2+ store giving rise to a cytosolic Ca2+ increase localized
to the phagocytic cup (Stendahl et al., 1994). Proteome
analysis established that calreticulin and calnexin are
constituents of phagosomes in a mouse macrophage-like
cell line (Garin et al., 2001). Our studies using GFP fusion
proteins in Dictyostelium indicate that association of the
ER with the phagocytic cup is transient and readily
dissolved after uptake of a particle. We have no evidence

Table I. Adherence of yeast particles to Dictyostelium cells in the presence of 10 mM latrunculin to inactivate the actin system

Wild-type and
mutant strains

Percentage of Dictyostelium cells decorated with these numbers of yeast particles Average no. of
yeast particles per

0 1 2 3 4 5 6 7 Dictyostelium cell

Wild type AX2 63.3 24.2 7.0 3.1 1.6 0.8 0.0 0.0 0.58
CRT±/CNX± HG1772 69.8 22.1 3.5 4.7 0.0 0.0 0.0 0.0 0.43
CRT±/CNX± HG1773 71.0 23.4 5.0 0.7 0.0 0.0 0.0 0.0 0.35
Mean of CRT±/CNX± 70.4 22.8 4.3 2.7 0.0 0.0 0.0 0.0 0.39

Table II. Adherence of yeast particles to Dictyostelium cells under conditions of suppressed uptake in the colda

Wild-type and
mutant strains

Percentage of Dictyostelium cells decorated with these numbers of yeast particles Average no. of
yeast particles per

0 1 2 3 4 5 6 7 Dictyostelium cell

Wild type AX2 62.4 24.8 8.0 3.2 0.8 0.5 0.2 0.2 0.56
CRT±/CNX± HG1772 77.0 18.0 4.1 0.8 0.1 0.1 0.0 0.0 0.29
CRT±/CNX± HG1773 64.8 25.5 7.3 1.7 0.3 0.5 0.0 0.0 0.48
Mean of CRT±/CNX± 71.0 22.0 5.7 1.3 0.2 0.3 0.0 0.0 0.39

aFor the method, see Tuxworth et al. (2001).

A.MuÈ ller-Taubenberger et al.

6778



for the fusion of ER and phagosome membranes, since
neither calreticulin nor calnexin could be detected at the
phagosome membrane after the ER became detached.

In neutrophil granulocytes, an increase in the cytosolic
Ca2+ concentration is crucial for phagocytosis (Lundquist-
Gustafsson et al., 2000), and Ca2+ is also required in

Fig. 8. ER dynamics in phagocytosis. (A±C) Uptake of yeast particles by cells labeled with either calnexin±GFP (A and C) or GFP±calreticulin (B).
The sequence in (A) shows the ®rst engagement of a cell with a bipartite yeast particle. Initially, the ER forms a layer adjacent to the particle surface
(0 s), and subsequently a hook around the cleft between the two halves of the particle (120 s). Strong accumulation of ER membranes at this cleft
(215 s) is followed by the appearance in cross-section of an ER tube at the distal side of the particle (225 s). (B) Uptake of two yeast particles in
tandem showing in optical section the extension of the ER along the particle surfaces. The arrowhead at 165 s points to a thin ER layer surrounding
the particle that is taken up ®rst. GFP ¯uorescence shown in green is superimposed on phase-contrast images in red. (C) Accumulation of the ER at a
site of ongoing phagocytosis at the right edge of the cell. A previously internalized yeast cell with a bud located in the left half of the phagocyte
shows no consistent association with ER membranes. The two nuclei of this cell are recognizable by their calnexin-enriched outer membrane; one of
them is seen to be strongly deformed when squeezed between the yeast particles (asterisk in the last frame). (D and E) Phagocytosis of bacteria by
cells labeled with either calnexin±GFP (D) or GFP±calreticulin (E). Both cells engulf bacteria at the tip of extensions that contain an ER core. In (D),
a strand of the ER connecting the site of bacteria attachment with the cell body (arrowhead at 35 s) widens into a delicate bowl-shaped layer at the
time of uptake (arrowhead at 55 s). In (E), the ER forms a layer on the bottom of the phagocytic cup (10 s) and turns into loops ¯anking the
bacterium during its internalization (20±40 s). GFP ¯uorescence is shown in green, phase-contrast images are in red. Bars, 10 mm.
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Dictyostelium (Yuan et al., 2001). In the light of this
general requirement of Ca2+ for phagocytosis, Ca2+ storage
appears to be the relevant activity of calreticulin and
calnexin in phagocytic cup extension. However, since
calreticulin and calnexin also act as chaperones, we cannot
rule out that impairment of protein folding contributes to
the de®ciency in phagocytosis. On the other hand, cellular
activities that strictly depend on the folding of membrane
proteins persisted in the CRT/CNX double-null mutants.
Particle adhesion mediated by transmembrane proteins
(Cornillon et al., 2000) was only moderately affected, and
was de®nitely not the rate-limiting step of phagocytosis in
these mutants (Tables I and II as compared with Figure 7A).
Overlapping activities of Bip and other ER-resident
chaperones might partially compensate for the loss of
chaperone activity in the double mutants. Furthermore,
neither calreticulin nor calnexin proved to be essential for
chemotaxis, which depends on cell surface receptors that
must be folded within the ER or Golgi apparatus. The
maintenance of chemotactic responsiveness in cells lack-
ing calreticulin and calnexin is consistent with the
persistence of chemotaxis in mutant cells where cytoplas-
mic Ca2+ changes in response to chemoattractant had been
suppressed by eliminating a member of the InsP3/RyR
receptor family of Ca2+ channels (Traynor et al., 2000).
Together, these data show that phagocytosis is unusual in
its critical dependence on calreticulin and calnexin.

