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Abstract

Background: The calcium/calcineurin signaling pathway is mediated by the transcription factors NFAT (nuclear
factor of activated T cells) in mammals and Crz1 (calcineurin-responsive zinc finger 1) in yeasts and other lower
eukaryotes. A previous microarray analysis identified a putative Crz1-binding motif in promoters of its target genes
in Candida albicans, but it has not been experimentally demonstrated.

Methods: An inactivation mutant for CaCRZ1 was generated through CRISPR/Cas9 approach. Transcript profiling
was carried out by RNA sequencing of the wild type and the inactivation mutant for CaCRZ1 in response to 0.2 M
CaCl,. Gene promoters were scanned by the online MEME (Multiple Em for Motif Elicitation) software. Gel
electrophoretic mobility shift assay (EMSA) and chromatin immunoprecipitation (ChIP) analysis were used for
in vitro and in vivo CaCrz1-binding experiments, respectively.

Results: RNA sequencing reveals that expression of 219 genes is positively, and expression of 59 genes is negatively,
controlled by CaCrz1 in response to calcium stress. These genes function in metabolism, cell cycling, protein fate,
cellular transport, signal transduction, transcription, and cell wall biogenesis. Forty of these positively regulated 219
genes have previously been identified by DNA microarray analysis. Promoter analysis of these common 40 genes
reveals a consensus motif [5-GGAGGC(G/A)C(T/A)G-3"], which is different from the putative CaCrz1-binding motif [5*-
G(C/T)GGT-31 identified in the previous study, but similar to Saccharomyces cerevisiae ScCrz1-binding motif [5-GNGG
C(G/T)CA-3']. EMSA and ChlIP assays indicate that CaCrz1 binds in vitro and in vivo to both motifs in the promoter of its
target gene CaUTR2. Promoter mutagenesis demonstrates that these two CaCrz1-binding motifs play additive roles in
the regulation of CaUTR2 expression. In addition, the CaCRZ1 gene is positively regulated by CaCrz1. CaCrz1 can bind
in vitro and in vivo to its own promoter, suggesting an autoregulatory mechanism for CaCRZ1 expression.

Conclusions: CaCrz1 differentially binds to promoters of its target genes to regulate their expression in response to
calcium stress. CaCrz1 also regulates its own expression through the 5-TGAGGGACTG-3' site in its promoter.
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Plain English summary

Calcium ions regulate many cellular processes in both
prokaryotes and eukaryotes, from bacteria to humans.
Regulation of intracellular calcium homeostasis is highly
conserved in eukaryotic cells. Gene expression in response
to calcium stress is controlled by the calcium/calcineurin
signalling through the transcription factors NFAT (the nu-
clear factor of activated T cells) in mammals and Crz1 (cal-
cineurin-responsive zinc finger 1) in yeasts and other lower
eukaryotes. Extracellular calcium stress causes an increase
in cytosolic calcium, which leads to the binding of calcium
ions to calmodulin that triggers activation of the protein
phosphatase, calcineurin. Activated calcineurin dephos-
phorylates Crzl in the cytosol, which leads to nuclear
localization of Crzl and its binding to promoters of its tar-
get genes to regulate their expression. Candida albicans is
one of the most important human yeast pathogens. A
previous microarray analysis identified a putative CaCrzl-
binding motif in promoters of its target genes in C. albi-
cans, but it has not been experimentally demonstrated.
Using a new technology, RNA sequencing, we have identi-
fied 219 genes that are positively, and 59 genes that are
negatively, controlled by CaCrzl in response to calcium
stress in this study. We have also revealed and demon-
strated experimentally a novel consensus CaCrz1-binding
motif [5-GGAGGC(G/A)C(T/A)G-3'] in promoters of its
target genes. In addition, we have discovered that CaCrzl
can bind to its own promoter, suggesting an autoregulatory
mechanism for CaCRZ1 expression. These findings would
contribute to our further understanding of molecular
mechanisms regulating calcium homeostasis.

Backgound

Calcium ions regulate many cellular processes in both pro-
karyotes and eukaryotes, from bacteria to humans [1-5].
Intracellular calcium homeostasis is maintained by calcium
transporters and sequestrators in the plasma and organelle
membranes in eukaryotes. Regulation of calcium homeosta-
sis is highly conserved in eukaryotic cells. Gene expression
in response to calcium stress is controlled by the calcium/
calcineurin signalling through the transcription factor Crz1l
in fungi or the nuclear factor of activated T cells (NFAT) in
mammals [6, 7]. In Saccharomyces cerevisiae, an increase in
cytosolic calcium triggers the calmodulin/Ca®* binding and
activation of the protein phosphatase, calcineurin. Activated
calcineurin dephosphorylates ScCrzl1 in the cytosol, which
leads to nuclear localization of ScCrzl and its binding to
promoters of its target genes, including the vacuolar cal-
cium pump gene ScPMCI, the ER/Golgi calcium pump
gene ScPMRI and the ScRCH1 gene encoding the negative
regulator of calcium uptake in the plasma membrane [8—
10]. A genome-scale genetic screen has revealed additional
genes that are involved in the regulation of calcium homeo-
stasis in budding yeast [11].
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Candida albicans remains as one of leading human
fungal pathogens in immunocompromised patients [12—
14]. Functional counterparts of calcium homeostasis and
calcium/calcineurin signaling components have been
characterized in C. albicans [15-21]. The calcium/cal-
cineurin signaling functions in ion homeostasis, cell wall
biogenesis, morphogenesis and drug resistance in C.
albicans [22-24]. C. albicans cells lacking calcineurin
show significantly reduced virulence in a murine model
of systemic infection and fail to survive in the presence
of membrane stress [25—-27]. However, C. albicans cells
lacking CaCRZ1, the major target of calcineurin, are par-
tially virulent in the CAF4-2 strain background and
even not virulent in the BWP17 background in the
mouse model of systemic infection [28, 29]. Therefore,
other targets are responsible for the calcineurin-
mediated virulence in C. albicans. We have recently
screened the GRACE (gene replacement and conditional
expression) library of 2358 conditional mutants and
identified a total of 21 genes whose conditional repres-
sion leads to the sensitivity of C. albicans cells to high
levels of extracellular calcium [30—32]. In addition to 3
reported genes, CRZ1, MITI and RCHI [16, 20, 28, 33],
the rest newly-identified 18 calcium tolerance-related
genes are involved in tricarboxylic acid cycle, cell wall
integrity pathway, cytokinesis, pH homeostasis, magne-
sium transport, and DNA damage response.

