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Ca”™* responses to two chemoattractants, folate and cyclic AMP (cAMP), were assayed in Dictyostelium D.
discoideum mutants deficient in one or both of two abundant Ca**-binding proteins of the endoplasmic
reticulum (ER), calreticulin and calnexin. Mutants deficient in either or both proteins exhibited enhanced
cytosolic Ca®* responses to both attractants. Not only were the mutant responses greater in amplitude, but
they also exhibited earlier onsets, faster rise rates, earlier peaks, and faster fall rates. Correlations among
these kinetic parameters and the response amplitudes suggested that key events in the Ca?" response are
autoregulated by the magnitude of the response itself, i.e., by cytosolic Ca®* levels. This autoregulation was
sufficient to explain the altered kinetics of the mutant responses: larger responses are faster in both mutant
and wild-type cells in response to both folate (vegetative cells) and cAMP (differentiated cells). Searches of the
predicted D. discoideum proteome revealed three putative Ca>* pumps and four putative Ca>* channels. All but
one contained sequence motifs for Ca>*- or calmodulin-binding sites, consistent with Ca>* signals being
autoregulatory. Although cytosolic Ca?* responses in the calnexin and calreticulin mutants are enhanced, the
influx of Ca®>* from the extracellular medium into the mutant cells was smaller. Compared to wild-type cells,
Ca®"* release from the ER in the mutants thus contributes more to the total cytosolic Ca®>* response while
influx from the extracellular medium contributes less. These results provide the first molecular genetic

evidence that release of Ca®>* from the ER contributes to cytosolic Ca>* responses in D. discoideum.

Dictyostelium discoideum cells are responsive to various che-
moattractants at different stages of their life cycle. In the
growth phase Dictyostelium amoebae respond chemotactically
to folate and other pterins and are believed to use this re-
sponse to actively hunt bacteria that secrete these compounds.
Upon starvation, the amoebae differentiate with the result that
they begin to secrete and respond chemotactically to another
chemoattractant, cyclic AMP (cAMP). Chemotactic aggrega-
tion in response to extracellular cCAMP signals mediates the
transition to the multicellular stages of the Dictyostelium life
cycle.

Chemotactic responses to cCAMP in Dictyostelium amoebae
have been intensively studied: many of the molecular events in
the signal transduction pathways involved have been identified
so that this is perhaps the best understood example of chemo-
tactic motility by amoeboid cells (for recent reviews see refer-
ences 7, 40, and 55). The major receptor involved in cAMP
chemotaxis is cAR1, one of four closely related seven-trans-
membrane domain cAMP receptors in D. discoideum, all of
which couple to the heterotrimeric G-protein Ga2py. Down-
stream signaling molecules involved in chemotaxis include gua-
nylyl cyclases that produce cGMP from GTP, the small GTP-
binding protein RasC, phosphatidylinositol-3 kinases that
phosphorylate phosphatidylinositol bisphosphate, converting it
to phosphatidylinositol trisphosphate phosphatase PTEN,
Pleckstrin Homology (PH) domain-containing proteins such as
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the docking protein PhdA, and the protein kinase Akt/PKB
and other protein kinases such as PAKa and several myosin
heavy- and light-chain kinases. Some of these molecules act at
the leading edge of the cell where they activate pseudopod
extension, while others act in the rear cortex of the cell to
mediate retraction.

Not all of the intracellular signaling events activated by
cAMP binding to cAR1 are G protein-dependent. The cAR1
receptor was the first G-protein-coupled receptor shown to
elicit some downstream events in a G-protein-independent
manner including an influx of extracellular Ca** (32, 33, 39,
45) and activation of the mitogen-activated protein kinase
ERK2 (25). During chemotaxis in a spatiotemporal attractant
gradient, the cytosolic Ca®>" elevation in response to an attract-
ant occurs primarily in the rear cortex of the cell (59) where it
may contribute to retraction of the rear and inhibition of in-
appropriate pseudopod extension in incorrect directions. The
Ca®" response is not essential for chemotaxis (53), but may
play a role in its fine tuning, especially in shallow gradients.

Molecular genetic evidence indicates that there are two sig-
naling pathways coupling the cAMP receptor to the Ca*"
channel responsible for Ca®" influx, both of which are present
in the early stages of differentiation (4 h differentiation) (39).
One of these is G-protein-dependent and down regulated dur-
ing early development, while a second is G-protein-indepen-
dent and dominates responses in cells that are fully differen-
tiated to aggregation competence (8 h differentiation).

Aside from the roles of the heterotrimeric G-proteins
Ga4By (for responses to folate) and Ga2By (for responses to
cAMP), little is known of the signaling events that connect the
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chemoattractant receptors to the Ca®" influx channels. In the
early, G-protein-dependent pathway, the unknown product of
the stmF gene plays a role, since mutant alleles of this gene
cause prolongation and enhancement of both cGMP and Ca**
elevations in response to chemoattractant (23, 28, 39). Origi-
nally identified by chemical mutagenesis and classical genetics,
stmF had been thought to encode the phosphodiesterase re-
sponsible for attenuating the cGMP responses to folate and
cAMP. The prolonged G-protein-dependent Ca®" responses
of stmF mutants were therefore suggested to be caused by the
prolonged cGMP responses. However this has recently been
shown not to be the case.

A pdeD null mutant lacking the major cGMP-specific phos-
phodiesterase exhibits enhanced and prolonged cGMP re-
sponses like those of the stmF mutant (27). Yet in the early
stages of differentiation (3 h) its Ca®" responses are reduced
rather than enhanced, consistent with the early suggestion that
c¢GMP acts to inhibit Ca>* influx (24). At later stages of de-
velopment Ca”* responses are unaltered in this (24) and an-
other independent pdeD null strain as well as in several other
mutants whose cGMP responses are dramatically altered by
disruption of the guanylyl cyclase and cGMP phosphodiester-
ase genes (57). The stmF gene product thus appears to repre-
sent an upstream regulatory element in the G-protein-depen-
dent pathway that restricts the duration of both the cGMP and
Ca®" responses.

Several observations led to the suggestion that, by analogy
with hormone-stimulated mammalian cells, cCAMP stimulation
would elicit a rapid release of Ca** from the endoplasmic
reticulum. These were reports that inositol (1, 4, 5)triphos-
phate (IP5) elicits release of Ca** from intracellular stores in
permeabilized cells (12, 16), cAMP stimulates a rapid, tran-
sient elevation of IP; in intact cells (peak within 5 seconds) (13,
56), and GTP+yS stimulates IP; synthesis in isolated mem-
branes (14, 56).

However the predicted rapid Ca®" response was not ob-
served when measurements of cytoplasmic Ca”* responses to
chemoattractant were made in intact cells expressing the Ca*" -
sensitive luminescent protein, aequorin (38). This assay has a
temporal resolution of 20 ms and can detect changes in cyto-
solic Ca®™ levels of as little as 2 to 3 nM. The only observable
intracellular Ca®>* response in wild-type cells occurs after the
reported IP; response has already subsided and it coincides
with the influx of extracellular Ca®**. No intracellular Ca**
transient is observed in the absence of extracellular calcium or
in the presence of known Ca** channel blockers (38), while
Ca®" responses to chemoattractants are close to normal (39,
46) in a mutant in which the phospholipase C gene has been
disrupted (10). This mutant remains able to synthesize IP;
from higher-order inositol polyphosphates through the action
of a Ca?*-dependent phosphatase, but it exhibits IP, responses
only to cAMP concentrations several orders of magnitude
higher than those required to elicit cytosolic Ca?* responses
(54).