The ®nding that ER is rapidly drawn into the outgrowing
cup raises the question as to the mechanism of this
organelle movement. Candidate proteins for anchoring ER
cisternae are coronin and Aip1, both recruited to the border
of phagocytic cups and both shown by gene disruption to
be important for the ef®ciency of phagocytosis (Maniak
et al., 1995; Konzok et al., 1999). As members of the
WD40 repeat family, coronin and Aip1 are capable of
undergoing multiple protein±protein interactions, and their
conservation in metazoans is consistent with a general
function in phagocytosis (Ferrari et al., 1999). However,
the reduction by 60±70% in the rate of particle uptake
observed in cells lacking coronin or Aip1 (Maniak et al.,
1995; Konzok et al., 1999) is less severe than the
impairment of phagocytosis in CRT/CNX double-null
mutants, suggesting the presence of additional players in
this process.

De®ciencies in phagocytosis as severe as those in CRT/
CNX double-null mutants have previously been found in
Dictyostelium mutants lacking talin (NiewoÈhner et al.,
1997) or myosin VII (Tuxworth et al., 2001). In both cases,
the defect was traced to a loss of adhesiveness of the
Dictyostelium cell surface, which strongly reduced the
probability of a particle persisting on the phagocyte
surface long enough to be engulfed. Accordingly, it has
been shown for myosin VII-null mutants that in the few
examples where uptake progressed, the phagocytic cup
protruded around the particle at a normal rate.

The CRT/CNX double-null mutants differed from
myosin VII-null mutants by the failure of phagocytic cup
extension around adherent particles. The difference
between myosin VII-null and CRT/CNX double-null
mutants is obvious if one compares the number of
adherent yeast particles. Under comparable conditions,
the average number of yeast particles per Dictyostelium
cell declined from 0.7 in wild-type to 0.05 in myosin VII-

null cells (Tuxworth et al., 2001), but only from 0.6 to 0.4
in CRT/CNX double-null cells (Table II). The effect of
eliminating calreticulin and calnexin in Dictyostelium
seems to be related to calreticulin-dependent changes in
retinal pigment epithelial cells. If these cells underexpress
calreticulin, they `stick' to a substratum by close contacts,
but only if they overexpress calreticulin do they `grip' the
substratum by organizing the actin system into focal
contacts (Fadel et al., 1999).

In macrophages (Swanson and Baer, 1995) as well as in
Dictyostelium cells (Maniak et al., 1995), a zipper rather
than a trigger mechanism for phagocytic cup extension has
been proposed. This implies that extension of the cup is
continuously controlled and can be reversed at any step
prior to terminal membrane fusion. Our data implicating
calreticulin and calnexin in phagocytic cup extension, and
showing that the ER is tightly associated with the cup,
suggest that these proteins might be part of the system that
controls the opening and closing of the zipper.

Materials and methods

Dictyostelium discoideum sequences of calreticulin and calnexin were
obtained by strains AX2 or AX3 cDNA and genomic cloning. Calnexin
and calreticulin sequences of other species were identi®ed in the non-
redundant database at NCBI using PSI-Blast (http://www.ncbi.nlm.nih.
gov/blast/psiblast.cgi) and retrieved using Entrez (http://www.ncbi.
nlm.nih.gov/Entrez/). In several cases, such as the calreticulins from
Trypanosoma cruzi (AAD22175) and Leishmania donovani
(AAB17728), the sequences contained internal frame-shifts, which
were judged to be sequencing errors. The frame-shifted regions were
corrected and the junctions were encoded as `missing data'. Where
possible, expressed sequence tag (EST) sequence data from the `EST
other' database at NCBI were used to complete the phylogenetic
spectrum, particularly among plant and fungal calnexins.

