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ABSTRACT The Ca2�-mediated signaling pathway is crucial for environmental ad-
aptation in fungi. Here we show that calnexin, a molecular chaperone located in the
endoplasmic reticulum (ER), plays an important role in regulating the cytosolic free
calcium concentration ([Ca2�]c) in Aspergillus nidulans. Inactivation of calnexin (ClxA)
in A. nidulans caused severe defects in hyphal growth and conidiation under ER
stress caused by the ER stress-inducing agent dithiothreitol (DTT) or high tempera-
ture. Importantly, defects in the ΔclxA mutant were restored by the addition of ex-
tracellular calcium. Furthermore, the CchA/MidA complex (the high-affinity Ca2�

channels), calcineurin (calcium/calmodulin-dependent protein phosphatase), and
PmrA (secretory pathway Ca2� ATPase) were required for extracellular calcium-based
restoration of the DTT/thermal stress sensitivity in the ΔclxA mutant. Interestingly,
the ΔclxA mutant exhibited markedly reduced conidium formation and hyphal
growth defects under the low-calcium condition, which is similar to defects caused
by mutations in MidA/CchA. Moreover, the phenotypic defects were further exacer-
bated in the ΔclxA ΔmidA ΔcchA mutant, which suggested that ClxA and MidA/CchA
are both required under the calcium-limiting condition. Using the calcium-sensitive
photoprotein aequorin to monitor [Ca2�]c in living cells, we found that ClxA and
MidA/CchA complex synergistically coordinate transient increase in [Ca2�]c in re-
sponse to extracellular calcium. Moreover, ClxA, in particular its luminal domain,
plays a role in mediating the transient [Ca2�]c in response to DTT-induced ER stress
in the absence of extracellular calcium, indicating ClxA may mediate calcium release
from internal calcium stores. Our findings provide new insights into the role of cal-
nexin in the regulation of calcium-mediated response in fungal ER stress adaptation.

IMPORTANCE Calnexin is a well-known molecular chaperone conserved from yeast
to humans. Although it contains calcium binding domains, little is known about the
role of calnexin in Ca2� regulation. In this study, we demonstrate that calnexin
(ClxA) in the filamentous fungus Aspergillus nidulans, similar to the high-affinity cal-
cium uptake system (HACS), is required for normal growth and conidiation under
the calcium-limiting condition. The ClxA dysfunction decreases the transient cytoso-
lic free calcium concentration ([Ca2�]c) induced by a high extracellular calcium or
DTT-induced ER stress. Our findings provide the direct evidence that calnexin plays
important roles in regulating Ca2� homeostasis in addition to its role as a molecular
chaperone in fungi. These results provide new insights into the roles of calnexin and
expand knowledge of fungal stress adaptation.
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The Ca2�-mediated signaling pathway plays a crucial role in fungal survival under
various stresses (1, 2). Upon stimulation, the plasma membrane Ca2� influx system

is activated, resulting in rapid Ca2�influx, which is directly sensed by the central Ca2�

sensor calmodulin and subsequently retransmitted to cellular targets (3, 4). The best-
studied Ca2�-responsive signaling pathway in fungi involves the calcineurin and
calcineurin-dependent dephosphorylation of Crz1, a zinc finger transcription factor
(5–7). Subsequently, an increased cytosolic free calcium concentration ([Ca2�]c) returns
to its normally low resting level within the cytosol due to various calcium pumps and
calcium antiporters, as well as cytoplasmic calcium buffering (8, 9). Two different
calcium carrier systems have been identified in most fungal species: the high-affinity
Ca2� influx system (HACS) and the low-affinity calcium influx system (LACS) (10–13).
The main components of the HACS are an � subunit of the mammalian voltage-gated
Ca2�-channel homolog Cch1 and a stretch-activated � subunit called Mid1 (14–16).
Loss of the HACS results in an inability to grow under low-calcium conditions. Fig1 is
the only characterized member of the LACS in fungi, and in Saccharomyces cerevisiae
Fig1 facilitates Ca2� influx and cell fusion during mating (12).

Besides Ca2� taken up from the extracellular environment, the Ca2� released from
internal calcium pools such as the endoplasmic reticulum (ER) and vacuoles is also
valuable to increase intracellular Ca2� concentrations (17, 18). The ER is a specialized
organelle responsible for multiple functions, including the synthesis and processing of
secreted proteins and lipid metabolism. High Ca2� concentrations are required for the
activities of numerous enzymes in the ER. In S. cerevisiae, the concentration of Ca2� in
the ER is approximately 100-fold greater than that in the cytoplasm and even higher in
mammalian cells (18–20). In mammalian cells, calcium transport to the endoplasmic/
sarcoplasmic reticulum is mediated by sarco-endoplasmic reticulum Ca2� ATPases
(SERCA) (21, 22). Yeast cells lack homologs of the SERCA pumps but express Pmr1p, a
homolog of mammalian secretory pathway Ca2� ATPases (SPCAs). Pmr1p is the func-
tional equivalent of mammalian SERCA, and the mutant lacking pmr1p accumulated
only half as much Ca2� in the ER (19, 23). Different stimuli can disrupt ER function,
including calcium depletion from the ER lumen (24, 25). Rapid Ca2� release lowers the
Ca2� concentration in the ER and elevates free Ca2� levels in the cytosol, which can
then activate various signal transduction pathways (26). Evidence indicates that one
response to ER stress is the stimulation of Ca2� influx across the plasma membrane
through HACS, which serves to replenish the Ca2�-depleted ER stores in both animal
and yeast cells (25, 26).