Microarray analysis indicates that calcium-induced up-
regulation of 60 genes with a putative CaCrzl-binding
motif [5'-G(C/T)GGT-3'] is dependent on both calcine-
urin and CaCrzl in C. albicans [28]. Both microarray
and RNA sequencing are used to measure genome-wide
transcriptomic changes in different organisms, and they
complement to each other in transcriptome profiling
[34-36]. However, RNA sequencing approach is much
more sensitive than the microarray, with the dynamic
range of the former reaching at least 8000-fold in com-
parison to the latter only at around 60-fold in expression
levels of genes detected [37].Therefore, we have exam-
ined the regulatory function of CaCrzl in gene expres-
sion with the RNA sequencing technology in this study.
We show that expression of 219 genes is positively con-
trolled, and expression of 59 genes is negatively con-
trolled, by CaCrzl in the SN148 background in response
to calcium stress. Furthermore, we have revealed an add-
itional CaCrzl-binding motif in promoters of its target
genes and demonstrated that CaCrzl binds to both mo-
tifs in the promoter of its target gene CallTR2.

Methods

Strains and media

C. albicans strains and plasmids used in this study were
described in Table 1. Primers used in this study were
listed in Additional file 1: Table S1. Strains were grown
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and maintained at 30 °C in YPD medium or SD medium
(0.67% yeast nitrogen base without amino acids, 2% glu-
cose, and auxotrophic amino acids as needed). Chemi-
cals were obtained from Sigma (USA) and Sangon
Biotech (Shanghai, China).

Construction of CRISPR mutant for CaCRZ1

C. albicans strain SN148 was used as the parent strain to
construct the CRISPR inactivation mutant for CaCRZI
through the CRISPR [Clustered Regularly Interspaced
Short Palindromic Repeat)/Cas9] approach (Additional file
1: Figure S1). We designed SgRNA primers CRZ1-sgF and
CRZ1-sgR near the start codon of CaCRZI using the on-
line software Benchling (https://benchling.com/academic)
as well as the repair DNA primers CRZ1-RFand CRZ1-RR
containing 40-bp homologous regions flanking the SgRNA
sequence (Additional file 1 : Figure. S1). Primers CRZ1-
sgF and CRZ1-sgR were annealed, cut with BsmBI and
cloned into the BsmBI site of pV1093 (Additional file 1:
Figure S1A-S1B), which generated the recombinant plas-
mid pV1093-SgRNA. SgRNA sequence in pV1093-SgRNA
was confirmed by DNA sequencing. Primers CRZ1-RF
and CRZ1-RR were annealed for PCR amplification of the
repair DNA fragment of about 100 bp. The repair DNA
and the recombinant plasmid pV1093-SgRNA linearized
by both Sacl and Kpnl were used together to transform
cells of C. albicans strain SN148 (Additional file 1: Figure
S1C). Potential correct CRISPR mutants for CaCRZI were
detected with diagnostical PstI-digestion of 1-kb PCR
products, containing the SgRNA region, amplified with
primers CRZ1-CF and CRZI1-CR from genomic DNA
samples of transformants (Additional file 1: Figure S1D-
S1E). Mutated sites in CaCRZ1 alleles in those potential
correct CRISPR mutants were further confirmed by DNA
sequencing.

Table 1 Strains and plasmids used in this study

Page 3 of 14

DNA manipulation

To clone the full-length gene CaCRZ1 into the integra-
tion vector CIp10 [40], a DNA fragment containing the
758-bp promoter, the 2196-bp open reading frame
(ORF) and the 336-bp terminator region of CaCRZI
was amplified with primers CRZ1-clonF and CRZI-
clonR, and cloned between Kpnl and Xhol sites in the
CIp10, which yielded CIpl10-CaCRZ1. To do comple-
mentation experiment, the wild type and the crzl/crzl
mutant strains were integrated with the Stul-linearized
plasmids CIp10 or CIp10-CaCRZ1, respectively, as de-
scribed [41].

To express the His6-tagged CaCrz1 expression plasmid
in bacterial cells, we first optimized the codon usage by
mutating all five CTG codons in CaCRZI to TCT codon
(L22S), AGC codon (L24S), TCC codons (L601S, L649S
and L686S) (Additional file 1: Fig. S2). The codon-
optimized open reading frame (ORF) of CaCRZ1 was arti-
ficially synthesized and cloned into the vector pET28a(+),
which vyielded pET28a(+)-CRZ1 that expressing the
codon-optimized and N-terminally Hisx6 tagged full-
length CaCrzl (His6-CaCrzl) protein. The pET28a(+)-
CRZ1 was introduced and expressed in BL21(DE3) bacter-
ial cells as described [42—44].

To construct a lacZ reporter plasmid, the bacterial
lacZ gene was first amplified with a pair of primers
lacZ_ORF_F(Xhol) and lacZ ORF_R(Kpnl) from the
plasmid pGP8 [15, 28], and cloned into the Kpnl and
Xhol sites of CIpl0 to yield CIpl0-lacZ. The terminator
of CaACT1 was amplified from the SN148 genomic
DNA with two primers ACT1_T_F(Kpnl) and ACT1_T_
R(Kpnl), and cloned into the Kpnl site of CIpl0-lacZ to
yield CIpl0-lacZ-Tacti. The CalTR2 promoter was
amplified from the SN148 genomic DNA with a pair of
primers UTR2_P_F(Xhol) and UTR2_P_R(Xhol) and

Name Genotype or Description Source

Strain
SN148 Mata/a arg4/arg4 leu2/leu2 his1/his1 ura3:immd434/ura3=imm434 [38]
HHCA184 SN148 crzl/crz1 ENOI1/enol:: natMXx4 This study
HHCA185 SN148 crzl/crz1 ENO1/enol:: natMX4 This study
HHCA187 SN148 crzl/crz1 ENOI1/enol:: natMXx4 This study
HHCA1 SN148 RPS1/rps1:Clp10 This study
HHCA2 HHCA184 RPS1/rps1:Clp10 This study
HHCA3 HHCA184 RPS1/1ps1:Clp10-CaCRZ1 This study

Plasmid
pvV1093 Amp® Nat® [39]
pV1093-sgCRZ1 Amp® Nat® This study
Clp10 Amp” URA 138]
Clp10-sgCRZ1 Amp URA This study
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cloned into the Xhol site of CIpl0-lacZ-Tact; to yield
CIp10-UTR2-lacZ.