Although chemoattractants do not stimulate an observable
intracellular release of Ca** into the cytoplasm that is inde-
pendent of the influx of Ca®** from the medium, it remains
possible that the influx is accompanied by and coupled to a
release of Ca** from intracellular stores (38). By analogy with
Ca®"-signaling systems in other organisms (3), there are two
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possible scenarios that are not mutually exclusive. One is that
the Ca®" influx causes and is accompanied by a Ca**-induced
release of Ca®* from the endoplasmic reticulum. A second is
that the Ca*" influx after chemoattractant stimulation is acti-
vated by depletion of intracellular stores which elicits the open-
ing of store-operated Ca®" channels in the plasma membrane.
This is referred to as capacitative Ca®>* entry. The store de-
pletion that elicits it would result from the opening of Ca**
channels in the endoplasmic reticulum (ER) by IP; as de-
scribed above or by other second messengers such as long-
chain fatty acids. It has been shown that arachidonic acid elicits
both an influx of Ca®" into intact D. discoideum cells and a
Ca®" release from intracellular vesicles of permeabilized cells
(46). This accords with the suggestion that chemoattractants
such as cAMP may activate phospholipase A2, resulting in the
production of long chain fatty acids and the release of Ca**
from intracellular stores, depleting them and thereby activating
influx (45).

To investigate these various possibilities, we have studied
Ca®" responses to chemoattractants by mutants lacking either
or both of calreticulin and calnexin, two of the major Ca®"-
binding proteins in the endoplasmic reticulum (30, 31, 35). All
three knockout mutants exhibit qualitatively normal chemotac-
tic responses and almost normal growth in liquid medium,
while the double mutant (but not the single mutants) grows
much more slowly on bacterial lawns because of a severe defect
in phagocytosis (35). We report here that all three mutants
exhibit enhanced cytosolic Ca** responses to chemoattractant.
This is the first molecular genetic evidence that, in Dictyoste-
lium cells, Ca®* release from the endoplasmic reticulum con-
tributes to the intracellular Ca®* responses to chemoattractant
stimuli.

MATERIALS AND METHODS

Dictyostelium strains and culture conditions. All work was done with Dictyo-
stelium discoideum strain AX2 (2), with the mutant strains derived from it,
HG1774 (calreticulin deficient), HG1770 (calnexin deficient), HG1772 (calreti-
culin and calnexin deficient) (35), and with aequorin-expressing transformants
derived from them (HPF401 from AX2, HPF608 from HG1774, and HPF609
and HPF610 from HG1770). For axenic growth the amoebae were incubated as
previously in shaken culture (150 rpm) at 23°C in axenic medium (45) or at 21°C
in HL5 medium (38).

Measurement of intracellular Ca?* responses using the aequorin method.
Intracellular Ca®>* levels were measured in transformants of wild-type and mu-
tant cells expressing recombinant aequorin as previously described (38). Cells
were harvested from a growing axenic culture at a density of 1 X 10° to 2 X 10°
cells/ml. For cAMP responses they were washed by centrifugation and suspended
in morpholineethanesulfonic acid (MES)-DB buffer containing 0.416 pg/ml co-
elenterazine (the cofactor for aequorin) for development at 21°C with shaking
for 6 h at a density of 2 X 107 cells/ml. For folate responses the washed cells were
resuspended at a density of 2 X 107 cells/ml in fresh HL5 medium containing
0.416 wg/ml coelenterazine and incubated for 4 h at 21°C with shaking at 150
rpm. Prior to assay the cells were washed free of unbound coelenterazine by
centrifugation and suspended at a density of 2 X 107 cells/ml in MES-DB for
assay.

Aequorin light emission was measured with a New Brunswick Lumitran pho-
tometer whose output was digitized by a data logging card (PCI-20428W-1
Multifunction Board) from Intelligent Instrumentation Inc. installed in a per-
sonal computer. To assay intracellular Ca®" concentrations in real time, a 500 .l
aliquot of a 103 dilution of the cells (i.e., 10* cells) was first injected into 5 ml
of lysis buffer containing an excess of Ca?*. This results in complete discharge of
all active aequorin in the cells and the total light emission therefrom was mea-
sured for subsequent use in the recording software to calculate the fractional rate
of light emission and Ca®* concentration in real time. The Ca®* responses were
assayed in a gently stirred 5-ml suspension (i.e., 108 cells) in a plastic scintillation
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FIG. 1. Cytosolic Ca*" responses by calnexin- and calreticulin-deficient mutants derived from wild-type strain AX2. Cytosolic Ca*" levels were
monitored in real time by the aequorin method in a gently stirred suspension of 10® cells during responses to 1 pM folate (vegetative cells) or 1
wM cAMP (aggregation competent cells after 6 h starvation). Recording began at 0 s and stimuli were delivered 2 s later.

vial to which a 50-pl volume of attractant was added at the time of stimulation.
Intracellular Ca®>* concentrations were saved to file and output graphically to the
personal computer monitor in real time by the recording software. Data analysis
was conducted on a SUN workstation in the S statistical and graphical program-
ming environment.

Measurement of intracellular Ca*>* responses by fluorescence microscopy
using fura2-dextran. Intracellular Ca>* concentrations in individual cells were
measured using the Ca®*-sensitive fluorescent indicator fura2 coupled to dextran
as previously described (46, 50). Cells were harvested after 4 to 6 h of develop-
ment, washed by centrifugation and resuspended in cold Sgrensen phosphate
buffer (17 mM Na™/K*-phosphate, pH 6.0). Amoebae were shaken at 2 X 107
cells/ml, 150 rpm, 23°C until use. The use of fura2-dextran prevents the rapid
sequestration and extrusion of the dye that occurs when either fura2 is loaded or
cells are incubated with the membrane-permeant dye fura2-AM (49). Cells were
loaded with fura2-dextran by electroporation, after which nonviable cells (typi-
cally 20 to 30% of the cells) and extracellular fura2-dextran were removed by
repeated washing in an Eppendorf centrifuge (50). Aliquots of washed amoebae
in H5-buffer (5 mM HEPES, 5 mM KCI, pH 7.0; 2 to 5 nl) on glass coverslips
were placed in a humid chamber until use. Under control conditions, 85 to 88 .l
of H5 buffer containing 1 mM CaCl, was added 15 min prior to the internal Ca®*
concentration ([Ca®"];) imaging experiment.

Measurement of the influx of Ca>* during Ca>* responses. Calcium influxes
were measured using a Ca”*-sensitive electrode to monitor extracellular Ca®"
concentrations as previously described (5, 45). Cells were harvested and washed
in Tricine buffer (5 mM Tricine/5 mM KCI, pH 7.0) and resuspended at a density
of 5 X 107 cells/ml in the presence of 5 or 10 pM extracellular Ca®*. Extracel-
lular Ca®" levels were assayed in a gently stirred, aecrated 2 ml suspension with
a Ca®"-sensitive electrode (ETH 1001; Méller, Ziirich, Switzerland). The mini-
mum extracellular Ca>* concentration occurs 30 to 40 seconds following cAMP-

stimulation. The maximal rate of decrease occurs at around 20 seconds (28),
close to the time of maximal intracellular [Ca®*]; elevation.

RESULTS

Ca’* responses to chemoattractants are larger and faster in
calnexin/calreticulin-deficient mutants. To investigate a possi-
ble contribution by the ER to cytosolic Ca** responses, we
studied responses in mutants deficient in calnexin or calreticu-
lin, both of which are abundant Ca®*-binding proteins resident
in the endoplasmic reticulum (ER), calreticulin in the lumen
and calnexin anchored in the membrane by a single transmem-
brane domain near its C-terminal end (19, 30, 31, 35). Both
proteins are believed to play roles in Ca*" buffering in the ER,
suggesting that their absence should impair Ca?* homeostasis
in the ER lumen and potentially alter any ER contribution to
cytosolic Ca?* signals.