Besides calcium pumps, Ca2�-binding proteins in the ER lumen are thought to play
important roles in maintaining Ca2� concentrations in the ER. Calnexin is a type I
transmembrane protein, and calnexin and its lumenal soluble homolog calreticulin are
known to be the two major calcium-binding proteins of the ER in mammalian cells (27,
28). However, only calnexin has been identified in most fungal species (29). As a key ER
chaperone, calnexin promotes protein folding and prevents aggregation by binding to
nascent glycoproteins as they enter the ER (30, 31). To date, the function of calnexin as
a chaperone is well documented (32, 33). In addition to its role as a molecular
chaperone, calnexin is also capable of binding Ca2� and has been proposed to be
involved in the retention of soluble ER proteins in a Ca2�-dependent manner (27).
Calnexin possesses four characteristic KPEDWDE motifs, which have been suggested
to represent the high-affinity calcium binding domain of calnexin and calreticulin
(34, 35). One exception is calnexin from S. cerevisiae, which contains only a single
copy of the KPEDWD repeat domain. Consistent with their characteristic structure,
all calnexins and calreticulins tested thus far bind calcium, except for S. cerevisiae
Cne1P (34, 36, 37). Although it contains a calcium binding domain, little is known
about the role of calnexin in Ca2� regulation. In Schizosaccharomyces pombe, the
expression of Cnx1 can be induced by the calcium ionophore A23187, indicating
that Cnx1 plays a role in Ca2� regulation or sequestration (34). However, direct
evidence for this effect is still lacking.

Aspergillus species are among the most abundant fungi worldwide. Among them,
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Aspergillus nidulans has been used as a model organism to study many biological
processes and fungal stress adaptation. In this study, we found that an A. nidulans clxA
null mutant was sensitive to ER stress-inducing agent dithiothreitol (DTT) and thermal
stress and that this phenotype could be rescued by the addition of extracellular
calcium. Moreover, using codon-optimized aequorin as a calcium reporter in living cells,
we found that clxA dysfunction significantly decreased the amplitude of the transient
[Ca2�]c induced by extracellular calcium and dithiothreitol (DTT) stimulation. Further-
more, we showed that ClxA—in particular its luminal domain—plays an important role
in regulating Ca2� homeostasis in response to ER stress.

RESULTS
Identification of a calnexin homolog in A. nidulans. Using NCBI BLASTp (http://

www.ncbi.nlm.nih.gov/BLAST/), we identified a putative A. nidulans ortholog of the
Homo sapiens and S. pombe calnexin/calreticulin, referred to as ClxA (AN3592.4; Gen-
Bank accession no. CBF75819.1). ClxA is a 561-amino-acid protein that showed 46.4%
and 38.7% identities to S. pombe and Homo sapiens calnexin, respectively. Bioinformatic
analysis revealed ClxA shares a similar overall arrangement to H. sapiens and S. pombe
calnexin, with a predicted N-terminal cleavable signal sequence, a transmembrane
domain proximal to a cytoplasmic domain, and importantly, four repeats of the KPE
DWDE motif (Fig. 1A and B). The KPEDWDE motif repeats are conserved in almost all
calnexins and have been suggested to be high-affinity calcium binding sites (34, 35).
Microscopic examination of a ClxA-green fluorescent protein (GFP) fusion protein
showed that ClxA was predominantly localized to the endoplasmic reticulum (ER),
with a network of strands around the peripheral nuclear envelope (Fig. 1C).
Furthermore, Western blotting was performed to verify the expression of the fusion
protein. After accounting for GFP as a 27-kDa protein, the relative molecular mass
of ClxA was approximately 73 kDa, which is clearly higher than the predicted
molecular mass of 62 kDa (Fig. 1D). This anomalous migration on SDS-PAGE was

FIG 1 Bioinformatic identification and subcellular location of ClxA. (A) Schematic representation of the
conserved motifs of calnexin homologs in A. nidulans, S. pombe, and H. sapiens. The cutline indicates the
position of the predicted cleavable signal peptide. TM, transmembrane domain. (B) Comparision of
predicted high-affinity calcium binding motifs. The numbers denote the place on the original sequence
of the first residue in the motif. (C) ClxA localizes in the ER as shown by using GFP-tagged fusion proteins.
DAPI (4[prime],6-diamidino-2-phenylindole) was used to visualize nuclei. (D) Western blot analysis using
an anti-GFP antibody detected a fusion protein of ClxA-GFP with a size of approximately 100 kDa.
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also observed for S. pombe calnexin (Cnx1), which has a predicted molecular mass
of 63 kDa compared to the apparent molecular mass of 91 kDa. Posttranslational
modifications such as N-glycosylation are likely to be responsible for the discrep-
ancy (27, 34).

Sensitivity to thermal/DTT stress in the �clxA mutant can be restored by extra-
cellular calcium. To explore the function of the clxA gene, a clxA null mutant (ΔclxA) was
generated by homologous recombination in which the clxA open reading frame (ORF)
was replaced with the pyr4 selectable marker. Diagnostic PCR confirmed that the ΔclxA
strain had the correct insertion of the pyr4 disruption cassette, and no original clxA ORF
was detected (see Fig. S1 in the supplemental material). As shown in Fig. 2A and B,
there were no detectable differences between the ΔclxA mutant and the parental
wild-type (WT) strain when grown at 30°C on minimal medium (MM). In comparison,
the hyphal radial growth of the ΔclxA mutant at 42°C showed a 29% � 2.1% reduction
compared to the parental wild-type strain. Moreover, the loss of clxA dramatically
increased hyphal branching frequencies compared to that in the wild type under
thermal stress (see Fig. S2 in the supplemental material). Conidiation in the ΔclxA
mutant was almost abolished at 42°C. As expected, the expression of brlA, a center
regulator of conidiation was dramatically reduced in the ΔclxA mutant under heat stress
(see Fig. S3 in the supplemental material). Next, we compared the growth of the ΔclxA
mutant and the parental wild-type strain in the presence of dithiothreitol (DTT), a
reducing agent that disrupts disulfide bonds. Consistent with the results obtained from
the thermal stress test (culture at 42°C), hyphal radial growth and total conidium
production in the ΔclxA mutant on MM plus 2 mM DTT decreased to 74% � 3.1% and
2% � 0.6%, respectively, compared to that of cultures grown on MM alone (Fig. 2C and
D). In contrast, there were minimal effects on the parental wild-type strain under the
same test conditions, except for the production of yellow conidia under DTT stress. In
addition, ectopically expressed clxA was able to completely rescue these defects in the

FIG 2 The sensitivity to thermal/DTT stress in the ΔclxA mutant can be restored by extracellular calcium.
(A) Colony morphology comparison for the indicated strains grown on solid MM in the presence or
absence of 200 mM CaCl2 at 30 or 42°C for 2.5 days. (B) Quantitative total conidial production for the
strains shown in panel A. (C) Colony morphology comparison for the indicated strains grown on solid MM
in the presence or absence of 200 mM CaCl2 and/or 2 mM DTT at 30°C for 2.5 days. (D) Quantitative total
conidial production for the strains shown in panel C. Error bars represent standard deviations from three
replicates. Different lowercase letters on the bars of each group represent significant differences among
strains (Tukey’s multiple-comparison test, P � 0.05).
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ΔclxA mutant strain, showing that these phenotypes were specifically due to the loss of
clxA.

