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ABSTRACTThe protein phosphatase calcineurin is activated in response
rising intracellular C& levels and impacts fundamental cellular processes
organisms rangig from yeast to humans. In fungi, calcineurin orchestrate
cellular adaptation to diverse environmental challenges and is essential 1
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virulence of pathogenic species. To enable rapid and lasgale assessment ol
calcineurin activity in living, unpertused yeast cells, we have generated ste

ble and destabilized GFP transcriptional reporters under the control of a ¢
cineurin-dependent response element (CDRE). Using the reporters, we sk
that the rapid dynamics of calcineurin activation and deactivatioarcbe fol-
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lowed by flow cytometry and fluorescence microscopy. This system is comg

ible with live/dead staining that excludes confounding dead cells from tr
analysis. The reporters provide technology to monitor calcineurin dynami
during stress and agemand may serve as a driggreening platform to identi-
fy novel antifungal compounds that selectively target calcineurin.

INTRODUCTION

The Ca/calmodulindependent serine/threonine phos-
phatase calcineurin (CN) is a central component of Ca
signaling across species. CN regulaliesrse fundamental
processes, ranging from cell wall synthesis, stress respons-
es and adaptation in unicellular organisifig3] to prolif-
eration, development, immune responses, apoptosis, syn-
aptic plasticity and memory function in metaaus [4¢7].

CN activity across various cell types and organisms requires
a tight spatiestemporal regulation. Both excessive and in-
sufficient activity of this phosphatase have been linked to
human disease, in particular to diverseunedegenerative
disorders[8, 9] Pharmacological calcineurin inhibitors like
FK506 (tacrolismus) or cyclosporin A arelinical use as
immunosuppressants, in particular after organ transplanta-
tions [5]. As calcineurin signaling has been shown to con-
tribute to the virulence of a variety of fungal pathogens,
including species dkspergillusCryptococcuand Candida

CN imnibitors ¢ alone or in combination with established
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Abbreviations:

i -gal¢i -galactosidase,

CDRE calcineurindependent
response element,

CNc calcineurin,

CnA( catalytic subunit of CN,
CnBg regulatory subunit of CN,
GFR; green fluorescent protein,
PI¢ propidium iodide.

antifungal drugs; are also being evaluated for their thera-
peutic potential to combat fungal infectiorj$0, 11]
Calcineurin consists of a regulatory (CnB) and a catalyt-
ic (CnA) subunit, which iBaccharomyces cerevisiage
encoded byCNBland eitherCNAL1 or CNAZespectively
[7]. CnB harborgour EFhand motifs, which bind Cawith
different affinities and confer structural and functional
properties[12, 13] CnA comprises a Ciihding domain,
a calmodulirbinding domain and an autoinhibitory domain,
which blocks the active site in resting conditions.>*Ca
dependent binding of calmodulin to th€nA/CnBC&* di-
mer activates the phosphatase complex by displacing the
autoinhibitory domain[7]. Across phyla, CN targets share
common recognition sitesPkIxIT and LxVP), which deter-
mine enzymesubstrate specificity6]. In yeast, Chhduced
changes in gene expression are mainly mediated by the
transcription factor Crz1, the analogue of mammalian NFAT,
which upon dephosphorylation by CN drives transcriptional
reprogramming and adaptatiofl, 3] Apart from this tran-
scriptional response,CN also dephosphorylatesvarious
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FIGURE 1: GFP and &¥Hunction asreporters of calcineurin activity. &) Schematics of pAMS36EXCDRIacZ, pAMS368xCDREFP
and pAMS368IxCDRIEFPESTplasmids encoding reporters for CN activi® / b | Ol A OA G & & I-gal aifiti & MNarflow &
tometric quantification ofGFP fluorescence intensitidésy SELIR Y Sy G Al £ £ & @zldls eqlifpedswit eRherlpANIIS6¢
4xCDRIacZ, pAMS368XxCDREFP or pAMS36&XCDREFPESD  + | f dzS& | NB ciakdls Meansd SEHVR rf =8) CN Rctivi-
tywasmeasurB | & Ay 6.0 Ay SELRponickkll § RrzideNPequipged with thé iRdicaled teloFer Masmi
For stimulation of CN activity, cells were treated with 50 mM*Cédn prior to measurement. Fold of untreated wild type cells iswaho
Dead cells were excluded from the analysis via propidium iodide (Pl) staining. Means + SEND)rRegresentative immunoblots of pro
G§SAy SEGNI OG& FNBY OStfa RSEAONROGSR AY 6-ha obGRP Yaspeytly,aridPgki as &N
control. (EG) Histograms of cells quantified in (C) indicating the shift in green fluorescence intensity of wild type cells with and 3@tt
mM C&*i NB | (i Y Sphiil cellsyequipied with the GFP (E) or the GFReporter , G).