To mutate the putative CaCrzl-binding motif identi-
fied in our study, the underlined sequence in the 5'-
TCT(-343) CAACGCCTCA(-333)AAA-3" region of
CalUTR2 promoter was mutated to be 5'-TCT(-
343)TCTAGA(- 333)AAA-3" (we designated this muta-
tion as UTR2(HA)), which contains a Xbal site. This
was accomplished by a fusion PCR strategy. We first
amplified the upstream (A) and downstream (B) frag-
ments of the CallTR2 promoter with two pairs of
primers UTR2_exF/ UTR2_(HA)_R and UTR2_inR/
UTR2_(HA)_F, respectively. These two fragments (A
and B) were then fused by PCR with the two primers
UTR2_P_F(Xhol) and UTR2_P_R(Xhol), and cloned
into the Xhol site of CIpl0-lacZ-Tct; to yield CIpl0-
UTR2(HA)-lacZ. Similarly, to mutate the putative
CaCrz1-binding motif identified in the previous study
[28], the underlined sequence in the (5'-TTGT(-
377)GGGCTT(- 371)TGA-3" region of CallITR2 pro-
moter was mutated to be (5'-TTGT(-377)TCTA-
GAT(-371)TGA-3" (we designated this mutation as
UTR2(MA)), which contains a Xbal site. The upstream
(C) and downstream (D) fragments of the Call/TR2 pro-
moter were first PCR amplified with two pairs of
primers UTR2_exF/ UTR2_(MA)_R and UTR2_inR/
UTR2_(MA) _F, respectively. These two fragments (C
and D) were then fused by PCR with the two primers
UTR2_P_F(Xhol) and UTR2_P_R(Xhol), and cloned
into the Xhol site of CIpl0-lacZ-Tct; to yield CIpl0-
UTR2(MA)-lacZ. To create the CIpl0-UTR2(HMA)-
lacZ with mutations for both UTR2(HA) and
UTR2(MA) in the CalTR2 promoter, the two DNA
fragments (A and D) were fused by PCR with primers
UTR2_P_F(Xhol)/ UTR2_P_R(Xhol), and cloned into
the Xhol site of CIp10-lacZ-T oct;. Inserts in all recom-
binant plasmids were confirmed by DNA sequencing.

RNA sequencing and data analysis

To identify genes regulated by CaCrzl, the wild type
SN148 and its isogenic CRISPR mutant for CaCRZI
were grown to log-phase at 30°C before they were
treated with 0.2 M CaCl, for 2h. Total RNA samples
were extracted Qiagen RNeasy minikit protocol, and
RNA integrity was evaluated using an Agilent 2100 Bioa-
nalyzer (Agilent Technologies, USA) as described [45].
RNA-seq libraries were constructed using Illumina’s
miSEQ RNA Sample Preparation Kit (Illumina Inc.,
USA). RNA sequencing, data analysis and sequence
assembly were performed by the Quebec Genome
Innovation Center at McGill University (Montreal,
Canada) [31, 38]. Preparation of the paired-end libraries
and sequencing were performed following standard Illu-
mina methods and protocols. The mRNA-seq library
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was sequenced using an Illumina miSEQ sequencing
platform. Clean reads from RNA-Seq data were assem-
bled into full-length transcriptome with the reference
genome (http://www.candidagenome.org/). Functional
categories of genes were carried out by the Munich In-
formation Center for Protein Sequences (MIPS) analysis.

Galactosidase activity assay

To measure the UTR2 promoter-driven (-galactosidase
activity in the wild type and the crzl/crzl mutant, we in-
tegrated the Stul-linearized plasmids containing the lacZ
reporters for CalITR2 promoter into the RPSI locus of
these strains as described [16, 28]. The p-galactosidase
activity was determined using the substrate ONPG as
described [46, 47]. Data are mean + SD from six inde-
pendent experiments. Significant differences were ana-
lysed by GraphPad Prism version 4.00. P values of < 0.05
were considered to be significant.

Results

Construction of the CRISPR mutant for CaCRZ1

To further study the regulatory functions of CaCrzl in
gene expression, we constructed three independent
CRISPR mutants for CaCRZI in the SN148 genetic
background (Additional file 1: Figure S1A-S1E). These
mutants were sensitive to 0.4 M CaCl,, and their calcium
sensitivity was suppressed by the specific inhibitor of cal-
cineurin, cyclosporine A. In addition, they were sensitive
to 0.05% SDS, but not to antifungal drugs including clo-
trimazole, ketoconazole, fluconazole and terbinafine
(Additional file 1: Figure S1F). These results agree with
previous reports [21, 28, 29]. We chose one of these
CRISPR mutants (HHCA184) for our RNA sequencing,
and its calcium-sensitive phenotype could be partially re-
versed by the introduction of the CaCRZI gene back to
its genome (Fig. 1). To examine if the two mutated
CaCRZ1 alleles in the CRISPR mutant (HHCA184) were
still able to express the CaCrzl proteins in C. albicans
cells, we chromosomally integrated the HA tag at the C-
terminus of CaCrzl in both the mutant and the wild
type strain SN148. Through western blot analysis, we
failed to detect the expression of CaCrz1-HA in the mu-
tant, although we detected two forms of CaCrzl-HA
proteins in the wild type, which might correspond to the
phosphorylated form and dephosphorylated form of
CaCrz1 (Fig. 2). Taken together, our data demonstrate
that we have successfully constructed the CRISPR mu-
tant for CaCRZ1.

Transcriptomic profiling of cells lacking CaCRZ1

Next, we carried out transcript profiling for the wild type
and the c¢rzl/crzl mutant, growing in log phase in YPD
medium at 30°C in the absence or presence of 0.2 M
CaCl,. Transcripts for two alleles of 6211 genes at various
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YPD

YPD+0.2 M CaCl2

~

Fig. 1 Phenotypes of CRISPR mutant for CaCRZ1. Cells of the wild-type SN148, the CRISPR mutant and the complemented strain were grown
at 30°C in liquid YPD overnight, serially diluted by 10 times and spotted on YPD plates with or without supplemented reagents as indicated,
respectively. Plates were incubated for 2-5 days at 30 °C. CsA, cyclosporine A

YPD+0.4 M CaCl2

SN148::Clp10
crzi/erz1::Clp10
crzi/crz1::Clp10-CaCR2Z1

J

expression levels were detected in these two strains (Sup-
pInfo 1; GEO Accession number: GSE123122). As com-
pared to the wild type cells without 02M CaCl,
treatment, there are 828 genes upregulated in the wild
type cells with 0.2 M CaCl2 treatment, among which 219
genes are positively regulated, and 59 genes are negatively
regulated, by CaCrzl (Supplnfo 2; Supplnfo 3). These
genes positively regulated by CaCrzl play roles in metab-
olism (13), cellular transport (23), transcription (7), signal
transduction (3), protein fate (17), cell rescue (9), cell cycle
(6), cell fate/development/cell type differentiation (14) and
cell wall biogenesis (34), with almost half of them (93) be-
ing of unknown functions (Table 2). In contrast, these
genes negatively regulated by CaCrz1 function in metabol-
ism [20], cellular transport [5], transcription [11] and cell
wall biogenesis [3], with one third of them [20] being of

unknown functions (Table 3). The CaCRZ1 gene itself is
positively regulated by CaCrz1, which is identified in both
the previous microarray study and our current study
(Table 2).