Figure 1 shows an example of real-time recordings of cyto-
solic Ca*" levels in aequorin-expressing transformants of ei-
ther the calnexin-deficient or the calreticulin-deficient mutant
stimulated with either folate or cAMP. For both attractants the
magnitude of the ensuing Ca?* responses was noticeably
larger. To verify these findings and to determine if the caln-
exin/calreticulin-deficient double mutant showed similarly en-
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TABLE 1. Calcium responses in individual cells of the wild-type strain and calreticulin- and calnexin-deficient mutants®

Calreticulin and

Parameter Wild type® Calreticulin deficient”® Calnexin deficient” calnexin deficient®
% Responding cells (no. positive/total) 39.5 (167/423) 40.7 (122/300) 36.4 (124/341) 35.6 (119/334)
A [Calye (1M) 117 9 195 = 16 154 = 15 147 = 15
Basal Ca (nM) 49 = 1.6 94 + 4 7725 89 + 4
No. of experiments 14 10 11 10

“ Responses were assayed by fluorescence microscopy of cells loaded with fura2-dextran.

? Errors are standard errors of the mean.

hanced responses, we used cells loaded with fura2-dextran to
assay the cytosolic Ca®>" responses in individual cells micro-
scopically. The results in Table 1 showed that the percentage of
responding cells was similar in the mutants and the wild type,
but in the cells that did respond, the amplitude of the Ca**
transient was greater in all three mutants. The basal calcium
levels also appeared slightly elevated in the mutants. There was
no evidence in the double mutant for an additive effect of the
absence of the two proteins.

Table 2 summarizes the responses to folate and cAMP ob-
served in the single mutants using the aequorin method to
measure Ca®" responses in populations of cells in suspension
in a large number of independent experiments. The resting
cytosolic Ca** concentrations were found not to be signifi-
cantly altered in the mutants and to fall within the range
normally observed with wild-type cells (40 to 100 nM). How-
ever, when the cells were stimulated with either of the attract-
ants, cytosolic Ca®" levels began to rise sooner and peaked
earlier at higher concentrations in both mutants than in the
parental strain. This is shown graphically in Fig. 2 where the
prestimulus Ca®" levels 2 seconds before stimulation have
been normalized to 70 nM, and the mean Ca®" concentrations
are plotted at the mean time of onset of the response, the mean
time of the response peak, as well as at 60 seconds and 70
seconds after the onset of recording. We conclude that defi-
ciencies in either calreticulin or calnexin result in larger, faster
cytosolic Ca®" responses to chemoattractant, indicating that
the endoplasmic reticulum makes a contribution to the re-
sponses.

Magnitude and timing of Ca”>* responses to chemoattrac-
tants are coupled. Not only were there clear differences be-
tween the mutants and the wild-type strain, but all three strains
exhibited smaller, slower responses to folate than to cAMP.
Folate receptors are coupled to the Ca®" channels by a G-
protein-dependent pathway while cAMP receptors in the fully
aggregation competent cells used here are coupled to the Ca™*
responses by a pathway that is almost completely independent
of heterotrimeric G-proteins (38). That the Ca** responses to
cAMP are faster than the responses to folate could therefore
have been due to the fact that the receptors for these two
attractants are coupled to the Ca®* channels by different sig-
naling pathways. However this hypothesis fails to explain why
the larger responses by the mutants should also be faster for
both attractants. The results suggest instead that the timing of
the Ca®" response is coupled in some way to the magnitude of
the response itself.

To test this idea we plotted the magnitude of the response
against the time of its onset and the time at which Ca®* levels
peaked. This was done for a large number of individual exper-

iments with cells of all three strains stimulated with folate
(vegetative cells) or cAMP (aggregation competent cells). For
both the onset and the peak of the response, the timing and
magnitude of individual responses to the different attractants
by the different strains were scattered around the same quasi-
hyperbolic line of best fit (Fig. 3). Since larger responses begin
earlier, they would be expected to peak earlier even if the Ca®*
levels rise for the same length of time during the response. In
this case the rise time would be constant regardless of the onset
time.

Figure 4 shows that this is not so, but that there is instead a
strong positive correlation between the rise time and onset
time. Thus, the earlier peak associated with larger responses is
due not only to an earlier onset time but also a shorter rise
time involving a faster net rate of entry of Ca®" into the cytosol
from intracellular stores and/or the extracellular medium. Fur-
thermore the measurements from individual experiments for
the different strains and attractants are again scattered around
the same line of best fit. Clearly the differences in response
kinetics among the strains and between the two attractants can
be accounted for by the differences in the magnitudes of the
responses. This indicates that the timing of both the onset of
the Ca®* response and its peak are coupled to the magnitude
of the response and are controlled not by upstream signaling
elements but by rate-limiting events common to the cAMP and
folate signal transduction pathways after they converge.

Uptake of extracellular Ca®>* in response to chemoattrac-
tants is reduced in calnexin/calreticulin-deficient mutants.
The simplest explanation for the observed coupling between
response magnitudes and kinetics is that key events in the
response are Ca®"-regulated. At the onset of the response,
such events could include Ca**-induced calcium release from
the ER and the opening of store-operated channels in the
plasma membrane. At the peak of the response when Ca®*
levels begin to decline back to prestimulus levels, they could
include Ca®*-induced closure of plasma membrane Ca**
channels and Ca?*-mediated activation of Ca>* pumps in the
plasma membrane or endoplasmic reticulum. If the mecha-
nisms for terminating Ca>* responses are indeed Ca’" in-
duced (either directly or indirectly), then larger responses re-
sulting from earlier, more rapid rates of increase in cytosolic
Ca®* levels would also exhibit more rapid rates of decline in
Ca®" levels after the peak.