OPEN ACCESS | www.microbialcell.com 107 Microbial Cell | APRIL 2020 | Vol. 7 No. 4



J. Diesstt al. (2020)

other substrates, thereby directly impacting processes such
as vesicle trafficking, €ahomeostasis, and lipid metabo-
lism[14].

Currently estabthed systems to monitor cellular CN
activity are based on variations of the calcineurin
dependent response element (CDRE) fused to a reporter
gene[2, 14¢16]. Dephosphorylation of Crz1 by CN and sub-
sequent binding of Crz1 to CDREs drives reporter gene ex-
pression. The mostommonly applied reporters are based

Calcineurin activity in living yeast

expression. Thus, we additionally employed GFP destabi-
lized by fusion to a PE&Totif derived from the cglin CIn2,
marking it for rapid proteasomal degradati¢®3, 25] We
directly compared Crz1l/CDRENA Sy SE LB & a
GFP and GPFPTto assess CN activity in (i) dividing, un-
stressed wild type cells, (ii) upon genetic disruption of cel-
lular C&* homeostasis, and (iii) upon administration of high
external C&. First, we monitored basal CN activity in rest-
ing conditions in wild typerersusDcrzl cells transformed

on the bacteriaLacZ 02 RAF I3t IT@N2-gah[R I & Switkd the different reporter plasmids. HereDerzl cells

8, 12, 16, 17]Whileli K $gallassay represents a basic and
costeffective approach, efficiently used to understand
diverse aspects of gene express[@B], it comes with clear
limitations: it requires a rather lengthy procedure that pre-
cludes efficient highhroughput screenings and does not
allow for in vivo measurement of CN activity. Here, we
present a reporter system based on GFP that enables rapid
and largescale determination of CN activity in unper-
turbed, living cells and allows for a simultaneous discrimi-
nation between live and dead cells via flow cytometry. In
addition, we utilize a GFPariant fused to a destabilizing
tag (degron) to assess CN activity pulses and magnitudes in
higher temporal resolution and demonstrate how dead cell
populations confound a proper reaaut of CN activity.

RESULTAND DISCUSSION

GFP and GEPPreporters capture CN activation

To enable largscale analysis of CN activity in unperturbed,
living yeast cells, we generated reporter constructs coding
for a yeastoptimized green fluorescent protein (YEGFP;
hereafter referred to as GFP) under the control of-fold
repeat of CDRE, allowing Gudrven expression of GFP
upon dephosphorylation of this Gfésponsive transcrip-
tion factor Fig. 1A. While the stability of GFP and thus its
accumulation over time might be advantageous for in-
stance in scenarios requignhigh sensitivity due to mar-
ginal CN activation, it also limits its application as reporter
molecule to analyze dynamic and transient changes in gene

ASNBSR & ol Ol 3 Ngabagtikity valugs Bs 2
well as GFP fluorescence intensitas depicted as fold of
Dcrz1to allow comparison between the different reporter
molecules Fig. 1B ® 5 S S NIy gaf acivitydnycell2 F
lysates as well as flow cytometric quantification of GFP
fluorescence intensity in living cells revealed-Zfold in-
crease of CN activity compared Brrzlcells. A lower CN
activity was detectable in cells expressing the shioad
GFIPESTas reporter, consistent with PESTiven destabili-
zation and enhanced proteasomal degradation of this mol-
ecule Fig. 1B. To waluate the different reporter mole-
cules in a context of constitutively active CN, we used cells
devoid of Pmrl, an ER/Golgcalized Cd/Mn?* ATPase
that pumps C# from the cytosol into lumenal stores. Cells
lacking Pmrl are known to have elevated cglic C&
levels and increased CN activity in resting, uninduced con-
ditions [26, 27] Flow cytometric quantification of fluores-
cence intensitiesn vivoin comparison with measurement

2 T-gal activity in lysates demonstratetat both GFP and
GFPESTefficiently captured the prominent increase in CN
activity in cells devoid of PmrFi@. 1¢. Cells lacking the
regulatory subunit of calcineurird¢nbl)as well asbcrzl
cells served as negative controls. To allow direct compari-
son of the magnitude of CN activity captured by the three
reporter molecules, relative change to wild type was plot-
ted (Fig. 1¢. Using immunoblotting as an alternative read
2dzi G2 TFt2o
protein levels of GFP and GFPwere markedly increased
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FIGURE ZReporter protein stability assessed via immunoblottingd-C) Representative immunoblots (A) and capending densitometric
quantification (B, C) of reporter protein levels in exponentially growing cells lacking Pmrl equipped with either pAMSRE8EIaCZ,
pPAMS3664xCDREFP or pAMS366xCDREFPESTat indicated times points after addition of cyclohemie (CHXJo a final concentration
of 100 mg/id . £ 2G4 6SNB RSO2NI ( SRactdsklas& or GRP{irkspeztivelySand Rgld lag Igadiiy control. Mol
weight (kDa) as estimated by Page Ruler Protein standard. Values represent fold to t = 0 min. Means + SEM, n = 4,
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in absence of PmrlF{g. 1D. Next, we monitored the re-
sponse to administration of 50 mM €aa regime known