Among the 219 genes positively regulated by CaCrzl,
a total of 40 genes have also been identified by DNA
microarray analysis in the previous study (Table 2; 28).
Through the online MEME (Multiple Em for Motif
Elicitation) software Suite 5.0.2 (http://meme-suite.org/),
we scanned promoters of these shared 40 genes and
identified a consensus sequence [5'-GGAGGC(G/
A)C(T/A)G-3’], which is different from the putative
CaCrz1-binding consensus sequence [5'-G(C/T)GGT-
3’] previously identified through DNA microarray [28],
but similar to S. cerevisiae ScCrzl-binding motif [5'-
GNGGC(G/T)CA-3"] [48]. Therefore, CaCrzl can bind

served as an internal expression control

= o= 0.2MCaCl2

Fig. 2 Expression of the C-terminally HA-tagged CaCrz1 protein in C. albicans cells. The wild type strain SN148 (CRZ1/CRZ1) and the CRISPR
mutant for CaCRZ1 (crz1/crz1) carrying their chromosomally C-terminally HA-tagged wild-type and mutated CaCRZ1 alleles, respectively, were
grown to log-phase in YPD medium at 30 °C before their cells were collected for total protein extraction. Expression of CaCrz1-HA proteins was
detected by Western blot analysis with anti-HA monoclonal antibody. Expression of tubulin was detected using anti-tubulin antibody, which

= p-Crz1-HA
= Crz1-HA

= Tubulin
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Table 2 Functional category of 219 genes positively regulated by CaCrz1 in response to 0.2 M CaCl2
Systemic Standard  Systemic Standard  Systemic Standard  Systemic Standard  Systemic Standard
name name name name name name name name name name
Metabolism (13)
C1_04010C C2_03640W UGATI C5_00220W ROT2 C1_14060W C1_11240C CHOT
C2_01630W C2_09150W MITT CR_00620C ARG1 C1_08330C ADH?2 C7_02500C DPP3
(3_05810C SKNT C1.02590C SNZ1 C1_01620C
Cellular transport (23)
CR_03450W HXT5 C5_04440C SFC1 C3_03060W (C3_05270C HGTS C7_02910W ENA21
C1_09220W C2_09770C INP5T C1_04630C C3 01250W PMC1 C7_00100W FRP2
CR_05310W C4_03110W C3_07230W C1_01100W CCH1 C1_09400C FTH1
C2_03800C CR_09170C Ssu1 C2_06470W  RTA2 C2_07730W YWCi C1_06610C HAKT
C1 06480C CR_07100W FLC2 CR_09680C RTA4
Transcription (7)
CR_03890W WOR3 C7_00970C YOX1 C3_05780C  CRZI C1_05340C ZCR2 C7_04230W NRGT
CR_02300C C4_04210C SOH1
Signal transduction (3)
C5_02290W PDET C4_06480C CEKT C7_00360W  DFIT
Protein fate (folding, modification, destination) (17)
C1_13220C AKR1 C5_01440C C2_00930C VPS24 C5_01210W VPS1 C4_03890W PTP2
CR_00290W C5_05060C C4_04660C C3 03870C SAPY C4_05810W
C6_03500C SAP4 C2_01670C STT3 C4_00070C C7_03250C PDIT CR_00260W KIN2
C1_08170C BULT C2_08790W JEM1
Cell rescue (9)
CR_06040W CR_01730W IFU5 C2_02060C FMO1 C2_00680C SOD5 C1_02700C
C2_09220W DDR48 C3_00480C DOTS C2_05660W  PNG2 CR_05390W PST3
Cell Cycle (6)
C1_09870W HCM1 C6_03260W C1_05170C CUE5 C1_08570C PCL2 €3_03850C SOL1
C5_01680C CCN1T
Cell fate/development/cell type differentiation (14)
C4_03510C HWP2 C7_00120W C1_00850W IHD2 C2_03040W PLC2 C3_05190C MCAT
C2_07930C VRP1 C1_07770W FGR6-3 C4_00600C MUCT C2_05260W BUD14 C3 05710W RCT1
C6_00940C C2_00080C FAV3 C4_01010C DAG7 C1_01440C POX18
Cell wall biosynthesis (34)
C5_02630C MNNT CR_00740C BMT3 C3_01730C UTR2 CR_04440C RBR1 (C3_02140C
C4_06540W  MNN4 C2_01560W  BMT5 CR_10480W  PGAI C5_02460C ECM331 G2 00520W DFG5
C1_04900W MNN15 (C3_03450C BMT7 C1_09080C PGA6 CR_03790C KRET C4_02720C
C2.01300C  MNN24  CRO0180C  CHTI CR_O8510W  PGAI3 C6_01690W  ACF2 C6_02730W  SAC6
C2_03690C MNN42 C2_02010C CHT4 CR_02280W  PGAZ3 C5_04110W SCwW1 C2_05040C
C4_06990W MNN46 CR_09020C CHS2 CR_04900C PGA39 C1_00220W PHR2 C4_05100C MYO5
C3_01830C MNT2 C4_02900C CRHI11 C2_00100C PGA52 C1_04000C KTR4
Unknown (93)
CR_00380W C3_07360W DLD2 CR_10570C YHB4 C3_04100W C4_03590C OSH3
C4_00410W C3_07470W C1_11970C C2_09050C C5_04330W
C2_08620W C4_06470W C1_12060C C2_10150W C5_04470C
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Table 2 Functional category of 219 genes positively regulated by CaCrz1 in response to 0.2 M CaCl2 (Continued)
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Systemic Standard  Systemic Standard  Systemic Standard  Systemic Standard  Systemic Standard

name name name name name name name name name name
C1_03870C C5_03970W C1_13240W C2_10160W C5_04480C
CR_07160C C2_08960C C1_13590W C2_10720C C5_04540C
C1_08610C C1_00760W C1_13810W C3_02710W C6_01250W
C3_01550C TOST C1_01510W C2_00110W C3_04190W C6_02210W
C5_04960W C1_02370C C2_00130W C3_06670C C6_04420W
C7_01700W C1_04440W C2_00750W C3_06680C C7_00310C
C1_03150C C1_04470C C2_00920W C4_04190C C7_00350C
C1_09800C VP18 C1_05450W C2_00940W C4_04200C C7_01390W

C2 03020C C1_05920W C2_02220C C4_05000W C7_02370W
CR_00420W C1_07990C C2_02900W C4_05250W C7_03310W

CR 07480W C1_08830C C2_02910W C4_05800C CR_01020C
CR_08470W C1_10060C €2_03570C C4_07260W CR_02880W
C4_00860C C1_10580C C2_04750W C5_00410W CR_03780C
C3_02570W C1_11260C C2_05120C C5_03430W CR_06550C
C4_03870C C1_11270W C2_06630C C5_04030W CR_08990C
CR_05460W C4_00980C MRV1 C2_08910C

#Underlined genes are shared CaCrz1-regulated genes that has been identified by DNA microarray in a previous study [28]. Shadowed genes are sequence
homologues for 9 S. cerevisiae genes positively regulated by ScCrz1 in response to 0.2 M CaCl2 reported in a previous study [48].-

to two different CaCrzl-binding motifs in promoters of
its target genes. This has also been reported previously
for M. oryzae MoCrz1 [49, 50].