We therefore measured the rate of change of cytosolic Ca**
levels during the calcium responses to both chemoattractants
by the wild-type and mutant strains. Figure 5a illustrates this
measurement for a typical response to cAMP. Using data from
all three strains for both attractants, we found a strong corre-
lation between the maximum rates of increase in the Ca®"
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> concentration in the rising phase of the response and the max-
™ > E 2 imum rates of decrease in the falling phase of the response
5.2 % & § (Fig. 5b). The maximal increase rates ranged from about 2
g % " nM/second to just over 60 nM/second (ca. 0.01 to 0.30 pmol/
5 < 107 cells/second), while the maximal decrease rates were
2e|oQ ALY smaller in magnitude so that the return to resting levels of
sg|¢a g by g5 7 cytosolic Ca®* took longer than the rise time. The observed
ZE|E5 E g5 g » correlation between the rise and fall rates is consistent with the
S8 15gz58g g, Ca?" response being self-limiting because of Ca**-induced
E z § ?E:E § ‘;’TE % mechanisms for response termination and Ca** remova;;
£2|2R2 %225 2 One of the mechanisms that may contribute to Ca®*-in-
;5 %Ev gEv = duced termination of Ca®* responses is closure of the Ca**
o = =7 % uptake channels. Earlier closure of the channels in the mutants
S" 5 - = E could even result in smaller Ca?>" influxes from the extracel-
e § ™ lular medium, with a greater proportion of the cytosolic Ca**
o |m33828 A_;? ® response being contributed by calcium release from intracel-
§. S Tf ﬁ: |°f : ,\f : g f{lg g lular stores, particularly the endoplasmic reticulum. We t.here-
E8|warrun | TZE ]S fore compared the influx of Ca®" in response to cAMP in the
27 g parental strain and the mutants, including the double mutant
?é' E lacking both calnexin and calreticulin.
a Tl lunx22E] g9 | & The results in Fig. 6 show that at two different extracellular
€2 i annl B8 |8 calcium concentrations (5 and 10 uM), stimulating the cells
& g coocooo| 28 |2 with any of three different cAMP concentrations produced a
E g|RwEene % smaller uptake of calcium by the mutants than the wild-type
q 5 g2 strain. Indeed the Ca®* influx after a 1 M cAMP stimulus was
ET glaosns| _ ;.: reduced by more than 50%. Clearly the additional cytosolic
S| aoovxels00 5] Ca?" observed in the mutant responses comes from intracel-
Eg t’i Li i |:I|J| 53 &z lular sources, not from the medium. This is consistent with
5 g | BEnmo g enhanced intracellular release of Ca?* from the endoplasmic
é" % % reticulum producing larger cytosolic responses .and. either ear-
E2 | 2o RNNR| o = g lier closure of the influx channels or earlier activation of Ca>*
g a ; : |O: : |°f l‘f g g i pumps in the plasma membrane. .
et |ocococco—| 2 e | & Dictyostelium genome encodes at least three putative Ca
E' % e E pumps and four putative Ca>* channels that may be regulated
= = by calcium. Because the Dictyostelium genome has been com-
; 'ﬁ § §, 3 § oo B pletely sequenced (11), we were able to search the predicted
gluomloibol ok % proteome for homologs to examples of each of the subunit
g t E t l:; t l:; £9o | & families of known Ca®" channels (6, 7, 20, 22, 41, 42) and
helUa©w = Z pumps (51, 52, 61). The results (Table 3) revealed that D.
2 discoideum has genes encoding at least four putative Ca**
00 O 1 O 1 06 - | 8 channels and at least three putative Ca>* ATPases. The sub-
£o5oRkRey = - 5 cellular locations of these pumps and channels are unknown,
':) i ':; 'JI ':I 'JI §§ E_' except for the PatA ATPase, which resides in the membrane of
Lo hin g8 the contractile vacuole (34).
? Based on the known subcellular location of their closest
6 On -1 O -1 00 m :* homologs (20, 37, 41-43, 52, 61), it is pos'sible to predict the
STL20EZ |52 | E organelles to which most of the others are likely to be targeted.
LGB ERERR: With three identifiable P-type Ca?* ATPases, it seems likely
RELZRE| TE| % that D. discoideum is provisioned with a single Ca** pump in
each of the ER and vacuolar and plasma membranes. Of the
e Ca?* channels, one could reside in each of the plasma mem-
SoRRNZ2l ok brane (polycystin-2 homolog), late endosomes/lysosomes (mu-
| R colipin homolog), the contractile vacuole (TPC, the two-pore
rRGoge| Ca®”" channel homolog), and the ER (IPRL).
Which of these Ca** channels and pumps are likely to be
regulated by calcium signals? Based on recognizable Ca*"- or
% § § SBS = calmodulin-binding sequence motifs and by analogy with their
ICJ: l*: l‘f : l‘il‘j: E% regulatory properties ip other orgapisn}s, 'most if npt 2.111 of
ShREE V: them. er+found putatl.ve calmodu!m-bmdmg dgmams in all
L three Ca”" pumps and in IPRL, while the mucolipin and TPC
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FIG. 2. Normalized mean Ca** responses by calnexin- and calreticulin-deficient mutants compared to the wild-type strain AX2. The left panel
shows response to folate and the right panel shows responses to cAMP. Points indicate the mean cytosolic Ca®" concentrations at the mean time
of onset of the response, the mean time of the response peak, and at the set times of 60 and 70 s after recording started. Stimuli were delivered
2 s after recording began. Mean responses were normalized to a prestimulus resting Ca®* concentration of 70 nM. Vertical and horizontal bars
indicate standard errors of the mean for [Ca®*] and for the onset and peak response times. In some cases the horizontal bars at the onset and peak
times are too short (very small standard errors) to be clearly visible in the plot.

homologs both contained putative EF-hand Ca**-binding sites
(Table 3). Polycystin-2 and the mucolipins are Ca®"-activat-
able channels belonging to the TRP (Transient Receptor
Potential) family, various members of which are involved in

vision, olfaction, osmoregulation, thermo- and mechanorecep-
tion (8). We were unable to detect a putative Ca**-binding site
in the sequence of the Dictyostelium polycystin-2 homolog,
even though all other known examples of this little studied
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FIG. 3. Negative correlation between response magnitudes and the times of the onset and peak of cytosolic Ca®* responses. Open circles
represent individual experiments measuring the responses of aggregation competent cells to 1 pM cAMP. Squares represent individual experi-
ments measuring the responses of vegetative cells to 1 uM folate. Vertical error bars show means and standard errors of response amplitudes for
the calnexin- and calreticulin-deficient mutants and the wild-type cells. Horizontal bars show means and standard errors for the onset and peak
response times. Response magnitudes were the difference between the cytosolic [Ca**] at the onset and the peak of the response.
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FIG. 4. Positive correlation between onset times and rise times for
cytosolic Ca®* responses. Circles represent individual experiments
measuring the response of aggregation competent cells to 1 pM
cAMP. Squares represent individual experiments measuring the re-
sponses of vegetative cells to 1 uM folate. Error bars indicate means
and standard errors. From left to right, the error bars indicate in order
the responses to cAMP by the calreticulin-deficient, calnexin-deficient,
and wild-type cells and then the slower responses to folate by the
calreticulin-deficient, calnexin-deficient, and wild-type cells. Cells were
stimulated at 2 s.

channel contain an EF-hand Ca®*-binding motif. We conclude
that D. discoideum possesses at least six putative Ca®" pumps
and channels whose sequences contain Ca®"- or calmodulin-
binding motifs. This is consistent with our observation that
Ca?" responses appear to be autoregulated by the magnitude
of the cytosolic Ca™" signal.

DISCUSSION

Calreticulin and calnexin reside in the ER, where they play
roles both as Ca®"-sequestering proteins and as Ca?"-depen-
dent chaperones of N-linked glycoproteins imported into the
ER and destined for subsequent targeting to various cellular
destinations (19, 30, 31, 35). Whereas calreticulin is found in
the lumen of the ER, calnexin is anchored to the ER mem-
brane by a single transmembrane domain and has a regulatory
cytosolic domain as well as an ER-lumenal domain related to
calreticulin. In this paper we have shown that cytosolic Ca**
responses to chemoattractants are larger in mutants deficient
in calreticulin and/or calnexin. Our results thus reveal that
Ca®" release from the endoplasmic reticulum contributes to
the measured cytosolic Ca*" responses in D. discoideum. This
release from the ER coincides with and is coupled to the
well-characterized influx of Ca®" from the extracellular me-
dium.

In other organisms, two kinds of coupling between intracel-
lular Ca?" release and Ca" influx have been observed, capac-
itative Ca®" entry in which release of Ca®" depletes intracel-
lular stores and thereby opens store-operated channels in the
plasma membrane, and Ca**-induced calcium release in which
influxes of Ca®" cause Ca**-sensitive Ca>* channels in the ER
to open (3). Enhanced responses in mutants deficient in caln-
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FIG. 5. Rates of change of cytosolic Ca®* concentrations during
responses to chemoattractant. Panel a shows an example of measure-
ment of the rates of change of [Ca®>*] during a response to an attract-
ant stimulus (in this case, 1 puM cAMP delivered to aggregation com-
petent cells of the calnexin-deficient mutant 2 s after recording
started). The maximum rates of [Ca?*] increase during the rising phase
and of [Ca®*] decrease during the falling phase of the response were
measured graphically as indicated using features of the S statistics and
graphics package. Panel b shows the correlation between the maximum
rise and fall rates during individual experiments measuring Ca®" re-
sponses by vegetative (to 1 uM folate) and aggregation competent (to
1 wM cAMP) cells of the calreticulin- and calnexin-deficient mutants
and wild-type cells. The error bars indicate the means and standard
errors, in order from left to right, for the responses to folate by the
wild-type, calnexin-deficient, and calreticulin-deficient cells and then
the larger, faster responses to cAMP by the wild-type, calnexin-defi-
cient, and calreticulin-deficient cells.

exin or calreticulin could be consistent with both kinds of
coupling.