to activate CN signaling and nuclear translocation of Crzl
[15]® v dzI ¥y ( A F-dalCdctiity @nyl flu@réscerice in-
tensities revealed a 1fbld increase of CN activity in wild
type cells 1 h after Caadministration for all three report-

er molecules. Moreover, both GFP as well asP&fiRten-
sities in cells with constitutively high CN activiBpmrl)
further increased upon additional &atreatment, effec-
tively capturing CN activities of high amplitudé€sg( 1¢.
Corresponding histograms of GHRg( 1 and GFFEEST(Fig.

1F, G intensities of untreatedrersusC&*-treated wild type
cells as wll as of wild type cells versiBpmrl cells depict
the shift in fluorescence intensities as a reaut for CN
activity. In sum, these fluorescenbased systems function
as reporters of CN activity during genetic (permanent) and
pharmacological (transiefyt induced) activation of CN and
are able to effectively capture CN activities of different
magnitudes.

Reporter protein stability assessed via immunoblotting
Slow turnover of any reporter molecule obstructs the accu-
rate detection of rapid downregulation @ene expression.
2SS Y2yAli2NBR
after inhibition of de novoprotein synthesis with cyclo-
heximide in cells with permanently active CN due to the
absence of PmriF{g. 2AC). As expected, immunoblotting

Calcineurin activity in living yeast

demonstratedthat GFP was highly stable, and no decay
was detectable within 120 min after cycloheximide treat-
YSy i o 2g& prbtén lévels dropped to about 40%
after 60 min, no further degradation was observed over
the analyzed time frame, limiting its usefulness a re-
porter to detect rapid downregulation of gene expression.
In contrast, arrest of translation resulted in a fast reduction
of GFPESTprotein levels. 60 min after cycloheximide addi-
tion, about 90% of GEPPTwas degraded by the pro-
teasome, and after 20 min, GFFES\was completely turned
over Fig. 2A-0. Thus the proteasomal turnover of
GFPESA a ¢gStftmadAdSR G2 OF LI dzNB
CN activity

GFPEmonitors transient changes in CN activity

Next, we tested whether the protein synthesis arrest of
stable GFP and destabilized GRvas also readily detect-
able using fluorescencesa readout. Therefore, we quan-
titatively evaluated the fluorescence intensities of the CN
activity reporter molecules via flow cytometry. We treated
wild type cells with 50 mM Cato stimulate CN activity,
which triggered a rapid increase in both GFR &FPEST
intensities Fig. 3A, B Consistent with the protein expres-

LINBRydl, SSER/ andi @HP0 A f Siod lgvels2 spbsequent cycloheximide addition led to a fast

decline of GFF*SThut not GFP fluorescence. Corresponding
histograms show that both GFP and @&#FHaithfully re-
ported on he CN activation upon Caaddition, while only
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FIGURE 3: GFPTas a reporter for transient changes in CN activitp-D) Flow cytometric quantification of GFP intensities (A, C) and cc
spondinghistograms of selected time points (B, D) after addition of cycloheximide (CHX) to wild type cek=me with 50 mM C% for 1
h (A, B) or toDpmrlcells (C, D) equipped with either pAMS3B8CDRESFP or pAMS368xCDREFPEST (E-H) Flow cytometrioquantifica-
tion of GFP intensities (E, G) and corresponding histograms of selected time points (F, H) after addition of 0.5 uMWlS9peaells pre
treated with 50 mM C& for 1 h (E, F) or t&pmrl cells (G, H) equipped with pAMS386CDRIESFPEST Dead cells were excluded from tr
analysis via propidium iodide (PI) staining. Means + SEM, n = 4.
109
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FIGURE 4. A fluorescent reporter for CN activity allows for simultaneous exclusion of dead cells via flow cyto(¢tRepresentative
micrographs of wild type anBpmrl cells equipped with pAMS368x(MREGFPESTand stained with propidium iodide (PI) to indicate loss
plasma membrane integrity and thus cell death. Scale bar = 5Bu®) Flow cytometric analysis of Blained aged wild type cells treate
with C&*for 1 h as well aBpmrlcells equiped with pAMS368IxCDRISFPEST Respective dot plots (B, E), histograms offGHiRtensities
of PI negative (live) and PI positive (dead) cells (C, F) and megtBEmsities of total, live and dead cell populations (D, G) are sh@#)n
Simultaneas quantification of cell death via Pl staining and CN activity in cells equipped with pAMMSEBRESFPEST Wild type and
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GFPEST captured the shut down upon cycloheximide
treatment (Fig. 3, B). In this line, stop of translation in
Dpmrl cells, which exhibit permanently high CN activity,
triggered a rapid decline of GFPTluorescence, while GFP
intensities were mainly unaffectedrig. 3C, P Ultimately,

we confirmed that GFPSTcaptures also a decline of CN
activity upon pharmaalogical inhibition of CN. To this end,
we used FK506, which in complex with the immunophilin
FKBP12 specifically inhibits CN across spééje$l] In-
deed, addition of FK506 to Edreated wild type cellsKig.