Calnexins (including calmegin) and calreticulins were aligned
separately in MACAW (Schuler et al., 1991), and gapped or unalignable
regions were eliminated. The two alignments were then merged in Clustal
(Thompson et al., 1994), and gapped or unalignable regions were again
eliminated. The ®nal alignment included regions corresponding to
residues 21±29, 34±40, 45±53, 62±81, 83±87, 89±118, 122±138,
140±159, 162±237, 239±308 and 312±348 in Dictyostelium calreticulin,
and residues 26±34, 41±47, 49±57, 65±88, 92±123, 129±145, 147±159,
166±172, 174±212, 215±252, 274±304, 323±360 and 364±400 in
Dictyostelium calnexin. The alignment was used as an input ®le to the
phylogeny programs Phylip 3.572 (Protdist, Seqboot) (Felsenstein, 1993),
Puzzle 3.1 (Strimmer and von Haeseler, 1996) and PAUP 3.1.1
(Swofford, 1993), which were used in default settings.

Cell strains, growth and transformation
Dictyostelium discoideum AX2 wild-type or mutant cells were cultivated
in nutrient medium (Watts and Ashworth, 1970) either in shaken
suspension or submerged on Petri dishes at 23°C. To induce starvation,
cells were washed twice in 17 mM K-Na-phosphate buffer (PB) pH 6.0,
and shaken at a density of 107 cells/ml in the buffer. For cells grown on a
bacterial food source, Klebsiella aerogenes was spread on SM agar plates,
and cells of D.discoideum were inoculated onto the surface with a
toothpick.

Transformation of 5 3 107 cells/ml was performed with 20±25 mg of
DNA either by the calcium phosphate method or by electroporation using
a Bio-Rad gene pulser at 0.8±0.9 V, 3 mF with 4 mm cuvettes. After 24 h,
10 mg/ml blasticidin-S (ICN) or 20 mg/ml G418 (Sigma) was added. After
10±12 days of antibiotic selection, transformants were cloned on lawns of
Klebsiella aerogenes growing on SM agar and identi®ed by the colony
blot technique (Wallraff and Gerisch, 1991) using mouse monoclonal
antibodies (mAbs) speci®c for calreticulin (mAb 252-234-3) or calnexin
(a mixture of mAbs 270-317-1, 270-390-2 and 270-463-2).

In this study, the following independent knock-out strains were used:
HG1768 and HG1769 (crtA±); HG1770 and HG1771 (cnxA±); HG1772
and HG1773 (crtA±/cnxA±). To generate strain HG1767 expressing
GFP±calreticulin, AX2 cells were transformed with a vector encoding
act15/crtA(1-21)-gfp(S65T)-crtA(22-424). Strain HG1738 expressing
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calnexin±GFP was generated in AX2 using a vector encoding act15/
cnxA-RSSSKLK±gfp(S65T).

Vector construction and Southern analysis
For single knock-outs, the blasticidin resistance cassette was introduced
into either the calreticulin or the calnexin gene by homologous
recombination. For construction of the calreticulin targeting vector, 5¢
and 3¢ fragments encompassing nucleotides 162±441 and 467±1269 of the
calreticulin coding sequence were generated by PCR. The 3¢ fragment
was cleaved by BamHI and EcoRI, and the 5¢ fragment by HindIII, and
both fragments ¯anking the blasticidin cassette were cloned into pBsr2
(Sutoh, 1993). The construct was excised from the vector using PstI and
EcoRI, dephosphorylated and used for transformation of AX2 wild-type
cells. The same strategy was employed for construction of a calnexin gene
replacement vector using nucleotides 54±430 and 475±1611 of the
calnexin coding sequence separated by the blasticidin resistance cassette.
The CRT/CNX double mutant was obtained by transforming the
calreticulin-null mutant HG1768 with a gene replacement construct
carrying the G418 resistance cassette with fragments encompassing
nucleotides 134±438 and 475±1611 of the calnexin coding region.

Southern blotting was performed as described (Kreitmeier et al., 1995).
Blots were hybridized under high stringency conditions and probed with
PCR-generated sequences to con®rm the integration of the resistance
cassette into the respective gene.

Immuno¯uorescence labeling
mAbs against calreticulin and calnexin were obtained by immunizing
BALB/c mice with recombinant calreticulin or a calnexin fragment,
together with Freund's adjuvant or Alugel S (Serva) and pertussis toxin
(Sigma). Spleen cells were fused with PAIB3Ag8I myeloma cells.
Speci®city of the antibodies was determined by western blotting of
proteins resolved by 10% SDS±PAGE. PDI was labeled with mAb 221-
135-1 (Monnat et al., 1997). Primary antibodies were detected with
phosphatase-coupled anti-mouse IgG (Dianova).