In the case of capacitative Ca®" entry, it is known that
overexpression of calreticulin in fibroblasts (29, 36) and Xeno-
pus laevis oocytes (58) increases total Ca** storage capacity
and attenuates calcium influx through store-operated channels.
Conversely, the absence of calreticulin reduces the total cal-
cium storage capacity of the ER (36). Thus, in the D. discoi-
deum mutants, the ER Ca*" stores are expected to be depleted
more rapidly and extensively after an attractant stimulus. This
could trigger earlier and more extensive Ca?" entry from the
extracellular medium through store-operated channels so that
cytosolic Ca?* levels begin to increase earlier and more rap-
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for 7 to 10 h (four experiments). In each panel the solid circles show wild-type responses and the open circles show responses by the indicated
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using a Ca”*-sensitive electrode. Error bars represent standard deviations.
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TABLE 3. Dictyostelium discoideum genes encoding putative Ca>* channels and pumps

Channel DictyBase® DictyBase” No. of Putative calcium-
; Protein product” ™ Subcellular location? or calmodulin-binding Functional roles” Reference(s)
or pump accession number gene name domains® reculat ites
gulatory sites
Channels DDBO0183788 BEC6V2_0 00020  Mucolipin 6 Lysosomes Ca**-binding EF-hand Ca**-dependent lysosomal 43
(mucolipin-1), (614-626) or vesicle biogenesis and
vesicles trafficking
(mucolipin-3)
DDB0217079 JC2Vv2_0_00823 Polycystin-2 6 Plasma membrane Mechanosensory Ca®* 37
signaling in cilia
DDB0201571 iplA IPRL (IP; Receptor- 6 ER membrane Calmodulin-binding Cytosolic Ca®* signaling 53
Like protein) helical peptide 1Q motif
(148-167)
DDB0216059 BEC5V2_0_00938  TPC (Two Pore 12 Vacuolar Ca®"-binding EF-hands Cytosolic Ca* signaling 42
Channel) membrane (772-810 and 808-836)
Pumps DDB0188438 BC5V2_0_01117 PMCA or SERCA 10 Plasma or ER Calmodulin-binding Ca®" homeostasis 52,61
membrane helical peptide 1Q motif
(683-702)
DDB0186093 BC4V2_0_00846 PMCA or SERCA 10 Plasma or ER Calmodulin-binding Ca®* homeostasis 52,61
membrane helical peptide 1Q motif
(127-146)
DDB0214945 patA PatA 10 Vacuolar Calmodulin-binding Ca®" homeostasis 34
membrane helical peptide 1Q motif

(642-661)

“ DictyBase is an online informatics resource for Dictyostelium (15).

® Indicates the closest homologs in other organisms, except for PatA (a P-type Ca>*-ATPase related to PMCAs) and IPRL (an IP; receptor-like protein related to IP5 and ryanodine receptors), both of which have
been studied experimentally in Dictyostelium.

¢ Based on the number of transmembrane domains in homologs in other organisms and on predictions from standard web-based programs for topology prediction, accessed through the mirror site at APAF Australia
of the ExPASy Proteomics Server (http://au.expasy.org) at the Swiss Institute of Bioinformatics (17). Note that in many cases different programs produced slightly different predictions.

4 Known in the case of PatA, predicted from the subcellular location of known homologs for all others.

¢ Detected using InterPro, MyHits, and ELM motif searches through the EXPASy Proteomics Tools page (http://au.expasy.org/tools/). Numbers in parentheses indicate positions in the protein sequence. In the case
of polycystin-2, the automated DictyBase gene ontology annotation predicts Ca>* ion binding because this has been linked to the polycystin-2 signatures. However, we have been unable to find a putative Ca**-binding

site in any sequence motif searches.

/ Observed function of IPRL in Dictyostelium, observed functions of known homologs in other organisms for all others.
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idly. This hypothesis is attractive but is not readily reconciled
with the findings that the null mutants exhibit reduced rather
than enhanced influxes of Ca®" from the extracellular medium.

In the case of Ca®"-induced calcium release, the greater
amplitudes of the mutant responses could result from higher
resting levels of free Ca®" in the lumen of the ER. Free
calcium levels in the ER (40 to 600 uM when stores are filled)
are substantially higher than in the cytoplasm (0.04 to 0.11
wM) in other organisms (31). However the concentrations of
bound Ca®" in the ER are an order of magnitude higher again
(1 to 3 mM) because of the presence of major Ca®*-binding
proteins, including calreticulin and calnexin. The absence of
one or both of these two Ca®"-binding proteins could result in
even higher free calcium levels in the ER, a steeper Ca®"
concentration gradient from the ER lumen to the cytosol and
an increased flux of Ca®™ into the cytosol during responses to
chemoattractant. Brini et al. (4) reported such a correlation
between the resting [Ca®* ]k and the extent of IP;-induced
release of Ca** into the cytosol.

The enhancement of the Ca* release as [Ca®" |y increased
was found to be saturable, so that beyond a certain threshold
there was no further increase in the magnitude of the Ca®"
release. This was explained by the autoregulatory nature of
Ca>* responses; inhibition of the IP, channel by cytosolic Ca™*
appeared to limit the magnitude of the responses. A similar
phenomenon could explain why we observed no synergistic
effect of the calnexin/calreticulin double deficiency. Ca®**
pumps and channels in the endoplasmic reticulum are regu-
lated by both cytosolic and ER Ca®* and thereby contribute to
homeostatic control of Ca®>* levels in both compartments.
Such mechanisms could prevent the absence of both calnexin
and calreticulin from having additive effects on the free Ca®"
levels in the ER. It is noteworthy that the double mutant is
much more severely impaired than the single mutants with
respect to other phenotypes such as phagocytosis (35), suggest-
ing that these phenotypes may not be explicable in terms of
altered Ca®" responses alone.

Steeper transmembrane calcium gradients across cellular
membranes can also result from lower cytosolic Ca?* levels
such as are produced rapidly by EGTA treatment of cells (Z.
Wilczynska and P. R. Fisher, unpublished data). Under the
foregoing hypothesis, brief EGTA pretreatment should en-
hance subsequent responses to chemoattractant and this was
recently reported to be the case (48). However this finding may
also be interpreted as resulting from an indirect EGTA-medi-
ated depletion of intracellular calcium stores (48).

Resting calcium levels in the ER have been reported to be
unaffected by calnexin deficiency in a T-lymphoblastoid leuke-
mia cell line (60), by calreticulin deficiency in fibroblasts (36),
and by overexpression of calreticulin in both fibroblasts and in
Xenopus oocytes (36, 58). However Arnaudeau et al. (1) re-
ported that ectopic overexpression of calreticulin caused the
basal levels of free Ca** in the ER of HEK-293 (HeLa) cells
to double, while John et al. (21) observed either no change or
a decrease in [Ca®"] as a result of calreticulin overexpres-
sion in Xenopus oocytes. The free Ca®" levels in the ER are the
outcome of a balance between sequestration and release from
high capacity binding proteins and fluxes to and from the
cytosol via Ca?* pumps and channels. Depending on the rel-
ative rate constants for these processes and the autoregulatory
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mechanisms controlling them, the absence of one or more
major classes of Ca®" binding protein in the ER could have
different effects on Ca*>* homeostasis in different cell types. It
would clearly be valuable to assay free Ca®" levels in the ER of
Dictyostelium cells to further our understanding of the roles of
ER Ca?" in Dictyostelium responses to chemoattractant. How-
ever such experiments must await the development for D.
discoideum of sensitive and accurate assays for ER Ca®" com-
parable to those deployed in other organisms, for example, by
targeting recombinant aequorin to the ER (4).

Calcium homeostasis and ligand-induced Ca** responses in
other cell types are influenced not only by the Ca®*-binding
capacities of calnexin and calreticulin, but also by their roles as
Ca®"-dependent chaperones assisting the folding and regulat-
ing the function of other proteins (19, 30). For example, the
bradykinin receptors of fibroblasts are improperly folded in the
absence of calreticulin, so that Ca** responses to bradykinin
are dramatically reduced in calreticulin-deficient cells (18, 36).
In D. discoideum the cAMP and folate receptors and down-
stream signaling proteins clearly do not require calreticulin or
calnexin for their proper folding, since both attractants elicit
normal chemotaxis and large calcium responses in the mutants.