3E, i as well as t@pmrlcells with high resting CN activity
(Fig. 3G, Mled to a rapid drop in CN activity as assessed by
flow cytometric quantification of GFF:lintensities. In sum,
both reporters permitin vivomonitoring of CN activity and
recapitulate the rapid stimulation of this phosphatase.
While GFPFSTadditionally enables the assessment of CN
deactivation due to its fast proteasomal turnover, the ac-
cumulation of the more stable GFP can serve to monitor
marginalCN activities close to background.

Flow cytometric analysis enables simultaneous exclusion
of dead cells
Dead or dying cells in a culture confound the result of any
readout if not accounted for, especially as those cells and
debris thereof contribute tothe optical density that fre-
quently is used for normalization. The use of fluorescent
reporters combined with a live/dead staining allows for the
simultaneous analysis of CN activity and cell death. We
employedpropidium iodide P), indicative of loss opflas-
ma membrane integrity, to discriminate between live and
dead cell populationsHg.4AG). As expected, flow cy-
tometric evaluation and appropriate gating of the distinct
subpopulations demonstrated that simply assessing CN
activity in the total cell ppulation leads to a significant
underestimation of the actual CN activity of living cefiig)(
4B-G). To evaluate the impact of dead cell populations on
actual CN activity, we simultaneously monitored cell death
and CN activity in wild type ari@pmrl cultures of different
cellular age and upon treatment with various concentra-
tions of C&". For each condition, we determined the shift
in GFP fluorescence intensity upon exclusion of the dead
OS¢t f LJ2 LIdzPEJ iR i b k DE€® ( TK y 3
against thepercentage of cell death determined via PI
staining shows a clear positive correlation (Spearman cor-
relation coefficient ¢ = 0.9359, p<0.001Fig. 4H. Thus,
combining a fluorescent reporter molecule with a
live/dead staining facilitates accurate assessmef CN
activity in cultures with larger populations of dead cells, for
instance upon ageing, genetic modification or drug treat-
ment. In addition, a flow cytometric reaout of fluores-
cence will also enable a direct correlation between the
degree of CN aivity in each cell and any other parameter
using appropriate fluorescent dyes or tags.

Collectively, our results demonstrate that CEdREzen
expression of GFP and GFPserves as effective reporter

Calcineurin activity in living yeast

in CN activity, whereas the stability of GFP render it suita-
ble to report on more subtle changes in bdse activities

of the phosphataseni unstressed, resting cells. In combina-

tion with a live/dead staining, our system represents an

efficient screening platform to simultaneously evaluate

compounds for CN inhibitory activity and toxicity.

MATERIALS AND METHODS

Yeaststrains andculture conditions

S.cerevisiaestrains used in this study were all derived from
BY4741IATa; hisX 1; leu0, metl%O0; ura3k0, Euroscarf).
CRZ1 (BY4741 crzl:hphNT1) and CNB1 (BY4741
cnb1:hphNT1) deletion mutants have been described previ-
ously[19]. ThePMR1deletion mutant was generated via ho-
mologous recmbination following established protoco]20].