CaCrz1 binds in vitro and in vivo to two putative binding
motifs in the promoter of CaUTR2

Base on the consensus motif [5'-GGAGGC(G/A)C(T/A)G-
3’] from the MEME analysis described above, we found
one putative CaCrzl binding motif, the 5'-TGAGGC
GTTG-3' region in the complementary sequence of the 5'-
C(- 342)AACGCCTCA(- 333)-3" site in the promoter of
one of the CaCrz1 target genes, CalITR2 (Fig. 3a). Next, we
tested the roles of this motif and the other putative CaCrz1
binding motif, 5'-G(-376)GGCT(- 372)-3", which was
identified previously [28].

Different from other eukaryotes, C. albicans does not
follow the universal genetic code, by translating the
CTG codon into serine instead of leucine [51]. There-
fore, we first optimized the codon usage by mutating all
five CTG codons in CaCRZ1 to TCT codon (L22S),
AGC codon (L24S), TCC codons (L601S, L649S and
L686S) (Additional file 1: Figure S2). The codon-
optimized and Hisx6 tagged full-length CaCrzl (His6-
CaCrzl) was expressed in bacterial cells and purified
(Additional file 1: Figure S3). Electrophoretic mobility
shift (EMSA) assay showed that His6-CaCrzl bound to
both the P1 probe containing the putative binding motif
identified in our study (Lane 2), the P2 probe containing

the putative binding motif identified in the previous
study [28] (Lane 5), and the Probe 3 containing two of
the motifs (Lanes 8) (Fig. 3b). The binding of His6-
CaCrz1 to Probe 1, Probe 2 and Probe 3 was abolished
by their specific competitors, unlabelled probes, respect-
ively (Lanes 3, 6 and 9) (Fig. 3b). Taken together, these
results demonstrate that CaCrzl can indeed bind
in vitro to both motifs in the CaliTR2 promoter.

To examine if CaCrzl binds to the CaliTR2 pro-
moter region in vivo, we carried out chromatin immu-
noprecipitation (ChIP) experiments. We examined the
wild-type SN148 strain expressing a chromosomally
and C-terminally HA-tagged CaCrzl (CaCrzl-HA)
under the control of the CaCRZ1 promoter (left two
lanes in Fig. 3c), and the wild-type SN148 strain with
the untagged wild type CaCrzl and with the CIpl0
vector integrated as the control (right two lanes in Fig.
3c). DNA samples isolated from their anti-HA chro-
matin immunoprecipitates were used in PCR assays to
detect CaCrz1-HA target promoters (The second and
the third lanes in Fig. 3¢). As controls, their whole-cell
extracts (WCEs) were used in parallel PCR assays to
ensure the equivalence of the IP starting materials
(The first and the fourth lanes in Fig. 3c). We found
that the promoter region containing two putative
binding motifs in the CalUTR2 promoter were
enriched in the anti-HA IPs of the CaCrz1-HA strain
(The second lane in Fig. 3c), but not in the untagged
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Table 3 Functional category of 59 genes negatively regulated by CaCrz1 in response to 0.2 M CaCl2

Systemic name  Standard name  Systemic name Standard name  Systemic name Standard name Systemic name Standard name Systemic name Standard name

Metabolism (20)

C6_00760W C1_13870W MET3 C4_00490W
C6_00620W  FCAT C7_00490C C5_05150C
C7_01600W C1_04880C MRPL37 C7_00950W
C7_01440W CR_01390W MGET (C3_05440C
CR_10120C
Cellular transport (5)
CR_02920C  AQv1 C6_03790C HGT10 C2_01020W
Transcription (11)
C4_05880W  GATI C2_00280C CR_10690W
C2_09460C C2_05230C RPF2 C5_01480W
C5_00980W  TRY3
Cell wall biogenesis (3)
CR_04420C  RBR2 CR_01930C BIO2 C4_00720W
Unknown (20)
CR_09350C C2_06440C C6_00720C
C1_11320C C3_00120W CR_06920W
C3_03490W  RSNT C3_04510W C1_04600C
C4_06960W C1_10500W C1_09820C

C1_03820W PDR16 CR_05340C IFE2
C4_06950W

YML6 C3_02030W C4_04820C
C7_02120C C7_01020C

HGT6 C6_04610C NAG3 C6_03390W

POP3 CR_02030C CR_01710W

FYV5 C6_02910W POP4 C6_01040C

csp2

COX15 C5_01785W CR_06330C
C4_03300C C1_00970W
C1_14480W C3_00410C
C7_03210W C1_10250C

CaCrzl strain (The third lane in Fig. 3C). Together,
these data demonstrate that CaCrzl binds in vivo to
the promoter region containing the two motifs of
CalUTR2.

Mutations of two putative binding motifs in the promoter
abolish the CaCrz1-regulated expression of CaUTR2

To further characterize the effects of two CaCrzl-binding
motifs on the expression of CalITR2, we generated four
plasmids, CIpl0-UTR2-lacZ, Clpl0-UTR2(HA)-lacZ,
CIp10-UTR2(MA)-lacZ and ClIpl0-UTR2(HMA)-lacZ,
containing the wild-type CalITR2 promoter, the single-
motif mutated promoter UTR2(HA), the single-motif
mutated promoter UTR2(MA) and the double-motif mu-
tated promoter UTR2(HMA). In the absence of supple-
mented calcium, a basal expression level was detected for
the wild type promoter UTR2-lacZ in the wild type cells
(Fig. 4a). As expected, in response to 0.2 M CaCl,, the B-
galactosidase activity of the wild type promoter UTR2-lacZ
was increased by more than two times in the wild-type
cells, but did not change significantly in the crzi/crzI mu-
tant cells (Fig. 4a). This indicates that the calcium-induced
expression of CallTR?2 is dependent on CaCrzl.

As compared to the wild-type promoter UTR2(HA),
the B-galactosidase activities of two single mutated pro-
moters UTR2(HA) and UTR2(MA) were significantly
reduced in the absence or presence of 0.2M CaCl, in
the wild type cells (Fig. 4b). The P-galactosidase activity
of the double mutated promoter UTR2(HMA) were even
further reduced than those of two single mutated

promoters UTR2(HA) and UTR2(MA) in the absence or
presence of 0.2 M CaCl, in the wild type cells (Fig. 4b).
Taken together, these results suggest that two CaCrzl-
binding motifs play additive roles in the regulation of
CalUTR2 expression.