In animal cells, both calnexin (44) and calreticulin (21) bind
to and regulate SERCA2b (Sarco/Endoplasmic Reticulum
Ca®" ATPase 2b) which pumps cytosolic Ca*" into the ER.
This Ca**-dependent interaction provides an inhibitory feed-
back mechanism that contributes to Ca®" homeostasis in sev-
eral cell types and participates in regulating cytosolic Ca**
oscillations in Xenopus oocytes. Overexpression of calreticulin
or ectopic coexpression of calnexin with SERCA2b thus damp-
ens the oscillations in Xenopus laevis, while the absence of
either protein is expected to enhance them. If calnexin and
calreticulin have similar regulatory roles in D. discoideum, their
removal should enhance Ca** responses as observed.

Not only were the amplitudes of Ca?" responses to che-
moattractants greater in mutants lacking calnexin or calreticu-
lin, but the responses were accelerated. Compared to the re-
sponses in control cells, those in the mutants began sooner,
peaked earlier, and exhibited shorter rise times and faster rates
of increase in the rising phase of the response as well as faster
rates of decrease in the falling phase of the response. These
kinetic changes in the mutants are explicable in terms of the
observed relationship between the magnitudes and the kinetics
of the responses; larger responses are faster, regardless of the
chemoattractant used and the presence or absence of calnexin
and calreticulin. This indicates that the timing of key events
such as opening and closing of Ca®* channels and activation of
Ca®* pumps is autoregulated by mechanisms common to the
signaling pathways for both the folate and cAMP receptors.
Furthermore these mechanisms serve to couple the kinetics
and the amplitudes of the Ca®>" responses in such a way that
deficiencies in calnexin or calreticulin can affect both.

How might this coupling between Ca®* response amplitudes
and kinetics occur? The larger responses in calnexin- or calre-
ticulin deficient mutants occur in combination with an earlier
onset and a greater net rate of Ca®>* entry into the cytosol
during the rising phase of the response. This indicates that
during the larger responses in the mutants, a higher proportion
of the responsible Ca*>* channels in the ER and/or the plasma
membrane are opened. Such would be the case if Ca®" re-
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sponses are autoactivatory, as occurs in Ca®*-induced calcium
influx or release and in capacitative Ca®" entry following cal-
cium store depletion. The shorter rise times associated with
larger responses indicate that the Ca®?* responses are also
autoinhibitory, that the Ca®>* flux into the cytosol is terminated
sooner by Ca*"-induced channel closure and/or balanced ear-
lier by Ca®™" activation of calcium pumps.

Consistent with this apparent autoregulation of the Ca*"
signal in chemoattractant responses, we found that the Dictyo-
stelium genome encodes at least four putative Ca®>* channels
and at least three presumptive Ca®>* pumps, most or all of
them likely to be regulated by Ca®". The sequences for six of
them included recognizable motifs for Ca®>*- or calmodulin-
binding sites. All three of the Ca>" pumps were related to the
highly conserved and heavily studied PMCA (Plasma Mem-
brane Ca** ATPase) (61) and SERCA (Sarcoendoplasmic Re-
ticulum Ca** ATPase) (52) families and contained a helical
peptide, calmodulin-binding IQ motif. It is difficult to predict
the subcellular localization of these three putative Ca®" pumps
from sequence similarities as they are all more closely related
to the PMCAs than to the SERCAs. PatA is known to localize
to the vacuolar membrane (34), so the other two are likely to
reside in the ER and plasma membranes—one in each.

Of the four Dictyostelium Ca®" channels, only IPRL be-
longed to a well-studied class, the ER-resident IP; (41) and
ryanodine (20) receptors. Although its subcellular location is
unknown, IPRL seems the most likely candidate for an ER
channel, and has been shown to play a role in cytosolic Ca**
signaling in response to chemoattractants (53). In our search of
the predicted Dictyostelium proteome we found no putative
voltage-gated (6) or cyclic nucleotide-gated (22) channels and
no homologs of the better known families (TRPC, TRPM, and
TRPV) within the TRP (Transient Receptor Potential) super-
family of channels (8). Instead we found, in addition to IPRL,
three channels that were homologs of mucolipins (43), poly-
cystin-2 (37) and TPC (42). The first two belong to recently
recognized groups within the TRP superfamily (mucolipins or
TRPML and polycystins or TRPP) while TPCs (Two Pore
Channels) are distantly related to the alpha subunits of the
voltage-gated channels.

The best studied of the mucolipins, mucolipin-1, releases
Ca®" from the late endosome to facilitate the Ca®*-dependent
interactions between endosomes and lysosomes (43). Muco-
lipin-1 mutations in humans cause a lysosomal storage disease,
mucolipidosis type IV, which is associated with neurological
and ophthalmological defects. Mucolipin-3 is found in vesicle
membranes in cochlear hair cells and melanocytes—mutations
in this protein in mice cause pigmentation defects, deafness
and erratic circling behavior suggestive of inner ear pathology
(9). By analogy with the animal mucolipins, the Dictyostelium
homolog identified here is likely to be found associated with
late endocytic vesicles and lysosomes.

Polycystin-2 (or PKD2) in animals is expressed in ciliated
cells where it localizes to the plasma membrane of the ciliary
shaft, interacts with the mechanoreceptor polycystin-1 and me-
diates Ca®" signaling in response to mechanical stimuli (37).
Mutant forms disrupt the mechanosensory function of ciliated
epithelial cells—in the case of those lining the nephrons of the
kidney this leads to polycystic kidney disease. Dictyostelium
cells are not ciliated and we were unable to find a homolog of
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the polycystin-1 mechanoreceptor in the Dictyostelium ge-
nome. It is possible that the Dictyostelium polycystin-2 ho-
molog is coupled instead to chemoreceptors and mediates
Ca?" influx through the plasma membrane in response to
chemoattractant instead of mechanical stimuli.

TPC, the two-pore Ca*>* channel, is found in animals and in
plants, but has been studied functionally only in the latter,
where it is located in the vacuolar membrane and mediates
Ca?" release into the cytoplasm in response to hormonal and
other stimuli (42). If it plays analogous roles in D. discoideum
it could also participate in Ca®* responses to chemoattrac-
tants, in which case the contractile vacuole would also contrib-
ute Ca”" to the cytosolic Ca®" signal.

Clearly any or all of these putative Ca®>" channels and
pumps could participate in Ca?* homeostasis and signaling in
D. discoideum. Their existence reinforces the fact that our
present results reveal only the contribution from the ER and
that other intracellular organelles are likely also to participate
in controlling cytosolic Ca®>" responses to chemoattractant.
Understanding their roles will require functional studies using
appropriately constructed mutants and accurate in vivo assays
of Ca®** concentrations in the various subcellular compart-
ments.

Before accurate assays of cytosolic Ca** levels in D. discoi-
deum became available, it was predicted that there would be
two intracellular Ca®" responses to chemoattractant—a rapid
intracellular release accompanying the reported synthesis of
1P, and a slower influx which had been revealed by measuring
the uptake of **Ca**. This would have paralleled the findings
in other cells in which a rapid IP,-induced release of Ca?* into
the cytosol depleted the ER calcium stores and was followed by
a slower store-operated influx of Ca*>* from the extracellular
medium (see Fig. 4 of reference 58 for an example). Nebl and
Fisher (38) showed that this prediction was not correct and
that the only measurable cytosolic Ca®* response coincided
with the influx and was completely dependent on extracellular
Ca®". Nonetheless there is evidence that D. discoideum con-
tains all of the elements necessary for intracellular Ca** re-
lease in response to chemoattractants (26, 46, 47).