Oligonucleotides 53CAG CAC AGA CGT AAG CTT AAG TGT AAG

TAA AAG ATA AGA TAA TCA GCT GAA GCT TC@"Bha GC

5'-TAA CAG AGA CAG TCC AAC GGC GTAGTT GAACATTTT GTT

GCA TAG G@CT AGT GGA TGB'@sed to amplify the gene
disruption cassette from pUG6 were designed to lealdgR1
intact, which overlaps with the @rminal region ofPMR1on
the complementary strand (BY474imrl:kanMX4HUR1in-
tact). Plasmid transformation was perfed as previously
described[21]. Cells were grown in synthetic complete medi-
um containing 0.17% yeast nitrogen base (Difco, BD Bioscienc-
es), 0.5% (NhSQ, 2% glucose, 30 mg/l adenine and
30 mg/l of all amino acids (except for 80 mg/l histidine and
200 mg/l leucine) and l&ing uracil for reporter plasmid selec-
tion. All components were prepared separately as stocks and
mixed after autoclaving (20 min, 121°C, 210 kPa): 10x YNB
with (NH:)2SQ, 10x amino acids + adenine mixture, 20% glu-
cose. Cells were treated with 50 mM Gg&iock 2 mM Cag)|
100 mgL cycloheximide (stock 10 mg/ml; Sigma) at indicated
time points. Overnight cultures incubated for-26 h where
used to inoculate cultures to OD 0.1. For standard experi-
ments (cell death analysis, fluorescence intensity measure-
ments and epifluorescence microscopy) cells were cultivated
in 96-deep well plates at 28°C, 999 rpm. For experiments re-
lj dzZA N& y 3
analysis) cells were cultivated in 125 ml baffled Erlenmeyer
flasks with celllose stoppers at 28°C, 145 rpm. To rule out
clonogenic variation, all experiments were performed with
four different transformants.

k DCt
Construction of fluorescencéased reporter plasmids
The reporter constructs generated and used in this study are
illustrated in Figure 1A and have been deposited at Addgene
(IDs: 138657 and 138658), including plasmid maps and se-
quencing dataTable 1summarizes the most relevant features
of the constructs. For the GFP version (P AMS86EDRESFP),
YyEGFP was amplified fronYpl25[22] 6 A (0 K LINATE S NA
TGG ATC CAT GTC TAA AGG TGA AGATARTRG Q |-y R
ATC TGA GCT CTT ATT TGT ACA ATT CAT COAQTAC ¢ R
ligated into pAMS36@xCDRE (kind gift from M. Cydft), cut
with restriction enzymes BamHI and Sacl (Thermo Scientific
FastDigest). For the GFPT version (pAMS36@xCDRE
GFPESY, pAMS36&1xCDRE was cut with BamHI (Thermo Sci-
entific FastDigest) and ligated with yEGIHESJ n amplified

f I NB S NJgdl as8agizghd émmundblotO St £ a

to monitor CN activity via flow cytometry, fluorescenc
microscopy or immunoblotting. Use of the shdisted GFP-
PESTenables the assessment of rapid and dynamic changes

from pSVA1Zkind gift from S. Averyp3]¢ A i K LINWY SNE p
TGG ATC CAT GTC TAA AGG TGA AGA ATT-ATI CAG/ R p Q
ATC TGG ATC CCT ATA TTA CTT GGG TAT TGC ©CAPAC C
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TABLE 1. Specifications for pAMS368xCDRESFP and

pPAMS3664xCDRESFPEST

AXCDRESFP AXCDRESFPEST
Vector backbone pAMS3641] pAMS3641]
Copy number high (2 p) high (2 p)
Reporter yeGFR22] YEGFPPESILNA23]
Reporter haHife >120min <30 min
Auxotrophic URA3 URA3
marker
Antibiotic
resistance Amp? Ampt

Proper insertion of the PCR produnto the vector backbone
ga O2yFANNSR o0& &4SldSyanNg 3
GGT TTA GAT GAC AAG GGA GAQ G | -¢GT ABTGTG
AGC CAG AGTB&X 6 F2NJ 6§KS DCt -GTIGNA |
GGT TTA GAT GAC AAG GGA GAQ EEAQ AAA TTT TCT

Calcineurin activity in living yeast

Tank(Hoefer) was used. Blocking was performed with 5% milk
powder in Tris buffered saline (50 mM Tris, 150 mM NacCl, pH
7.4). For immunoblotting arGFP (1:2500, 11814460001,
Roche), antPgkl (1:10000, 459250, Invitrogen) and a peroxi-
daseconjugated secondgr antrmouse antibody (1:10000,
A9044, Sigm&ldrich) were used. Chemiluminescence imaging
was performed on a ChemiDdt XRS+ (BioRad) with Im-
agelab software (v 5.2.1) and the application Chemi Hi Resolu-
tion (no illumination, no filter, 2x2 binning, manuakposure
times). The same software was used for densitometric quanti-
fication.

Cell death analysis, epifluorescence microscopy and flow
cytometry

Plstaining as an indicator of loss of membrane integrity was
used to assess cell death and was essentiadiffopmed as
previously described19]. In brief, approximately 1x®@ells

per sample were harvested in 96ell plates and incubated for

5 min withP1(81845, Sigma), final concentration 500 ng/ml in
phosphate hiffered saline (25 mM potassiym phosphate,
& BORINGET Aciiciet to A .55, Mchdrafrs Whre 1BcBraed
using a ZEISS Axioplan2 microscope, (63x/1.40 oil objective,
&y8 throdiddiR iodid®Yand FNE (GPPY filters) with ZEISS Axio

cam MRm camera and AxioVision8@ software (v4.9.1.0).

GTCTCGo Q p-GT TTG TTA CCA GAC AAQC 6 T 2 NIFBK Stometry was performed on a Guava easyCyte SHT

GFPESWariant).