Importantly, we found that sensitivity to thermal stress in the ΔclxA mutant could be
dramatically restored by the addition of extracellular calcium. Moreover, restoration of
the defective phenotypes showed a dose-dependent response to calcium addition.
Interestingly, the addition of calcium could boost the growth and conidiation of the
parental wild type to some extent under thermal stress (see Fig. S4 in the supplemental
material). As mentioned above, the conidiation of the ΔclxA mutant was almost
abolished at 42°C. However, when the ΔclxA mutant was grown in the presence of 200
mM CaCl2 at 42°C, the total conidium production reached 45% � 6.4% of that of the
parental wild-type strain (Fig. 2A and B). Accordingly, total conidium production in the
ΔclxA mutant increased from 3% � 1.2% on MM with 2 mM DTT to 32% � 6.2% on MM
with 2 mM DTT plus 200 mM CaCl2, compared to the reference strain (Fig. 2C and D).
Collectively, the above results showed that extracellular calcium could restore the
growth and conidiation defects seen in the ΔclxA mutant under ER stress caused by
high temperature or DTT.

MidA and CchA are required for the extracellular calcium-based restoration of
DTT/thermal stress sensitivity in the �clxA mutant. The HACS components MidA
and CchA are required for Ca2� influx from the extracellular environment (14). To
investigate if MidA and CchA are required for the extracellular calcium-based restora-
tion of thermal/DTT sensitivity in the ΔclxA mutant, a ΔclxA ΔmidA ΔcchA mutant was
generated by genetic crossing of ΔclxA and ΔmidA ΔcchA mutants, as described in
Materials and Methods. Consistent with our previous report (14), the ΔmidA ΔcchA
mutant showed a smaller colony size with decreased conidium production compared
to that of the parental wild type when grown on MM. Thermal stress or the addition of
2 mM DTT to MM further aggravated the hyphal growth and conidiation defects.
Hyphal radial growth and the total conidium production in the ΔmidA ΔcchA mutant at
42°C were decreased by 12% � 0.4% and 66% � 6.2%, respectively, compared with
those at 30°C (Fig. 3A and B). Furthermore, the hyphal radial growth and the total
conidium production in the ΔmidA ΔcchA mutant showed 12% � 0.5% and 61% � 19%
reductions, respectively, on MM plus 2 mM DTT compared with colonies grown on MM
alone (Fig. 3C and D). These results suggested that midA and cchA were involved in
fungal thermal and DTT tolerance. As expected, exogenous Ca2� substantially restored
the defects seen in the ΔmidA ΔcchA mutant under either thermal or DTT stress.

In comparison, the ΔclxA ΔmidA ΔcchA mutant showed more severe hyphal radial
growth and conidiation defects than the ΔmidA ΔcchA or ΔclxA mutants on MM at 30°C.
Conidiation in the ΔclxA ΔmidA ΔcchA mutant was almost completely abolished even
at 30°C (Fig. 3A and B). Moreover, thermal stress or the addition of 2 mM DTT on MM
further aggravated the defects seen in the ΔclxA ΔmidA ΔcchA mutant. However,
contrary to the ΔclxA and ΔmidA ΔcchA mutants, in which extracellular calcium restored
the hyphal radial growth and conidiation defects, the addition of calcium could not
restore the defects in the ΔclxA ΔmidA ΔcchA mutant under DTT stress, but could
partially restore the defects under thermal stress. The total conidium production in the
ΔclxA ΔmidA ΔcchA mutant was 17% � 3.3% compared to that in the ΔclxA mutant
when supplemented with 200 mM CaCl2 at 42°C. Taken together, the above results
suggested that ClxA and MidA/CchA coordinate the fungal ER stress response. The
MidA/CchA channels are required for extracellular calcium-based restoration of the
hyphal radial growth and conidiation defects seen in the ΔclxA mutant under DTT or
thermal stress.

DTT/thermal stress sensitivity in the �clxA mutant can be rescued by extra-
cellular Ca2� in a calcineurin-dependent manner. Extracellular CaCl2 results in
calcium uptake and a transient increase in [Ca2�]c, which leads to calcineurin activation
and subsequent Crz1 dephosphorylation (1, 7). To investigate the relationship between
calcineurin and clxA, cnaA (encoding the � subunit of calcineurin) was deleted in the
ΔclxA mutant background. Consistent with our previous report, the ΔcnaA strain
displayed a compact colony morphology with severe defects in hyphal radial growth
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and conidiation on MM (2). The addition of 2 mM DTT on MM but not thermal stress
aggravated the conidiation defects seen in the ΔcnaA mutant. Moreover, the conidia-
tion defect was further aggravated in the ΔclxA ΔcnaA mutant, where conidium
production was completely abolished on MM. In contrast to the ΔcnaA mutant, where
extracellular CaCl2 could restore the conidiation defects under DTT stress, this restora-
tion was not seen in the ΔcnaA ΔclxA mutant (Fig. 4A and B; see Fig. S5 in the
supplemental material).

We further tested the roles of crzA, which is one of the most well-known targets of
calcineurin in fungi, in response to DTT and thermal stress (6, 7). The ΔcrzA mutant is
sensitive to DTT but not to thermal stress, which is consistent with the results from our
ΔcnaA mutant. Hyphal radial growth and total conidium production in the ΔcrzA
mutant showed 24% � 1.5% and 54% � 7.1% reductions, respectively, on MM plus 2
mM DTT compared with cultures grown on MM alone. Moreover, the addition of DTT
or thermal stress potentiated the defects seen in the ΔcrzA ΔclxA mutant. However,
both the ΔcrzA and ΔcrzA ΔclxA mutants exhibited extracellular calcium sensitivity (Fig.
4C and D; Fig. S5). Collectively, the above results indicated that calcineurin and its
target gene, crzA, are involved in the fungal response to DTT stress. Moreover, resto-
ration of DTT/thermal stress sensitivity in the ΔclxA mutant is calcineurin dependent.