In this paper we have provided the first molecular genetic
evidence that the Dictyostelium ER does indeed contribute to
the elevation of cytosolic Ca** after a chemoattractant stimu-
lus. We cannot determine from our results whether this ER
contribution is in the form of Ca*"-induced calcium release or
of an attractant-stimulated depletion of intracellular Ca**
stores or both. Positive autoregulatory mechanisms regulating
the calcium responses are implicit in both mechanisms, i.e.,
Ca?* influx induces release or vice versa. The coupling we
observed between the kinetics of the calcium responses and
their amplitudes indicates that both positive and negative au-
toregulatory elements participate in regulating the calcium re-
sponses. Further molecular genetic dissection is required to
unravel these mechanisms that control chemoattractant-in-
duced calcium responses in Dictyostelium.

ACKNOWLEDGMENTS

We are grateful to Frank Zucchetti for his expert technical assis-
tance.

We are grateful to the Deutsche Forschungsgemeinschaft for finan-
cial support.



1524

foel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

WILCZYNSKA ET AL.

REFERENCES

. Arnaudeau, S., M. Frieden, K. Nakamura, C. Castelbou, M. Michalak, and

N. Demaurex. 2002. Calreticulin differentially modulates calcium uptake and
release in the endoplasmic reticulum and mitochondria. J. Biol. Chem.
277:46696-46705.

. Ashworth, J. M., and D. J. Watts. 1970. Metabolism of the cellular slime

mold Dictyostelium discoideum grown in axenic culture. Biochem. J. 119:175-
182.

. Berridge, M. J., P. Lipp, and M. D. Bootman. 2000. The versatility and

universality of calcium signaling. Nat. Rev. Mol. Cell Biol. 1:11-21.

. Brini, M., D. Bano, S. Manni, R. Rizzuto, and C. Carafoli. 2000. Effects of

PMCA and SERCA pump overexpression on the kinetics of cell Ca**
signaling. EMBO J. 19:4926-4935.

. Bumann, J., D. Malchow, and B. Wurster. 1984. Attractant induced changes

and oscillations of the extracellular Ca®>" concentration in suspensions of
differentiating D. discoideum cells. J. Cell Biol. 98:173-178.

. Catterall, W. A. 2000. Structure and regulation of voltage-gated Ca>* chan-

nels. Annu. Rev. Cell Dev. Biol. 16:521-555.

. Chung, C. Y., and R. A. Firtel. 2002. Signaling pathways at the leading edge

of chemotaxing cells. J. Muscle Res. Cell Motil. 23:773-779.

. Clapham, D. E. 2003. TRP channels as cellular sensors. Nature 426:517-524.
. Di Palma, F., I. A. Belyantseva, H. J. Kim, T. F. Vogt, B. Kachar, and K.

Noben-Trauth. 2002. Mutations in Mcoln3 associated with deafness and
pigmentation defects in varitint-waddler (Va) mice. Proc. Natl. Acad. Sci.
USA 99:14994-14999.

Drayer, A. L., J. van der Kaay, G. W. Mayr, and P. J. M. van Haastert. 1994.
Role of phospholipase C in Dictyostelium: formation of inositol 1,4,5-triphos-
phate and normal development in cells lacking phospholipase C activity.
EMBO J. 13:1601-1609.

Eichinger, L., J. A. Pachebat, G. Glockner, et al. 2005. The genome of the
social amoeba Dictyostelium discoideum. Nature 435:43-57.

Europe-Finner, G. N., and P. C. Newell. 1986. Inositol 1,4,5-triphosphate and
calcium stimulate actin polymerization in Dictyostelium discoideum. J. Cell
Sci. 82:41-51.

Europe-Finner, G. N., and P. C. Newell. 1987. Cyclic AMP stimulates accu-
mulation of inositol triphosphate in Dictyostelium. J. Cell Sci. 87:221-229.
Europe-Finner, G. N., and P. C. Newell. 1987. GTP analogues stimulate
inositol triphosphate formation transiently in Dictyostelium. J. Cell Sci. 87:
513-518.

Fey, P., P. Gaudet, E. M. Just, S. N. Merchant, K. E. Pilcher, W. A. Kibbe,
and R. L. Chisholm. 7 June 2005. dictyBase. http://www.dictybase.org/.
Flaadt, H., E. Jaworski, C. Schlatterer, and D. Malchow. 1993. Cyclic AMP-
and Ins(1,4,5)P5-induced Ca®* fluxes in permeabilised cells of Dictyostelium
discoideum: ¢cGMP regulates Ca>* entry across the plasma membrane.
J. Cell Sci. 105:255-261.

Gasteiger, E., A. Gattiker, C. Hoogland, 1. Ivanyi, R. D. Appel, and A.
Bairoch. 2003. ExPASy: the proteomics server for in-depth protein knowl-
edge and analysis. Nucleic Acids Res. 31:3784-3788.

Guo, L., J. Groenendyk, S. Papp, M. Dabrowska, B. Knoblach, C. Kay,
J. M. R. Parker, M. Opas, and M. Michalak. 2003. Identification of an
N-domain histidine essential for chaperone function in calreticulin. J. Biol.
Chem. 278:50645-50653.

Helenius, A., and M. Aebi. 2004. Roles of N-linked glycans in the endoplas-
mic reticulum. Annu. Rev. Biochem. 73:1019-1049.

Islam, Md. S. 2002. The ryanodine receptor calcium channel of B-cells.
Diabetes 51:1299-1309.

John, L. M., J. D. Lechleiter, and P. Camacho. 1998. Differential modulation
of SERCA2 Isoforms by calreticulin. J. Cell Biol. 142:963-973.

Kaupp, U. B., and R. Seifert. 2002. Cyclic nucleotide-gated ion channels.
Physiol. Rev. 82:769-824.

Kuwayama, H., and P. J. M. van Haastert. 1998. cGMP potentiates receptor-
stimulated Ca?* influx in Dictyostelium discoideum. Biochim. Biophys. Acta
1402:102-108.

Lusche, D. F., and D. Malchow. 2005. Developmental control of cAMP-
induced Ca®*-influx by ¢cGMP: influx is delayed and reduced in a cGMP-
phosphodiesterase D deficient mutant of Dictyostelium discoideum. Cell Cal-
cium 37:57-67.

Maeda, M., L. Aubry, R. Insall, C. Gaskins, P. N. Devreotes, and R. A. Firtel.
1996. Seven helix chemoattractant receptors transiently stimulate mitogen-
activated protein kinase in Dictyostelium. Role of heterotrimeric G proteins.
J. Biol. Chem. 271:3351-3354.

Malchow, D., D. F. Lusche, and C. Schlatterer. 2004. A link of Ca>" to
cAMP oscillations in Dictyostelium: the calmodulin antagonist W-7 potenti-
ates cAMP relay and transiently inhibits the acidic Ca®>* store. BMC Dev.
Biol. 4:7. [Online.] http://www.biomedcentral.com/1471-213X/4/7.

Meima, M. E., K. E. Weening, and P. Schaap. 2002. Identification of a novel
type of cGMP phosphodiesterase that is defective in the chemotactic stmF
mutants. Mol. Biol. Cell 13:3870-3877.

Menz, S., J. Bumann, E. Jaworski, and D. Malchow. 1991. Mutant analysis
suggests that cyclic GMP mediates the cyclic AMP-induced Ca®>* uptake in
Dictyostelium. J. Cell Sci. 99:187-191.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

EUKARYOT. CELL

Mery, L., N. Mesaeli, M. Michalak, M. Opas, D. P. Lew, and K-H. Krause.
1996. Overexpression of calreticulin increases intracellular Ca®* storage and
decreases store-operated Ca®" influx. J. Biol. Chem. 271:9332-9339.
Michalak, M., E. F. Corbett, N. Mesaeli, K. Nakamura, and M. Opas. 1999.
Calreticulin: one protein, one gene, many functions. Biochem. J. 344:281-
292.