For immuno¯uorescence labeling, AX2 wild-type or mutant cells
allowed to settle onto glass coverslips for 30 min were ®xed with picric
acid/formaldehyde for 20 min and post-®xed with 70% ethanol.
Subsequently, the cells were processed for immunolabeling according
to Humbel and Biegelmann (1992). Calreticulin was detected with mAb
251-67-4, calnexin was labeled with mAb 270-390-2, and Cy2-conjugated
(BioTrend Chemicals) or TRITC-conjugated (Jackson ImmunoResearch)
goat anti-mouse IgG was employed to detect primary antibodies. F-actin
was labeled with TRITC-conjugated phalloidin (Sigma Chemical Co.).
Confocal immuno¯uorescence microscopy was performed with a Zeiss
LSM 410 equipped with a 1003/1.3 Plan-Neo¯uar objective.

GFP fusion proteins and live imaging
The GFP±calreticulin vector was constructed by cloning the sequence
encoding the red-shifted GFP S65T (Heim and Tsien, 1996) in-frame
between the sequences encoding the leader and the processed calreticulin.
The construct was expressed under the control of an actin-15 promoter in
pDEXRH (Faix et al., 1992). For expression of calnexin±GFP, S65T GFP
was fused to the C-terminus of calnexin with a spacer (RSSSKLK) in
between. Clones HG1772 expressing GFP±calreticulin and HG1738
expressing calnexin±GFP were obtained by transforming AX2 wild-type
cells.

For studying the localization of GFP fusion proteins, cells were washed
twice in PB or 10 mM TRICIN±HCl pH 7.0 and transferred to a glass
coverslip in an open chamber to record GFP ¯uorescence in parallel with
phase-contrast images, using an inverted Zeiss LSM 410 confocal
microscope equipped with a 488 nm argon ion laser and a 1003/1.3 Plan-
Neo¯uar objective. For recording ER association with phagocytic cups,
cells were fed living S.cerevisiae or K.aerogenes. Uptake of
TRITC±dextran MW 70 000 (Molecular Probes) into endosomes was
recorded simultaneously with GFP ¯uorescence using the He/Ne laser
line 543 nm as described (Schneider et al., 2000).

Phagocytosis and chemotaxis assays
Phagocytosis assays using TRITC-labeled, heat-killed yeast particles in
shaken suspension were carried out essentially as described by Maniak
et al. (1995). Before use in uptake and adhesion experiments, the yeast
suspension was sonicated and ®ltered through gauze of 8 mm mesh width,
so that only single particles remained present. To quantify uptake, we
added 1.2 3 108 TRITC-labeled, heat-killed yeast particles to 2 3 107

Dictyostelium cells resuspended in 10 ml of nutrient medium. The
suspension was shaken in siliconized 25 ml Erlenmeyer ¯asks at 150
r.p.m. Samples of 1 ml were withdrawn at intervals, pipetted into 100 ml

of 2 mM Trypan blue to quench the ¯uorescence of non-internalized yeast
particles (Hed, 1986), shaken for 3 min, and centrifuged for 3 min at 500
g. The pellet was resuspended in 1 ml of PB and immediately measured in
a Perkin Elmer LS50B spectro¯uorimeter at 544 nm for excitation and
574 nm for emission.

Adhesion of yeast particles in the presence of latrunculin A was
determined by suspending 2 3 107 Dictyostelium cells in 10 ml of
nutrient medium. The suspension was shaken as described above. After
30 min of equilibration, 10 mM latrunculin A (Molecular Probes) was
added, and 5 min later 6 3 107 ¯uorescent yeast particles. After 5 min,
aliquots were ®xed for 30 min with an equal volume of 8%
glutaraldehyde. After the cells had settled on a glass surface, 10
arbitrarily chosen microscope ®elds were photographed, and the numbers
of yeast particles adhering to each Dictyostelium cell were counted.

Adhesion of yeast particles in the cold was assayed essentially
according to Tuxworth et al. (2001). Cells attached to coverslips were
incubated on ice for 15 min in SB, consisting of PB supplemented with
1 mM MgCl2. Subsequently, the cells were overlayed with a suspension
of 6 3 106 ¯uorescent yeast particles per milliliter. After 15 min on ice,
the specimens were ®xed with 4% glutaraldehyde for 30 min, and non-
adherent particles were removed by washing. Four areas each on four
coverslips were counted per data point.

Chemotactic responses were recorded from cells developed in PB and
stimulated with a micropipette (Gerisch and Keller, 1981) ®lled with a
solution of 10±4 M cAMP.
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