Loss of pmrA abolishes extracellular calcium-based restoration of the DTT/
thermal sensitivity in the �clxA mutant. Different stimuli can cause disruption of ER
function, including calcium depletion from the ER lumen. The SPCA pump Pmr1 gene,
which encodes a Ca2�/Mn2� P-type ATPase, has been shown to play a crucial role in
replenishing Ca2�-depleted organelles under ER stress (3, 23). Since the above results
suggested that ClxA is involved in fungal ER stress adaptation, we hypothesized that
ClxA and PmrA may coordinate the fungal ER stress response. To investigate the link
between clxA and pmrA, we crossed the ΔclxA and ΔpmrA mutants. Consistent with our
previous report (38), the ΔpmrA mutant showed a slight reduction in hyphal radial

FIG 3 MidA and CchA are required for the extracellular calcium-based restoration of the DTT/thermal stress
sensitivity in the ΔclxA mutant. (A) Colony morphology comparison for the indicated strains grown on solid
MM in the presence or absence of 200 mM CaCl2 at 30 or 42°C for 2.5 days. (B) Quantitative total conidial
production for the strains shown in panel A. (C) Colony morphology comparison for the indicated strains
grown on solid MM in the presence or absence of 200 mM CaCl2 and/or 2 mM DTT at 30°C for 2.5 days. (D)
Quantitative total conidial production for the strains shown in panel C. Error bars represent standard
deviation from three replicates. Different lowercase letters on the bars of each group represent significant
differences among strains (Tukey’s multiple-comparison test, P � 0.05).
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growth and conidiation compared to the wild-type strain. Expectedly, the ΔclxA ΔpmrA
double deletion mutant showed a further decrease in the hyphal radial growth and
conidiation on MM compared to that seen in the single mutants (Fig. 5A and B).
Moreover, thermal stress or the addition of 2 mM DTT to MM completely abolished
conidiation in the ΔclxA ΔpmrA mutant. Importantly, in contrast to the ΔclxA mutant,
where extracellular Ca2� could restore the defects seen under DTT or thermal stress,
this restoration was abolished in the ΔclxA ΔpmrA mutant (Fig. 5A to D). These results
indicate that blocking Ca2� entry into the ER by deletion of pmrA abolished extracel-
lular calcium-based restoration of the DTT/thermal sensitivity in the ΔclxA mutant.

ClxA and MidA/CchA synergistically coordinate in response to extracellular
calcium. Extracellular calcium restored the sensitivity to thermal/DTT stress in both the
ΔclxA and ΔmidA ΔcchA mutants. We hypothesized that clxA may be involved in
intracellular calcium homeostasis. Consistent with this hypothesis, the ΔclxA mutant
exhibited increased EGTA (calcium chelator) sensitivity compared to the parental strain
(Fig. 6A and B). Moreover, phenotypic defects in hyphal radial growth and conidiation
were exacerbated in the ΔclxA ΔmidA ΔcchA mutant, especially in the presence of EGTA.
Notably, growth retardation of the ΔclxA ΔmidA ΔcchA mutant under low-calcium
conditions was greatly reversed by the addition of 200 mM calcium to MM. These
results suggested that ClxA and MidA/CchA are both required under the calcium-
limiting conditions, but may have some nonoverlapping roles in maintaining intracel-
lular calcium homeostasis.

To further explore the roles of ClxA in the transient [Ca2�]c, we monitored the
extracellular calcium-induced changes in [Ca2�]c in live A. nidulans wild-type and
mutant cells in which codon-optimized aequorin was expressed. As shown in Fig. 6C
and D, when treated with 100 mM CaCl2, the [Ca2�]c in parental wild-type cells
transiently increased from a resting level of approximately 0.09 �M to a peak concen-
tration of 0.9 �M. As expected, the ΔmidA ΔcchA mutant showed a reduction of 37% �

3.0% in the transient [Ca2�]c under the same stimulation condition. Interestingly, the
loss of clxA showed a reduction of 20% � 2.2% in the transient [Ca2�]c. Moreover, the

FIG 4 The DTT/thermal stress sensitivity in the ΔclxA mutant can be rescued by extracellular Ca2� in a
calcineurin-dependent way. (A and C) Quantitative total conidial production for the indicated strains
grown on solid MM in the presence or absence of 200 mM CaCl2 at 30 or 42°C for 2.5 days. (B and D)
Quantitative total conidial production for the indicated strains grown on solid MM in the presence or
absence of 200 mM CaCl2 and/or 2 mM DTT at 30°C for 2.5 days. Different lowercase letters on the bars
of each group represent significant differences among strains (Tukey’s multiple-comparison test, P �
0.05).
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ΔclxA ΔmidA ΔcchA mutant exhibited a dramatic further reduction of 54% � 4.2%
in the transient [Ca2�]c under the same stimulation condition. Those results suggested
that ClxA and MidA/CchA complex synergistically coordinate the transient [Ca2�]c in
response to extracellular calcium.

ClxA mediates transient [Ca2�]c in response to ER stress. Activation of the
calcium signaling pathway is necessary for long-term survival of cells undergoing ER
stress. The above results suggested that ClxA was involved in the transient [Ca2�]c in
response to extracellular calcium. To further explore the role of ClxA in mediating the
transient [Ca2�]c in response to ER stress, we measured the transient [Ca2�]c in hyphal
cells upon treatment with DTT after supplementation with EGTA to chelate extracellular
calcium. As shown in Fig. 7A, after addition of 10 mM DTT to the medium, all strains
responded with increased transient [Ca2�]c. However, the ΔclxA mutant exhibited a
significantly lower increase in transient [Ca2�]c compared to the parental wild-type
strain. The transient [Ca2�]c in the ΔclxA mutant was decreased to approximately
63% � 6.1% of the parental wild-type strain under the same stimulation conditions.