Michalak, M., J. M. R. Parker, and M. Opas. 2002. Ca’>" signaling and
calcium binding chaperones of the endoplasmic reticulum. Cell Calcium
32:269-278.

Milne, J. L., and P. N. Devreotes. 1993. The surface cyclic AMP receptors
cAR1, cAR2, and cAR3, promote Ca** influx in Dictyostelium discoideum by
a G alpha-2-independent mechanism. Mol. Biol. Cell 4:283-292.

Milne, J. L., L. Wu, M. J. Caterina, and P. N. Devreotes. 1995. Seven helix
cAMP receptors stimulate Ca®* entry in the absence of functional G pro-
teins in Dictyostelium. J. Biol. Chem. 270:5926-5931.

Moniakis, J., Coukell, M. B., and A. Forer. 1995. Molecular cloning of an
intracellular P-type ATPase from Dictyostelium that is up-regulated in cal-
cium-adapted cells. J. Biol. Chem. 270:28276-28281.
Miiller-Taubenberger, A., A. N. Lupas, H. Li, M. Ecke, E. Simmeth, and G.
Gerisch. 2001. Calreticulin and calnexin in the endoplasmic reticulum are
important for phagocytosis. EMBO J. 20:6772-6782.

Nakamura, K., A. Zuppini, S. Arnaudeau, J. Lynch, I. Ahsan, R. Krause, S.
Papp, H. De Smedt, J. B. Parys, W. Miiller-Esterl, D. P. Lew, K.-H. Krause,
N. Demaurex, M. Opas, and M. Michalak. 2001. Functional specialization of
calreticulin domains. J. Cell Biol. 154:961-972.

Nauli, S. M., and J. Zhou. 2004. Polycystins and mechanosensation in renal
and nodal cilia. Bioessays 26:844-856.

Nebl, T., and P. R. Fisher. 1997. Intracellular Ca®>* signals in Dictyostelium
chemotaxis are mediated exclusively by Ca?* influx. J. Cell Sci. 110:2845-
2853.

Nebl, T., M. Kotsifas, P. Schaap, and P. R. Fisher. 2002. Multiple signaling
pathways connect chemoattractant receptors and calcium channels in Dic-
tyostelium. J. Muscle Res. Cell Motil. 23:853-865.

Parent, C. A. 2004. Making all the right moves: chemotaxis in neutrophils
and Dictyostelium. Curr. Opin. Cell Biol. 16:4-13.

Patterson, R. L., D. Boehning, and S. H. Snyder. 2004. Inositol 1,4,5-triphos-
phate receptors as signal integrators. Annu. Rev. Biochem. 73:437-465.
Peiter, E., F. J. Maathuis, L. N. Mills, H. Knight, J. Pelloux, A. M. Hether-
ington, and D. Sanders. 2005. The vacuolar Ca®"-activated channel TPC1
regulates germination and stomatal movement. Nature 434:404—408.

Piper, R. C., and J. P. Luzio. 2004. CUPpling calcium to lysosomal biogen-
esis. Trends Cell Biol. 9:471-473.

Roderick, H. L., J. D. Lechleiter, and P. Camacho. 2000. Cytosolic phos-
phorylation of calnexin controls intracellular Ca®* oscillations via an inter-
action with SERCAZ2b. J. Cell Biol. 149:1235-1247.

Schaloske, R., and D. Malchow. 1997. Mechanism of cAMP-induced Ca?*
influx in Dictyostelium: role of phospholipase A2. Biochem. J. 327:233-238.
Schaloske, R., J. Son n, D. Malchow, and C. Schlatterer. 1998. Fatty
acids induce release of Ca”>* from acidosomal stores and activate capacita-
tive Ca®* entry in Dictyostelium discoideum. Biochem. J. 332:541-548.
Schaloske, R., C. Schlatterer, and D. Malchow. 2000. A Xestospongin C-
sensitive Ca* store is required for cAMP-induced Ca>" influx and cAMP
oscillations in Dictyostelium. J. Biol. Chem. 275:8404-8408.

Schlatterer, C., K. Happle, D. Lusche, and J. Sonnemann. 2004. Cytosolic
[Ca®"] transients in Dictyostelium discoideum depend on the filling state of
internal stores and on an active sarco/endoplasmic reticulum calcium ATPase
(SERCA) Ca>" pump. J. Biol. Chem. 279:18407-18414.

Schlatterer, C., G. Knoll, and D. Malchow. 1992. Intracellular calcium dur-
ing chemotaxis of Dictyostelium discoideum: a new fura-2 derivative avoids
sequestration of the indicator and allows long-term calcium measurements.
Eur. J. Cell Biol. 58:172-181.

Sonnemann, J., G. Knoll, and C. Schlatterer. 1997. cAMP-induced changes
in the cytosolic free Ca>* concentration in Dictyostelium discoideum are light
sensitive. Cell Calcium 22:65-74.

Stokes, D. L., and N. M. Green. 2003. Structure and function of the calcium
pump. Annu. Rev. Biophys. Biomol. Struct. 32:445-468.

Toyoshima, C., and G. Inesi. 2004. Structural basis of ion pumping by Ca*-
ATPase of the sarcoplasmic reticulum. Annu. Rev. Biochem. 73:269-292.
Traynor, D., J. L. Milne, R. H. Insall, and R. R. Kay. 2000. Ca®>* signaling
is not required for chemotaxis in Dictyostelium. EMBO J. 19:4846-4854.
van Dijken, P., J. C. T. Bergsma, and P. J. M. van Haastert. 1997. Phos-
pholipase-C-independent inositol 1,4,5-triphosphate formation in Dictyoste-
lium cells. Activation of a plasma-membrane-bound phosphatase by recep-
tor-stimulated Ca®* influx. Eur. J. Biochem. 244:113-119.

van Haastert, P. J. M., and P. N. Devreotes. 2004. Chemotaxis: signaling the
way forward. Nat. Rev. Mol. Cell. Biol. 5:626-634.

van Haastert, P. J. M., M. J. De Vries, L. C. Penning, F. Roovers, J. van der
Kaay, C. Erneux, and M. M. van Lookeren Campagne. 1989. Chemoattrac-
tant and guanosine 5'-[y-thio]triphosphate induce the accumulation of ino-
sitol 1,4,5,-trisphophate in Dictyostelium cells that are labelled with [°H]-
inositol by electroporation. Biochem. J. 258:577-586.

Veltman, D. M., J. S. De Boer, and P. J. M. van Haastert. 2003. Chemoat-




VoL. 4, 2005

58.

59.

tractant-stimulated calcium influx in Dictyostelium discoideum does not de-
pend on cGMP. Biochim. Biophys. Acta Gen. Subj. 1623:129-134.

Xu, W., F. J. Longo, M. R. Wintermantel, X. Jiang, R. A. Clark, and S.
DeLisle. 2000. Calreticulin modulates capacitative Ca>* influx by controlling
the effect of inositol 1,4,5-triphosphate-induced Ca®* store depletion.
J. Biol. Chem. 275:36676-36682.

Yumura, S., K. Furuya, and 1. Takeuchi. 1996. Intracellular free calcium

MOLECULAR GENETICS OF Ca*" SIGNALING IN D. DISCOIDEUM

60.

61.

1525

responses during chemotaxis of Dictyostelium cells. J. Cell Sci. 109:2673—
2678.

Zuppini, A., J. Groenendyk, L. A. Cormack, G. Shore, M. Opas, R. C.
Bleackley, and M. Michalak. 2002. Calnexin deficiency and endoplasmic
reticulum stress-induced apoptosis. Biochemistry 41:2850-2858.

Zylinska, L., and M. Sosyzinski. 2000. Plasma membrane Ca’*-ATPase in
excitable and nonexcitable cells. Acta Biochim. Pol. 47:529-539.