B-gal assay

i -gal assay was essentially performed as describd@4h In

brief, 1 OD of cells was harvested, washed and resuspended in
250 ul Zbuffer (60 mM NaHPQ*7 HO, 40 mM
NaHPQ*H20, 10 mM KCI, 1 mM Mgg@djusted to pH 7.0
and 40 mM 2mercaptoethanol). An aliquot of this suspension
was used to measure @fafor normalization. The remaining
cells were lysed by addition of 0.01% SDS and 10% chloroform
(final concentrations) and vortexing. To start and stop the
enzymatic reaction, 0.36 mg/ml ONPG #bufer and 0.2 M
NaCQ (final concentrations) were added, respemiy. After
centrifugation (400 g, 5 min, 21°C), an aliquot of the suspen-
sion was taken to measure @pat a 2300 EnSpire Multimode
Plate Reader (PerkinElmer) equipped with an excitation dou-
ble monochromator (application: well area scan, averaging 6
measuement repeats)i -gal activity was calculated as (1000 x
ODyos x dilution factor)/(Olgye x reaction time x volume in
reaction). Per genotype and condition, four isogenic mutants
were analyzed.

Immunoblot analysis

6 OD of cells were harvested and lysed with 250 ul buffer
GFAYAy3 modyp a-mérdagtoethahol Rhe sud p:’:
pension was incubated at 4°C for 10 min, 250 pl 55% trichlo-
roacetic acid were added and incubated again at 4°C for 10
min. After centrifugation (4°C, 10 min, 10 000 g) trichloroace-
tic acid was remaoed and pellets were resuspended in Urea
Loading Buffer (200 mM Tris/HCI, 8 M urea, 5% SDS, 1 mM

EDTA, 0.02% bromophenol blue, 15 mM DTT, pH 6.8). SDS2 §¢ §K

PAGE with Triglycine running buffer (250 mM Tris base, 0.2
M glycine, 0.05% SDS (w/v)) was performed BE250 Mighty
Small Il Mini Vertical Protein Electrophoresis Unit (Hoefer)
FOO2NRAY3 (2 YIydzZl O dzZNBNDA
onto a PVDF membrane (T830.1, Roth) with CAPS buffer

equipped with a 50 mW 488 nm laser (blue) and the following
filters: 488/16 (SSC), 525/30 (green), 695/50 (red) (Merck
group). Per genotype and condition, four isogenic mutants
were analyzed. All samples were measured in the staining
solution and each sample was resuspended automatically by
mixing for 5 seconds before acquisition. Per sample, 5000
events were recorded (threshold parameter RSOy, value
100). Data was acquired dranalyzed with InCyte software
(3.2).

Data preparation and statistical analysis

Data were analyzed and graphs were generated with R version
3.5.1 (base, ggplot2 and dplyr packages) or FlowJo 10.6.1 (his-
tograms and dot plots Fig. 4B, E). Figures were gregp in
Adobe lllustrator CC 2017. Data are presented as dot plots or
line graphs and, where applicable, with means and error bars
showing standard error of mean (SEM). Histograms contain
concatenated data of all transformants analyzeeax¥s in all
histograms is % of Max, where the mode in every population is
scaled to 100%. For all data sets, normal distribution (Shapiro
2 Af1Q&40 YR K2Y23aSySade 27
firmed (OriginPro 2017 b9.2.4.380) (except data depicted in
Fig. 4H, please sd®low). To compare reporter protein levels
(betweensubject) over time (withirsubject), a tweway
ANOVA mixed design was performed with Tukey post hoc test
for one variable (protein levels, Fig. 2C). For comparisons be-
tween two groups, an unpaired twway{ ( dzR Stgsfivwnead G
performed (Fig. 1B). For comparison of fold changes in Figure
1C, all conditions were treated as individual groups (inde-
pendent variable) and analyzed with Broworesythe and
!'bhx! gAGK 5dzyySaiQa ¢o
GraphPad v8.2.1) as there was no homogeneity of variances.
b2N¥YIFEAGE g1 & IAGBSY T2 NIchbl f
cells equipped with GPPST which was ignored due to equal

axS Uyt Bt YSA axPh 1C2 NR o Splg ¢LINSigrdyefared NI §afT

lated with twotailed Spearman rank test (nonparametric, as

(10 mM CAPS, 10% EtOH, pH 11) a TE22 Mighty Small Transfer
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data was not normally distributed, Fig. 4H). P values are stated COPYRIGHT

with 4 decimals or as n.s. (not significant, p>0.05). © 2020 Diesslet al. This is an opeaccess article released
under the terms of theCreative Commons Attribution (CC
ACKNOWLEIMEENTS BY) license, which allows the unrestricted use, distribution,

This work was supported by the Swedish Research Council, and reproduction in any medium, provided the original
the Austrian Sciece Fund FWF (P271824), Knut and author and source are acknowledged.
Alice Wallenberg Foundation and Olle Engkvists Stiftelse.