As for all mammalian and S. pombe calnexins, ClxA has four repeats of the sequence
KPEDWDE in the luminal domain, which have been reported to play a role in binding
calcium and glucose (34, 35). To characterize the function of the luminal domain of ClxA
in mediating the transient [Ca2�]c, a truncated clxA gene that contains the luminal
domain of ClxA (clxAΔc) was used to complement the ΔclxA mutant. As shown in Fig.
7B, when treated with 100 mM CaCl2, the transient [Ca2�]c in the clxAΔc mutant was
similar to that in the ΔclxA mutant. In comparison, the transient [Ca2�]c increased from
63% � 6.1% in the ΔclxA mutant to 86% � 4.2% in the clxAΔc mutant, compared to the
reference strain after addition of 10 mM DTT to the medium (Fig. 7A). This suggested
that the ClxA luminal domain plays a role in mediating transient [Ca2�]c in response to

FIG 5 Loss of pmrA abolishes extracellular calcium-based restoration of the DTT/thermal sensitivity in the
ΔclxA mutant. (A) Colony morphology comparison for the indicated strains grown on solid MM in the
presence or absence of 200 mM CaCl2 at 30 or 42°C for 2.5 days. (B) Quantitative total conidial production
for the strains shown in panel A. (C) Colony morphology comparison for the indicated strains grown on
solid MM in the presence or absence of 200 mM CaCl2 and/or 2 mM DTT at 30°C for 2.5 days. (D)
Quantitative total conidial production for the strains shown in panel C. Error bars represent standard
deviations from three replicates. Different lowercase letters on the bars of each group represent significant
differences among strains (Tukey’s multiple-comparison test, P � 0.05).
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ER stress but not to extracellular calcium stimulus. Furthermore, the conidiation and
hyphal radial growth defects of the ΔclxA mutant were completely restored under DTT
and partially restored under thermal stress by complementation with the luminal
domain (Fig. 7C and D). Taken together, these results suggest that ClxA, in particular its
luminal domain, plays a role in mediating the transient [Ca2�]c in response to ER stress
in the absence of extracellular calcium.

DISCUSSION

The results presented herein show that ClxA, a molecular chaperone located in the
ER, plays crucial roles in regulating [Ca2�]c homeostasis in A. nidulans. Consistent with
its role as a molecular chaperone in glycoprotein folding and quality control in the ER,
calnexin null mutants of several fungi show sensitivity to many adverse environmental
conditions that cause protein misfolding, including high temperature, nutrient limita-
tion, or cation depletion (39, 40). Importantly, we found that the addition of calcium
could dramatically restore the sensitivity seen in the ΔclxA mutant under ER stress
induced by high temperature or DTT. Moreover, the ΔclxA mutant exhibited markedly
reduced conidium formation and hyphal growth defects under low-calcium conditions,
which are similar to defects caused by mutations in the HACS components MidA and
CchA (14). All the above results support the notion that clxA is involved in calcium
sequestration or regulation in A. nidulans.

To further explore the role of clxA in [Ca2�]c regulation, we monitored transient
[Ca2�]c in response to stimuli in real time. The transient [Ca2�]c in the ΔclxA mutant was
lower (approximately 20% lower) than that in the parental wild-type control following
treatment with a high-extracellular-calcium stress stimulus, suggesting that the loss of
clxA reduced calcium influx into the cytoplasm. Moreover, the ΔclxA ΔmidA ΔcchA triple

FIG 6 ClxA mediates transient [Ca2�]c in response to extracellular calcium stimulus. (A) Colony morphology
comparison for the indicated strains grown on solid MM in the presence or absence of 200 mM CaCl2 or
2 mM EGTA at 30°C for 2.5 days. (B) Quantitative total conidial production for the strains shown in panel
A. (C) Real-time monitoring of the [Ca2�]c of indicated strains following a stimulus with 100 mM CaCl2. (D)
The peak of transient [Ca2�]c of the indicated strains after treatment with 100 mM CaCl2. Error bars
represent standard deviations from three replicates. Different lowercase letters on the bars of each group
represent significant differences among strains (Tukey’s multiple-comparison test, P � 0.05).
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mutant had a further decreased transient [Ca2�]c than the ΔclxA single mutant under
the same stimulation condition, suggesting that clxA may have a different function
from that of the MidA/CchA complex in transient [Ca2�]c. The transient increase in
[Ca2�]c may be the result of uptake from the extracellular environment or release from
intracellular calcium stores. We further tested the transient [Ca2�]c of EGTA-pretreated
cells in response to DTT stimulation. As expected, when calcium influx from the
extracellular environment was blocked by the addition of EGTA, the transient [Ca2�]c in
the ΔclxA mutant was also decreased (approximately 30%) compared to that in the
reference strain in response to DTT treatment. These data suggested that ClxA mediates
the release of intracellular calcium stores under ER stress in the absence of extracellular
calcium. Considering the location of the ER, ClxA may mediate Ca2� release from the
ER, a reservoir of Ca2� primarily mobilized for signaling (25, 41).

ER stress can promote prolonged depletion of calcium that will lead to cell death.
To offset the detrimental effects of Ca2� efflux, most cells employ a regulatory
mechanism known as capacitative calcium entry (CCE), which stimulates Ca2� influx
specifically in response to the removal of Ca2� from the ER (26, 42). The evidence to
date has shown that a high-affinity Ca2� influx channel composed of Cch1/Mid1 allows
calcium influx across the plasma membrane, which helps replenish the depleted
organelles under ER stress (25, 26, 43). Furthermore, Pmr1, which localizes primarily to
the Golgi complex of S. cerevisiae, supplies the majority of the Ca2� and Mn2� to the
ER and Golgi complex. The loss of pmr1 also activates HACS (3, 19, 44). Thus, cch1/mid1
and pmr1 all appear to function within a signaling pathway that promotes the acqui-
sition and concentration of essential Ca2� into secretory organelles, which closely
parallels the CCE pathway of animal cells (26). As mentioned above, the addition of
calcium restored the defects seen in the ΔclxA mutant under ER stress, and we thought
that the addition of calcium may be able to replenish the Ca2�-depleted ER in the ΔclxA
mutant under ER stress. To test our hypothesis, we constructed a ΔclxA ΔmidA ΔcchA
mutant and a ΔclxA ΔpmrA mutant. As expected, when Ca2� entry into the ER was
blocked by the deletion of midA/cchA or pmrA, the calcium-based restoration seen in
the ΔclxA mutant was abolished. Collectively, these results suggested that ClxA may
cooperate with MidA/CchA and PmrA to maintain ER Ca2� homeostasis under ER stress.