CaCrz1 binds in vitro and in vivo to its own promoter
Both a previous study and our current study have ob-
served that CaCRZI1 itself is positively regulated by
CaCrz1 (Table 2; 28). Base on the consensus motif [5'-
GGAGGC(G/A)C(T/A)G-3'] identified in our study,
we identified two putative CaCrzl binding motif, the
5'-T(- 519)GAGGGACTG(- 528)-3" site (within the
Probe 1 sequence) and the 5'-G(- 446)GGGGGTCTG(-
455)-3" site (within the Probe 2 sequence) in the comple-
mentary sequence, in its own promoter (Fig. 5a). Based on
the consensus motif [5-G(C/T)GGT-3'] identified previ-
ously [28], we also identified one putative CaCrz1 binding
motif, the 5'-G(- 368)TGGT(~ 372)-3" site (within the
Probe 3 sequence), in the complementary sequence of
CaCRZI1 promoter (Fig. 5a). The fourth putative CaCrzl
binding motif, the 5'-C(- 84)TGGT(- 80)-3" site (within
the Probe 4 sequence) was identified previously [28].
EMSA assay demonstrated that His6-CaCrz1 bound to
only the P1 probe (Lane 2), but not to other three
probes, Probe 2 (Lane 5), Probe 3 (Lane 8) and Probe 4
(Lane 11) (Fig. 5b). The binding of His6-CaCrzl to
Probe 1 was abolished by its specific competitor,
unlabelled Probe 1 (Lane 3) (Fig. 5b). ChIP analysis indi-
cated that the promoter region containing the 5'-T(-
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- 600

-500

Probe 2 EMSA_UTR2_F/R(M)

TCTTCATTAT TATTATTATT ATTAAACTTA TCTTGTTCTT GGTGATATTT CTTCCACTTC AAGACAAATC AAATCCCAAG AAAAAAACTA GGAGTAGTTA
AGAAGTAATA ATAATAATAA TAATTTGAAT AGAACAAGAA CCACTATAAA GAAGGTGAAG TTCTGTTTAG TTTAGGGTTC TTTTTTTGAT CCTCATCAAT

GTATCTAATA ATAATACTCG TCATATCTTC TTCTTGGTGT ACCATACATA AACTTACATT TACTTTAAAG ATTTTTGTTG TAAATAATGT TTGATTTCTT
CATAGATTAT TATTATGAGC AGTATAGAAG AAGAACCACA TGGTATGTAT

Crz1 binding motif (376-372) identified by Karababa et al. (2006)

Primer ChIP_UTR2_F

TTGAATGTAA ATGAAATTTC TAAAAACAAC ATTTATTACA AACTAAAGAA
Our predicted Crzl binding motif (342-333)

Probe 1 EMSA_UTR2_F/R(H)

-400

CTTTGGCTTA AATTCTTGAG TTG % TGAATTTCTT TCATTTCATT TCTTTTC ACGCCTCARA ATTTGATTCT
GAAACCGAAT TTAAGAACTC AACH AR ACTTAAAGAA AGTAAAGTAA AGAAAAG T TAAACTAAGA ATTTTAAAAA AATAAATAAA

TAAAATTTTT TTATTTATTT

-300 ATATTTATAT AATCCTCTTT CCTTCGTCTT

-200 ACTCATCTTC ATTACTAGTC ATACATTCAT

-100
AGTARAGTGA AGTAAGCGAT TTATTTTGTT

B Probe 1 Probe 2

Probe 3 EMSA_UTR2_F/R(HM)

TTTTTTCATT TTCTATTTAT TCCAAACAGA AAGATCCCTT TTAACTTTTT
TATAAATATA TTAGGAGAAA GGAAGCAGAA AAAAAAGTAA AAGATAAATA AGGTTTGTCT TTCTAGGGAA AATTGAAAAA ATAGAAGAAA TAAATAGTTC

CTTGTCTTTT TTCCCTTTTT
TGAGTAGAAG TAATGATCAG TATGTAAGTA GAACAGAAAA AAGGGAAAAA ATAACTAAAT TAAAATTGAC CTTTCCGTCT AGTAAAAGTA AAAGTTATAA
TCATTTCACT TCATTCGCTA AATAAAACAA CATCCCATTA TTGCTCCAAC TATCAAACAC ACATATCGCA AGCACATTCG ATACTATTAC TACTATTGTT

GTAGGGTAAT AACGAGGTTG ATAGTTTGTG TGTATAGCGT TCGTGTAAGC TATGATAATG ATGATAACAA

Probe 3 C

TATCTTCTTT ATTTATCAAG

TATTGATTTA ATTTTAACTG GAAAGGCAGA TCATTTTCAT TTTCAATATT

Primer ChIP_UTR2_R

His6-CaCrz1 bound
DIG-labeled probe =

DIG-labeled probe =

DIG-labeled probe + + + + + + + +
Non-labeled probe - - *
Hisé-CaCrz1 — * + - + + — #

products were separated on 1% agarose gel

12 3 45 6 7 8 9 10
™~

Fig. 3 CaCrz1 binds in vitro and in vivo to two motifs in the promoter of UTR2. (a) Locations of two potential Crz1-binding motifs (boxed)
in the UTR2 promoter. The 5-TGAGGCGTTG-3' region in the complementary sequence of the 5-C(— 342)AACGCCTCA(— 333)-3' site is the potential
Crz1 binding motif predicted in our study, and the 5-G(— 376)GGCT(— 372)-3' region is the putative Crz1 binding motif identified previously (28).
Locations of EMSA Probe 1 [EMSA_UTR2_F/R(H)] and Probe 2 [EMSA_UTR2_F/R(M)] are indicated with dark lines above their corresponding
sequences, and EMSA Probe 3 [EMSA_UTR2_F/R(HM)] is indicated with a dark line under its corresponding sequence. Locations of the ChIP PCR
primer pair [CHIP_UTR2_FAICHIP_UTR2_R] are indicated with broken lines above and under their corresponding sequences, respectively. (b) DIG-
labelled probe 1 [EMSA_UTR2_F/R (H)] was added into samples in Lanes 1-3. DIG-labelled probe 2 [EMSA_UTR2_F/R(M)] was added into samples
in Lanes 4-6. DIG-labelled probe 3 [EMSA_UTR2_ F/R(HM)] was added into samples in Lanes 7-9. Purified His6-Crz1 protein of 1 ug was added
into Lanes 2, 3, 5, 6, 8 and 9. Unlabelled probes 1, 2 and 3 were added into samples in Lanes 3, 6 and 9, respectively. Only purified His6-Crz1
protein, but not probe DNA, were added into the sample in Lane 10. (c) Detection of Crz1 binding to the UTR2 promoter in vivo by ChIP analysis.
The wild-type strain expressing Crz1-HA and the control strain integrated with Clp10 vector (no tag control) were exposed to 0.2 M CaCl, for 1h,
and their cells were treated with formaldehyde. Whole cell extractions were obtained from collected cells, and immunoprecipitation was done
with anti-HA monoclonal antibodies. Immunoprecipitated pellets were used as templates for PCR with the primer pair ChIP_UTR2_F/R. PCR

WCE ChIP with anti-HA WCE
of _  of
CRZ1-HA CRZ1-HA notag no tag

SN148+CRZ1-HA SN148+Clip10

+ -
|

+ o+ CaCrz1 binding site in CaUTR2 promoter

519)GAGGGACTG(- 528)-3" site (within the Probe 1
sequence) was enriched in the anti-HA IPs of the
CaCrzl-HA strain (Lane 2), but not in the untagged
CaCrzl strain (lane 3) (Fig. 5¢). These results demon-
strate that CaCrz1 regulates its own expression by binding
to the motif 5-T(- 519)GAGGGACTG(- 528)-3" in its
own promoter. The autoregulation phenomenon of this

transcription factor gene has also been previously shown
in the rice blast pathogen M. oryzae MoCrz1 [49, 50].