CONFLICT OF INTEREST Please cite this article asutta Diessl, Arpita Nandy, Christina

The authors declare no conflict of interest. Stug, Lukas Habernig and Sabrina Butt2020. Stable and
destabilized GFP reporters to monitor calcineurin actiuitySac-
charomyces cerevisiaeMicrobial Cell 7(4): 106114. doi:
10.15698/mic2020.04.713

REFERENCES

1. Stathopoulos AM, and Cyert M8997). Calcinarin acts through 12. Connolly S, Quad#ioode D, Waldron L, Eberly C, Waters K, Muller
the CRZ1/TCNéncoded transcription factor to regulate gene expres- EM, and Kingsbury T30(8. Calcineurin Regulatory Subunit Calcium
sion in yeast. Genes Dev 11(24): 34323444. doi: Binding Domains Differentially Contribute to Calcineurin Signaling in
10.1101/gad.11.24.3432 Saccharomges cerevisiae. Genetics genetics.300911.2018.doi:

. . . . . . 10.1534/genetics.118.300911
2. Deng L, Sugiura R, Takeuchi M, Suzuki M, Ebina H, Takami T, Koike

A, Iba S, and Kuno 2006). RelTime Monitoring of Calcineurin Activ- 13. Feng B, and Stemmer PB99. Interactions of Calcineurin A,
ity in Living Cells: Evidence for Two Distinct @#bendent Pathways Calcineurin B, and Ca2Biochemistry 38(38): 1248¢12489. doi:
in Fission Yeast.Mol Biol Cell 17(11): 479@4800. doi: 10.1021/bi990492w

10.1091/mbc.E0O®6-0526 )
14. Goldman A, Roy J, Bodenmiller B, Wanka S, Landry CR, Aebersold

3. Yoshimoto H, Saltsman K, Gasch AP, Li HX, Ogawa N, Botstein DR, and Cyert M2014). The calcineurin signaling network evolves via
Brown PO, and Cyert M8002. Genomewide analysis of gene ex- conserved kinasphosphatase modules that transcend substrate
pression regulated by the calcineurin/Crz1p signaling pathway in Sac- identity. Mol Cell55(3): 422435.doi: 10.1016/j.molceR014.05.012

charomyces cerevisiael Biol Chem?277(34): 3107831088. doi: ) )
15. Cai L, Dalal CK, and Elowitz MB08. Frequencymodulated

10.1074/jbc.M202718200 o . .
nuclear localization bursts coordinate gene regulatioNature
4. Mansuy IMZ003). Calcineurin in memgrand bidirectional plastici- 455(7212): 488490.doi: 10.1038/nature07292

ty. Biochem Biophys Res Commuri311(4): 119§1208. doi:
Y . Y @ 8 16. Araki Y, Wu H, Kitagaki H, Akao T, Takagi H, and ShigaggH (
10.1016/j.bbrc.2003.10.046 . ) . .

Ethanol stress stimulates the Cafiediated calcineurin/Crz1 path-
5. Safa K, Riella LV, and Chandrake20AJ]. Beyond calcineurin in- way in Saccharomyces cerevisideBiosci Bioend07(1): 6. doi:
hibitors: emerging agents in kidney transplantati@urr Opin Neph- 10.1016/j.jbiosc.2008.09.005

rol Hypertens 22(6): 68€697.doi: 10.1097/MNH.0b013e328365b3e6
P (6): 689 17. Niedzwiecka K, Tisi R, Penna S, Lichocka M, Plochocka D, and Ku-

6. Roy J, and Cyert M30(9. Identifying New Substrates and Func- charczyk R2018. Two mutatims in mitochondrial ATP6 gene of ATP
tions for an Old Enzyme: Calcineut@old Spring Harb Perspect Biol. synthase, related to human cancer, affect ROS, calcium homeostasis
doi: 10.1101/cshperspect.a035436 and mitochondrial permeability transition in yea®iochim Biophys

. . . Acta1865(1): 112131.doi: 10.1016/j.bbamcr.2017.10.003
7. Rusnak F, and Mertz R0OQ0. Gilcineurin: Form and Function.