FIG 7 ClxA mediates transient [Ca2�]c in response to ER stress. (A) The peak of transient [Ca2�]c of the
indicated strains after treatment with EGTA and DTT. (B) The peak of transient [Ca2�]c of the indicated
strains after treatment with 100 mM CaCl2. Error bars represent standard deviations from three replicates.
Different lowercase letters on the bars of each group represent significant differences among strains
(Tukey’s multiple comparison test, P � 0.05). (C) Colony morphology comparison for the indicated strains
grown on solid MM in the presence or absence of 200 mM CaCl2 at 30 or 42°C for 2.5 days. (D) Colony
morphology comparison for the indicated strains grown on solid MM in the presence or absence of 200 mM
CaCl2 and/or 2 mM DTT at 30°C for 2.5 days.
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The regulation of ions in the ER is of central importance to the cell, given the
numerous functions of this organelle. Recently, we reported that AkrA, a putative
palmitoyl transferase in A. nidulans, mediates calcium influx by a DHHC (Asp-His-His-
Cys)-dependent mechanism, performing an essential role in calcium homeostasis and
allowing cells to survive high extracellular calcium, ER, and plasma membrane stress
conditions. The loss of AkrA completely abolishes transient increase in [Ca2�]c in
response to ER stress in the absence of extracellular calcium, suggesting palmitoylation
plays an important role in mediating calcium release from intracellular stores in
response to ER stress (17). Interestingly, the mammalian protein calnexin can switch its
roles between quality control and ER Ca2� signaling through palmitoylation. Palmitoy-
lated calnexin interacts with sarcoplasmic/endoplasmic reticulum ATPase (SERCA2b),
which determines ER [Ca2�] and the regulation of ER-mitochondria Ca2� cross talk. In
contrast, nonpalmitoylated calnexin interacts with the oxidoreductase ERp57 and
performs its well-known function in ER quality control (45). However, SERCA pumps are
absent in organisms such as fungi. Thus, it is likely that a more widely conserved p-type
ATPase in the ER, such as Cod1p/spf1p or Cta4p is responsible for ER ion maintenance
in fungi (46, 47). It is possible ClxA interacts with an alternative ATPase in the ER to
regulate ER Ca2� homeostasis. However, ClxA contains four conserved motifs in its
lumen, which have been proven to be involved in Ca2� binding in both yeast and
mammalian cells. Our data showed that this domain is crucial for the restoration of the
transient [Ca2�]c increases in response to ER stress. Thus, ClxA itself may also act as a
calcium-binding protein to buffer Ca2� in the ER.

In conclusion, our results provide the report that ClxA, an ER located chaperone
plays an important role in the regulation of Ca2� homeostasis in fungi. We further
provide evidence that ClxA cooperates with the conserved calcium signaling pathway
components MidA/CchA, calcineurin, and PmrA in fungal ER stress adaptation. A
putative working model of this mechanism is presented in Fig. 8. Our results expand
knowledge of the function of calnexin and mechanisms of fungal stress adaptation.

MATERIALS AND METHODS
Strains, media, and cultural conditions. All A. nidulans strains used in this study are listed in Table

1. TN02A7, a strain with deletion of a gene required for nonhomologous end joining in double-strand
break repair (48), was used in all transformation experiments as a reference strain. All fungal strains were
routinely cultured on minimal medium (MM) with nutrition supplements to support the growth of
relevant auxotrophic strains as described previously (49).

Genetic mutant strain construction. To generate constructs for the ΔclxA strain, the double-joint
PCR method was used as previously described (50). In brief, a 932-bp 5=-flank DNA fragment and a
1,081-bp 3=-flank DNA fragment were amplified from genomic DNA (gDNA) of A. nidulans reference strain
TN02A7 using the primers P1/P3 and P4/P6, respectively. The Aspergillus fumigatus pyrG gene, used as a
selectable nutritional marker for transformation, was amplified from the plasmid pXDRFP4 (Fungal
Genetics Stock Center) using the primer pair AfpyrGF/AfpyrGR. The linearized DNA fragment, including a
5= flank of clxA, pyrG, and a 3= flank of clxA, was amplified with primer pair P2/P5. The final fusion PCR
product was purified and transformed into TN02A7. A diagnostic PCR assay was performed to detect clxA
replaced by A. fumigatus pyrG (AfpyrG) at the original clxA locus using primer pairs P1/AfpyrGR,
AfpyrGF/P6, and clxA(S)/clxA(R), respectively. Furthermore, reverse transcription-PCR (RT-PCR) was per-
formed to confirm the deletion of the clxA gene at transcriptional level using primer pair RTclxAF/RTclxAR.
The same strategy was used to construct the crzA deletion (ΔcrzA) strain. To complement the ΔclxA strain,

FIG 8 A working model of how ClxA function regulates [Ca2�]c homeostasis in A. nidulans. ClxA
coordinates with MidA/CchA to regulate [Ca2�]c homeostasis in response to extracellular calcium
stimulus. ClxA regulates [Ca2�]c homeostasis in response to ER stress in the absence of extracellular
calcium.
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a 4,061-bp fragment, which includes a 1,811-bp promoter region, a 1,901-bp coding sequence, and the
3= flank of the clxA gene, was amplified from TN02A7 with primer pair ReclxAP1/ReclxAP3. The selectable
nutritional marker pyroA was amplified from the plasmid pQa-pyroA with primer pair pyroAF/pyroAR, and
then the two fragments were fused together by PCR with primer pair ReclxAP2/pyroAR. The resulting
fusion products were transformed to the ΔclxA strain. To complement the ΔclxA strain with its luminal
domain, the fragment including a promoter sequence and a luminal domain of clxA and the fragment
including the 3= terminator of clxA were amplified with primer pairs clxALP1/clxALP3 and clxALP4/clxALP5,
respectively, and then the two fragments and the selective marker gene pyroA were fused together by
PCR with primers clxALP2/pyroAR1. The resulting fusion products were transformed to the ΔclxA strain.
To construct the ΔclxA ΔmidA ΔcchA, ΔclxA ΔcnaA, ΔclxA ΔcrzA, and ΔclxA ΔpmrA mutants, the ΔclxA
strain was crossed with the ΔmidA ΔcchA (14), ΔcnaA (51), and ΔpmrA (38) mutants, respectively. All
progeny were screened according to a standard protocol (49).