Discussion

Microarrays are based on the hybridization of oligo-
nucleotide DNA sequences, representing the entire set
of genes of an organism arranged in a grid pattern, with
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Fig. 4 Two CaCrz1-binding motifs in the promoter play additive roles in the regulation of CaUTR2 expression. (a), 3-galactosidase
activities of the wild-type promoter UTR2-lacZ in the wild-type SN148 and the crz1/crz1 mutant cells in the absence or presence of 0.2 M CaCl,.
The asterisk (*) indicates statistically significant differences (P < 0.05) in the B-galactosidase activity between the wild type strain SN148 and the
crzl/crzl mutant strain in the absence or presence of 0.2 M CaCl,, respectively. (b), -galactosidase activities of the wild-type promoter UTR2-lacZ,
two single mutated promoters UTR2(HA)-lacZ and UTR2(MA)-lacZ as well as the double mutated promoter UTR2(HMA)-lacZ in the wild-type
SN148 cells in the absence or presence of 0.2 M CaCl,. The asterisks (" and (*) indicate statistically significant differences (P < 0.05) in the 3-
galactosidase activity between the wild type promoter and each of the mutated promoters in the wild-type strain SN148 in the absence or
presence of 0.2 M CaCl,, respectively

complementary DNA (cDNA) molecules derived from
the transcriptome in a cell sample, while cDNA mole-
cules derived from a sample are directly and massively
sequenced in the case of RNA-sequencing methodology
[52, 53]. As compared to microarrays, RNA sequencing
technology offers increased specificity and sensitivity,
but the application of multiple transcriptome measure-
ment methods can improve the comprehension of the
global gene expression profile of one organism [34, 35].
Through RNA sequencing, we have identified 219 genes
positively, and 59 genes negatively, regulated by CaCrz1
in response to calcium stress in C. albicans. A total of
40 out of the 219 genes identified in this study to be
positively regulated by CaCrz1 account for the majority
of 60 genes identified by DNA microarray analysis in the
previous study (Table 2; 28). Therefore, our current
study has expanded the global expression profile of
genes controlled by CaCrz1 in response to calcium stress

in C. albicans. This provides a basis for further under-
standing the regulation of calcium homeostasis in this
important human fungal pathogen.

In addition to the CaCrz1-binding motif (M) identified
in the previous study [28], we have revealed a novel
CaCrz1-binding motif (H) through the MEME analysis
of promoters of 40 common genes identified to be con-
trolled by CzCrzl through both RNA sequencing and
microarray approaches (Fig. 3). Furthermore, we have
demonstrated that CaCrz1 binds in vitro and in vivo to
these two motifs in the promoter of its target gene
CalTR2, and that these two calcineurin-dependent re-
sponse elements (CDREs) might play additive roles in
the regulation of CalITR2 expression (Fig. 6). Similarly,
two MoCrz1-binding motifs in promoters of target genes
have been demonstrated in the rice fungal pathogen M.
oryzae [49]. Among the 219 genes positively regulated
by CaCrz1, we found that promoters of 79 genes contain
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A ChIP_CRZ1_F

-700 TCTTAGTGTG AGACAARAARA ACAAACCARA GCTAAAGRAAC CTGTTTGTTT CCTGAGTGTT AATATTACTT ACTACTACTA CTTACTACCT ACTTCCACTG
AGAATCACAC TCTGTTTTTT TGTTTGGTTT CGATTTCTTG GACAAACARA GGACTCACAA TTATAATGAA TGATGATGAT GAATGATGGA TGAAGGTGAC

-600 CTAACTACTA GTACTTAATT TTATATATTT TTTACTGTGC CAAGTGTGTG TGTGTGTGTG TGTGTGACAG TCTAATTT AAAACAGTTT
GATTGATGAT CATGAATTAA AATATATAAA ARATGACACG GTTCACACAC ACACACACAC ACACACTGTC AGGTCAGGGA GTJGATTAAA TTTTGTCAAA
Our putative Crzl-binding site 1

Probe 1_EMSA_CRZI1_F/R

-500 TTTTACTTTC TGAAGAATAA AAAAAATTAG AATAGAATAT TATC AATA TCTATTTATC AACCTATACA AACTAGTTAA TCAAATTACA
RRAATGAAAG ACTTCTTATT TTTTTTAATC TTATCTTATA ATAGAGECTG GGGGGITTAT AGATAAATAG TTGGATATGT TTGATCAATT AGTTTAATGT
Our putative Crzl-binding site
Probe 2 EMSA_CRZ1_F/R
-400 TATATACATT TCAACTTCCA TCATATATTGGA TTAACTTGGT TATTTGTGAA TTTTTAGTGC ATTAATTTCT TTTGTTTACA CATTTTTTAC
ATATATGTAA AGTTGAAGGT AGTATAAATG GEGJTAACCT AATTGAACCA ATAAACACTT ARAAATCACG TAATTAAAGA AAACAAATGT GTAAAAAATG

Our putative Crzl-binding site
Probe 3_EMSA_CRZI1_F/R

-300 TATATTTATT TTTGTTTTCA TATTTAGCTT ATAGCAGARA TATTTATTGA AGATACTAGC TTTCAACAAA ARATTCTGCT ATACTATCGA CTACATTTTC
ATATAAATAA AAACAAAAGT ATAAATCGAA TATCGTCTTT ATAAATAACT TCTATGATCG AAAGTTGTTT TTTAAGACGA TATGATAGCT GATGTAAAAG

ChIP_CRZ1_R

-200 CAAGCTAATC AAGCTTACCA AGCTATTTTT ATTGTTGATA TTGTTTTGTT TTCCCTTGAC AACAACGARA AATTTCTTAT AATTCGACTA AACATAAARA
GTTCGATTAG TTCGAATGGT TCGATAAAAA TAACAACTAT AACAAAACAA AAGGGAACTG TTGTTGCTTT TTAAAGAATA TTAAGCTGAT TTGTATTTTT

Putative Crzl-binding site based on Karababa reported motif

-100 AATAGAACRA TTTAA ATTTCATT TCCCCTAACA GCATCTTTCC AAGTTCAAAT ATTTTCCCCT TTTTATATCT AAATTTCATA AATCCCAATC
TTATCTTGTT AAATTAGAL TAAAAGGGGA AAAATATAGA TTTAAAGTAT TTAGGGTTAG

Probe 4 EMSA_CRZ1_F/R

-

ATGTCTAACA ATCCTCATCC CCAGGATGAT GGGTCACAGC TATATGATAA CTTTGAAATA TCACCTCCTT CTATTGTAAT CAGGAAAGCC GATACTGATC
TACAGATTGT TAGGAGTAGG GGTCCTACTA CCCAGTGTCG ATATACTATT GAAACTTTAT AGTGGAGGAA GATAACATTA GTCCTTTCGG CTATGACTAG