Physiol Re\80(4): 14881521.doi: 10.1152/physrev.2000.80.4.1483 18. Juers DH, Matthews BWand Huber RE201) @ [+ O¥% i
. Vgalactosidase: structure and function of an enzyme of historical and

8. Caraveo G, Auluck PK, Whlte_sell _L’ Ch%"‘g CY, Baru V, Mosharov E molecular biological importancé?rotein Sci21(12): 17921807.doi:

Yan X, Bedohny M, Soste M, Picotti P, Kim H, Caldwell KA, Caldwell 10.1002/pro.2165

GA, Sulzer D, Yue Bind Lindquist S2014). Calcineurin determines

toxic versus beneficial responses-gynuclein.Proc Natl Acad Sci U S 19. Aufschnaiter A, Habernig L, Kohler V, Diessl J, CaiGdi@arez

A111(34): E354ZE3552doi: 10.1073/pnas.1413201111 D, Eisenberg T, Keller W, and Biittner281(). The Coordinated Ac-
- . . GA2y 2F [/ +fOAYSdzNRAY | yRSynudlehnR&LJaAYy 5
9. Agostinho P, Lopes JP, Velez Z, and Oliveird008. (Overactiva- icity. Front Mol NeurosciL0: 207.doi: 10.3389/fnmol.2017.00207
tion of calcireurin induced by amyloitbeta and prion proteinsNeu-
rochem Int52(6): 12261233.doi: 10.1016/j.neuint.2008.01.005 20. Guldener U, Heck S, Fielder T, Beinhauer J, and HegelHann
) . ) . (1996. A new efficient gene disruption cassette for repeated use in
10. Juvvadi PR, Lee SC, Heitman J, and Steinba@®1®J Calcineu- budding yeast. Nucleic Acids Res24(13): 25182524. doi:

rin in fungal virulence and drug resistance: Prospects for harnessing 10.1093/nar/24.13.2519

targeted inhibition of calcineurin for an antifungal therapeutic ap-

proach. Virulence 8(2): 18€197. doi: 21. Gietz RD, and Woods R®({6). Yeast transformation by the Li-
10.1080/21505594.2016.1201250 Ac/SS Carrier DNA/PEG methbtitthods Mol Biol 313: 10%120.doi:

. . 10.1385/159259958-3:107
11. Juwvadi PR, Fox D, Bobay BG, Hoy MJ, Gobeil SMC, Venters RA,

Chang Z, Lin JJ, Averette AF, Cole DC, Barrington BCohViiBa 22. Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S, Maekawa H,
Ciofani M, Trzoss M, Li X, Lee SC, CHenMtz M, Spicer LD, Schu- Moreno-Borchart A, Doenges G, Schwob E, Schiebel E, and Knop M
macher MA, Heitman J, and Steinbach @01¢. Harnessing calcineu- (2004). A versatile toolbox for P@idsed tagging of yeast genes: new
rin-FK506FKBP12 crystal structures from invasive fungal pathogens to fluorescent proteins, more markers and promoter substitution cas-
develop antifungal agents.Nat Commun 10(1): 1¢18. doi: settes.Yeast21(11): 94€962.doi: 10.1002/yea.1142

10.1038/s41467019-121991

OPEN ACCESS | www.microbialcell.com 113 Microbial Cell | APRIL 2020 | Vol. 7 No. 4



J. Diesgtt al. (2020) Calcineurin activity in living yeast

23. Mateus C, and Avery SR0Q0. Destabilized green fluorescent 26. Zhao Y, Yan H, Happeck R, R&ftk T, Xu H, Zhang Y, Peiter E,
protein for monitoring dynamic changes in yeast gene expression with  van Oostende Triplet C, Whiteway M, and Jiang0il§). The plasma

flow cytometry. Yeast 16(14): 13181323. doi: 10.1002/1097 membrane protein Rchl is a negative regulator of cytosolic calcium
0061(200010)16:14<1313::ANEA626>3.0.COR homeostass and positively regulated by the calcium/calcineurin sig-

li th in budding yea$tur J Cell Bi®5(35): 164;174.doi:
24. Griffith KL, and Wolf RR0Q2. Measuring betayalactosidase naing painway 1n budding yeastur I5(5): 164, o

o A oo 10.1016/j.ejcb.2016.01.001
activity in bacteria: cell growth, permeabilization, and enzyme assays
in 96-well arrays.Biochem Biophys Res Commu®90(1): 39¢402. 27. Locke EG, Bonilla M, Liang L, Takita Y, and Cunningha20@dV (
doi: 10.1006/bbrc.2001.6152 A homolog of voltaggated Caf+) channels stimulated by depletion
of secretory Ca(2+) in yeadtlol Cell Biol20(18): 66866694. doi:

25. Salama SR, Hendricks KB, and Thord®&94)( G1 cyclin degrada- 10.1128/mcb.20.18.6686694.2000

tion: the PEST motif of yeast CIn2 is necessary, but not sufficient, for
rapid protein turnover. Mol Cell Biol 14(12: 79537966. doi:
10.1128/mcb.14.12.7953

OPEN ACCESS | www.microbialcell.com 114 Microbial Cell | APRIL 2020 | Vol. 7 No. 4