To localize ClxA, a gfp-pyrG fragment was amplified from plasmid pFNO3 using primer pair GFPAf-
pyrGF/GFPAfpyrGR. The same approach as that described previously (48) was used to construct the
ClxA-GFP fusion cassette. In brief, a 1,451-bp fragment immediately upstream of the clxA stop codon and
a 1,426-bp fragment immediately downstream of the clxA stop codon were amplified from strain TN02A7
using primer pairs GFPclxAP1/GFPclxAP3 and GFPclxAP4/GFPclxAP6, respectively. The ClxA-GFP fusion PCR
cassette (using primer pair GFPclxAP2/GFPclxAP5) was transformed into strain TN02A7, and the transfor-
mants embedding homologous integration were verified by PCR using primer pair GFPclxAP1/GFPAf-
pyrGR.

For generation of aequorin-expressing A. nidulans strains, the plasmid pAEQS1-15 containing codon-
optimized aequorin, and selective marker pyroA or riboB genes were cotransformed into the indicated
strains. Transformants were screened for aequorin expression using methods described previously (52),
and high-aequorin-expressing strains were selected after homokaryon purification involving repeated
plating of single conidia. All transformation was performed as previously described (53). The primers for
the genetic mutant strains construction are listed in Table 2.

Microscopic observation and image processing. To visualize localization of ClxA-GFP, conidia of
ClxA-GFP strain were inoculated onto precleaned glass coverslips overlaid with liquid media at 37°C for
12 h. DNA was stained using 4=,6-diamidino-2-phenylindole (DAPI). Differential interference contrast
(DIC) and fluorescent images of the cells were collected with a Zeiss Axio Imager A1 microscope (Zeiss,
Jena, Germany). These images were then collected and analyzed by a SensiCam QE cooled digital camera
system (Cooke Corporation, Germany) with the MetaMorph/MetaFluor combination software package
(Universal Imaging, West Chester, PA).

Western blotting. Western blotting was performed as previously described (54). In brief, conidia
from the ClxA-GFP strain were inoculated in liquid MM and then shaken at 220 rpm on a rotary shaker
at 37°C for 24 h, and the mycelium was collected, ground in liquid nitrogen, and suspended in ice-cold
extraction buffer (50 mM HEPES [pH 7.4], 137 mM KCl, 10% glycerol, 1 mM EDTA, 1 �g/ml pepstatin A,
1 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride [PMSF]). Forty micrograms of protein was
subjected to 10% SDS-PAGE and then transferred to a polyvinylidene difluoride (PVDF) membrane
(Immobilon-P; Millipore) in a mixture of 384 mM glycine, 50 mM Tris (pH 8.4), and 20% methanol at 250
mA for 1.5 h. Next, the membrane was probed sequentially with 1:3,000 dilutions of anti-GFP and goat
anti-rabbit IgG-horseradish peroxidase diluted in a mixture of phosphate-buffered saline (PBS), 5% milk,
and 0.3% Tween 20, and the blot was developed by chemiluminescence (ECL; Amersham).

Plate assays. To assess the influence of thermal stress on the fungal growth, wild-type and relevant
strains were cultured at 42 or 30°C, respectively, for 2.5 days. The influence of DTT stress on fungal
growth was tested by addition of 2 mM DTT to the minimal medium. To assess the role of calcium ion
on fungal growth, 200 mM CaCl2 was added to MM. Two microliters of conidia from the stock (1 � 107

TABLE 1 Characteristics of all A. nidulans strains used in this study

Strain name Deleted and labeled gene(s)a Genotype Source or reference

TN02A7 Parental wild-type strain pyrG89 pyroA4 nkuA::argB riboB2 veA1 FGSC
ZSA01 ΔmidA ΔcchA pyrG89 ΔmidA::pyroA pyroA nkuA::argB2 ΔcchA::pyrG riboB2 veA1 14
ZSA02 ΔcnaA ΔcnaA::pyrG nkuA::argB2 riboB2 veA1 51
ZSA03 ΔpmrA pyrG89 pyroA4 nkuA::argB2 ΔpmrA::pyroA riboB2 veA1 38
ZSA04 ΔclxA pyrG89 pyroA4 nkuA::argB2 ΔclxA::pyrG riboB2 veA1 This study
ZSA05 clxA::ΔclxA pyrG89 pyroA4 nkuA::argB2 ΔclxA::pyrG riboB2 veA1 clxA::pyroA This study
ZSA06 ΔclxA ΔmidA ΔcchA pyrG89 ΔmidA::pyroA pyroA ΔclxA::pyrG nkuA::argB2 ΔcchA::pyrG riboB2 veA1 This study
ZSA07 ΔclxA ΔcnaA nkuA::argB ΔclxA::pyrG ΔcnaA::pyrG riboB2 veA1 This study
ZSA08 ΔcrzA pyrG89 pyroA4 nkuA::argB2 ΔcrzA::pyroA riboB2 veA1 This study
ZSA09 ΔclxA ΔcrzA pyrG89 pyroA4 nkuA::argB2 ΔclxA::pyrG ΔcrzA::pyroA riboB2 veA1 This study
ZSA10 ΔclxA ΔpmrA pyrG89 pyroA4 nkuA::argB2 ΔclxA::pyrG ΔpmrA::pyroA riboB2 veA1 This study
ZSA11 ClxA-GFP pyrG89 pyroA4 nkuA::argB2 clxA::GFP::pyr4 riboB2; veA1 This study
ZSA12 TN02A7-AEQ pyrG89 nkuA::argB2 riboB2 veA1 pAEQ-aeqS This study
ZSA13 ΔclxA-AEQ pyrG89 ΔclxA::pyrG nkuA::argB2 riboB2 veA1 pAEQ-aeqS This study
ZSA14 ΔclxA ΔmidA ΔcchA-AEQ pyrG89 ΔclxA::pyrG ΔmidA::pyroA ΔcchA::pyrG nkuA::argB2 veA1 pAEQ-aeqS This study
ZSA15 clxAΔc pyrG89 ΔclxA::clxAΔc::pyroA nkuA::argB2 riboB2 veA1 This study
ZSA16 clxAΔc-AEQ pyrG89 ΔclxA::clxAΔc::pyroA nkuA::argB2 riboB2 veA1 pAEQ-aeqS This study
aAEQ, aequorin.
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conidia/ml) of indicated strains was spotted onto relevant media, and then the colonies were observed
and imaged, and the total conidial production of each colony was counted. For each experiment, at least
three replicate plates were used to test the phenotypes for each strain.