B Probe1  Probe2 _ Probe3 _ Probe4
123 456 7 8 9 101112

CaCrz1 binding site in CaCRZI promoter

WCE  ChlIP with anti-HA WCE

of —_— of
His6-CaCrz1 bound

CRZ1-HA CRZ1-HA notag notag
DIG-labelled probe — [
DIG-labelled probe-wm
DIG-labelledprobe *+ + + + + + + + + + + +
Non-labelled probe = — =+ = —= § — — % — — + inverse image of the topper panel
His6-CaCrz1 — 4 &+ — 4 &+ — + 4+ — + +

Fig. 5 CaCrz1 binds in vitro and in vivo to its own promoter. (a) Locations of three predicated CaCrz1-binding motifs (boxed and within
Probe 1, Probe 2 and Probe 3 sequences) based on the consensus motif we discovered in this study and one predicated CaCrz1-binding motif
(boxed and within the Probe 4 sequence). Locations of the ChIP PCR primer pair [CHIP_CRZ1_FHICHIP_CRZ1_R] are indicated with broken lines
above and under their corresponding sequences, respectively. (b) DIG-labelled Probe 1_EMSA_CRZ1_F/R was added into samples in Lanes 1-3.
DIG-labelled Probe 2_EMSA_CRZ1_F/R was added into samples in Lanes 4-6. DIG-labelled Probe 3_EMSA_CRZ1_ F/R was added into samples in
Lanes 7-9, and DIG-labelled Probe 4_EMSA_CRZ1_ F/R was added into samples in Lanes 10-12. Unlabelled probes 1, 2, 3 and 4 were added into
samples in Lanes 3, 6, 9 and 12, respectively. Purified His6-Crz1 protein of 1 ug was added into Lanes 2, 3,5, 6, 8,9, 11 and 12. (C) Detection of
CaCrz1 binding to its own promoter in vivo by ChIP analysis. The same pair of strains were treated and their whole cell extracts were
immunoprecipitated as in Fig. 3c. PCR reactions were carried out with ChIP primers CHIP_CRZ1_FAICHIP_CRZ1_R. The lower panel is the inverse
image of the topper panel, which is for a better view of the PCR band in the second lane

both motifs (M and H), promoters of 59 genes contain
only motif H, promoters of 45 genes contain only motif
M, and promoters of 36 genes contain neither motif H
or motif M (Additional file 2). Therefore, expression of
target genes seems to be differentially regulated by
CaCrzl.

In S. cerevisiae, 125 calcium-specific and calcineurin-
dependent genes reported in a previous study [48]. Out
of these 125 genes, there are 83 genes that are

positively regulated by ScCrzl (Additional file 3). From
the C. albicans database (http://www.candidagenome.
org/), we were able to find 38 C. albicans homologs for
these ScCrzl-dependent S. cerevisiae genes, but only 9
of these 38 C. albicans homologs are present in the list
of genes identified in this study to be CaCrzl-
dependent (Table 2; Additional file 3). Therefore, target
genes of ScCrzl and CaCrzl seem to be very divergent.
This is supported by our observation that the amino
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Fig. 6 Schematic model for the regulation of CaUTR2 expression by the transcription factor CaCrz1 in response of C. albicans cells to
extracellular calcium stress. Influx of extracellular calcium ions to the cytosol leads to the activation of calcineurin, which in turn
dephosphorylates and activates CaCrz1. Dephosphorylated CaCrz1 enters to the nucleus to bind to two CaCrz1 binding motifs (calcineurin
dependent response element; CDRE) in the promoter of CaUTR2, which results in the activation of CaUTR2 expression

acid sequences of ScCrzl and CaCrzl shares only 31.9
and 24% similarity and identity, respectively, although
their predicted structures are very similar (Fig. S4 in
Additional file 1). Similar to the homologs in S. cerevi-
siae, M. oryzae and another human fungal pathogen As-
pergillus fumigatus [49], expression of PMCI (C3_
01250W_A) and RCT1 (C3_05710W) is positively con-
trolled by CaCrz1, although expression of RCNI (C6_
01160W_A) is not regulated by CaCrzl (Supplnfo 1
and 2; GEO Accession number: GSE123122). This is
consistent with previous observations on Cryptococcus
neoformans CBP1, the homolog of RCNI, that neither
is regulated by nor interacts with Crzl in this human
fungal pathogen [54, 55]. In contrast, expression of
RCNI is regulated by Crzl in S. cerevisiae, M. oryzae
and another human fungal pathogen Aspergillus fumi-
gatus, which forms a feedback mechanism for the regu-
latory role of Renl as an inhibitor of calcineurin [48,
55, 56]. Nevertheless, overexpression of C. albicans
RCNI could inhibit S. cerevisiae calcineurin function
[21]. Taken together, these data indicate that regulation
of the calcium/calcineurin signaling pathway is diverged
in fungal pathogens, although the core calcium signal-
ing machinery (calmodulin, calcineurin and Crzl) is
highly conserved across these species. This is consistent
with the previous hypothesis [49, 56, 57].

It is interesting to note that the calcium-sensitive
phenotype of the CRISPR mutant for CaCRZ1 could

only be partially reversed by the introduction of the full-
length CaCRZ1 gene back to its genome (Fig. 1). Tran-
scripts of the CRISPR mutant CaCRZI from the
CaCRZ1 locus might compete with those of the wild-
type CaCRZ1 transcripts derived from Clp10-CaCRZ1
at the CaRPSI locus, which might interfere with the
translational efficiency of wild-type CaCRZI transcripts.
This might explain the partial complementation of cal-
cium sensitivity of the CRISPR mutant for CaCRZI by
CIp10-CaCRZ1. Furthermore, the full-length 6xHis
tagged CaCrzl protein expresses in bacterial cells as a
protein of about 100 kDa (Additional file 1: Figure S3),
which is much bigger than its predicted size (= 80 kDa).
However, the dephosphorylated form of CaCrzl
expressed in C. albicans cells in response to calcium
stress also shows a molecular weight of more than 100
kDa (Fig. 2), which is similar to that of CaCrzl
expressed in bacterial cells. Therefore, this mobility shift
could be due to the conformation of CaCrz1 itself, but
not the host cell environment or the tag type or tag loca-
tion (N-terminus or C-terminus).

Conclusions

In this study, through RNA sequencing we have identi-
fied 219 genes that are positively, and 59 genes that are
negatively, controlled by CaCrz1 in response to calcium
stress. We have also revealed and demonstrated experi-
mentally a novel consensus CaCrzl-binding motif [5'-
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GGAGGC(G/A)C(T/A)G-3'] in promoters of CaCrzl
target genes. In addition, CaCrzl binds to its own pro-
moter and shows an autoregulatory mechanism for
CaCRZ1 expression. These findings would contribute to
our further understanding of molecular mechanisms
regulating calcium homeostasis.
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