Quantitative real-time PCR analysis. Total RNA was isolated using TRIzol (Invitrogen) following the
manufacturer’s instruction. Reverse transcription-PCR (RT-PCR) was carried out using HiScript QRT
SuperMix (Vazyme), and then cDNA was used for the real-time analysis, which was performed using an
ABI one-step fast thermocycler (Applied Biosystems), and the reaction products were detected with SYBR
Premix Ex Taq (TaKaRa). Transcript levels were calculated by determining the comparative change in
cycle threshold and normalized against the expression of the A. nidulans tubulin gene.

Intracellular Ca2� measurement. The cytoplasmic Ca2� concentrations were determined by a
previously described method (17, 55). In brief, 1 � 107 spores/ml of strains expressing the codon-

TABLE 2 Primers used in this study

Primer Sequence (5=¡3=)
ClxA-GFP

GFPclxAP1 TATGAGGTCAAGCCGCAAAG
GFPclxAP2 CCTTGTTGGAACTGACGCAT
GFPclxAP3 CCAGCGCCTGCACCAGCTCCCTCCGCAGACGATCGGGTGGT
GFPclxAP4 CATCAGTGCCTCCTCTCAGACAGTAAGACCAGTATGAGTGAAAAGAGC
GFPclxAP5 GCCGACTAAAGGAGTTTGTGA
GFPclxAP6 ACGGGTGACGAGGTTATTGG
GFPAfpyrGF GGAGCTGGTGCAGGCGCTGG
GFPAfpyrGR CTGTCTGAGAGGAGGCACTGATG

clxA deletion
P1 CAGGGAAATTCGCAAAAGAAC
P2 GAGGATGTGACGAGGTGAGTG
P3 GGTGAAGAGCATTGTTTGAGGCAGAGACCAAAGCGGAGGTAAGAG
P4 CATCAGTGCCTCCTCTCAGACAGCATTATTGTTGGTGCCATCGG
P5 GTATCGCCTCAGGAACGCTTA
P6 CAGGGGATGGAATGGTAAAGAC
clxA(S) TATGAGGTCAAGCCGCAAAG
clxA(A) TTAGGGACAGTGGGAGGAATC
RTclxAF CTCCCTTGTTTGTGGTGGTGC
RTclxAR GTCAGGAATGCTGTTCGGCTC
AfpyrGF GCCTCAAACAATGCTCTTCACC
AfpyrGR CTGTCTGAGAGGAGGCACTGATG

clxA reconstituted
ReclxAP1 TCCCCATCTATTTGACCC
ReclxAP2 ACACGAATGTGGTTTGGGAG
ReclxAP3 CTATTATCTGACTTACCCGCCAACCAACTCTTTCCCAACCCGTG
pyroAF TTGGCGGGTAAGTCAGATAATAG
pyroAR CTGACTTGACGCTTTCTCTTGG

crzA deletion
crzAP1 CAGCAAAAGCCGCCAGTT
crzAP2 TGTGCGGAATGCCCAGAT
crzAP3 CTATTATCTGACTTACCCGCCAAGGCAAAGAGCTATGCAGACAAGA
crzAP4 CCAAGAGAAAGCGTCAAGTCAG CACATCTTTTGCATCCCTTTG
crzAP5 AAACAACCCGCACCCCTAC
crzAP6 GCATTCGCTGTGGCATTCT
crzA(S) TCGATTTCTCGCTCTACCAGG
crzA(R) TGAAGCAGCCAAAGCGTCTA

clxAΔc construction
clxALP1 AGGATGTGACGAGGTGAGTGAG
clxALP2 CCTTACGGGCGAAGCAAT
clxALP3 AGGCTCTTTTCACTCATACTGGTCTTACTCGGGAACCTGCTTGAC
clxALP4 GACCAGTATGAGTGAAAAGAGCCT
clxALP5 CTATTATCTGACTTACCCGCCAAATCGCCTCAGGAACGCTTA
pyroAR1 GCATTCCGCTTCTTCCAAGT

RT-PCR
brlARTF GGGCCATACGGAGTCGATTG
brlARTR GGCGAGTGCGTCTTGAAGGT
tubRTF TTCCGTCCCGACAACTTCGT
tubRTR TCACAGCCTTCAGCCTCACG
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optimized aequorin gene were cultured in liquid MM and were distributed into each well of a 96-well
microtiter plate (100 �l/well). Six wells were used in parallel for each treatment. The plates were
incubated at 37°C for 18 h, and then the medium was removed and the plates were rinsed twice with
PGM (20 mM PIPES [pH 6.7], 50 mM glucose, 1 mM MgCl2). Aequorin was reconstituted by incubating
mycelia in 100 �l PGM containing 2.5 �M coelenterazine N (Sigma-Aldrich) for 4 h at 4°C in the dark.
Then, the liquid was removed, and the plates were rinsed twice with PGM again. Plates were reconsti-
tuted with 100 �l PGM by incubating mycelia at room temperature for 1 h. To chelate extracellular Ca2�,
1 mM EGTA was added to each well for 10 min prior to stimulus injection. Following recovery,
luminescence was measured for 180 s after 100 mM CaCl2 or 10 mM DTT addition within 20 s. At the end
of each experiment, the active aequorin was completely discharged by permeabilizing the cells with 20%
(vol/vol) ethanol in the presence of 3 M CaCl2. Luminescence was measured with an LB 96P MicroLumat
luminometer (Berthold Technologies, Germany). The data from relative light unit (RLU) values detected
were converted into [Ca2�]c by using the empirically derived calibration formula pCa � 0.332588 (�log
k) � 5.5593, where k is luminescence (RLU) s�1/total luminescence (RLU) and pCa is �log[Ca2�] (52). Error
bars represent the standard error of the mean from six independent experiments, and percentages in the
figures represent peak of [Ca2�]c compared to that of the wild-type (100%).
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