Calcineurin acts through
the CRZ1/TCN1-encoded transcription
factor to regulate gene expression in yeast
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Calcineurin is a conserved Ca®*/calmodulin-dependent protein phosphatase that plays a critical role in Ca**
signaling. We describe new components of a calcineurin-mediated response in yeast, the Ca®*-induced
transcriptional activation of FKS2, which encodes a B-1,3 glucan synthase. A 24-bp region of the FKS2
promoter was defined as sufficient to confer calcineurin-dependent transcriptional induction on a minimal
promoter in response to Ca** and was named CDRE (for calcineurin-dependent response element). The
product of CRZ1 (YNLO027w) was identified as an activator of CDRE-driven transcription. Crzlp contains zinc
finger motifs and binds specifically to the CDRE. Genetic analysis revealed that crz1A mutant cells exhibit
several phenotypes similar to those of calcineurin mutants and that overexpression of CRZ1 in calcineurin
mutants suppressed these phenotypes. These results suggest that Crzlp functions downstream of calcineurin
to effect multiple calcineurin-dependent responses. Moreover, the calcineurin-dependent transcriptional
induction of FKS2 in response to Ca?*, a-factor, and Na* was found to require CRZ1. In addition, we found
that the calcineurin-dependent transcriptional regulation of PMR2 and PMC1 required CRZ1. However,
transcription of PMR2 and PMC1 was activated by only a subset of the treatments that activated FKS2
transcription. Thus, in response to multiple signals, calcineurin acts through the Crzlp transcription factor to
differentially regulate the expression of several target genes in yeast.
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Changes in intracellular Ca®* concentration signal a va-
riety of physiological responses in many different cell
types (Clapham 1995). The amplitude and duration of
dynamic Ca®* signals contribute to the diversity in sig-
naling of this single ion. One mechanism by which Ca?*
acts is by binding to and activating calmodulin. As an
intracellular Ca®* receptor, calmodulin activates a num-
ber of target enzymes such as calmodulin-dependent pro-
tein kinases and phosphatases. One of these targets is the
serine/threonine-specific protein phosphatase calcineu-
rin that acts as an effector of Ca®* signaling by regulating
the phosphorylation state of proteins (Klee et al. 1988).

Calcineurin activity is critical for many Ca®'-regu-
lated processes, including T-cell activation (Clipstone
and Crabtree 1992; O’Keefe et al. 1992) and neutrophil
chemotaxis (Hendley et al. 1992; Lawson and Maxfield
1995). The function of calcineurin in different cell types
has been assessed in part by examining the effects of
FK506 and cyclosporin A, immunosuppressive drugs
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that specifically inhibit this phosphatase (Liu et al.
1991a). Inhibition of calcineurin by these drugs prevents
activation of NFAT, a transcription factor that is neces-
sary for the proliferation of T cells (Clipstone and Crab-
tree 1992; O’Keefe et al. 1992). Specifically, dephos-
phorylation of NFAT by calcineurin allows translocation
of this transcription factor from the cytoplasm to the
nucleus where it induces expression of a number of cy-
tokine genes (Jain et al. 1993; Northrop et al. 1993). In
other cell types, calcineurin has been implicated in the
control of ion homeostasis. For example, calcineurin
regulates the Na*/K*" ATPase in renal tubule cells (Ape-
ria et al. 1992) and the NMDA receptor in neurons (Li-
eberman and Mody 1994; Tong et al. 1995).

The calcineurin enzyme functions as a heterodimer of
catalytic (A) and regulatory (B) subunits that have been
highly conserved through evolution. The catalytic sub-
unit contains a carboxy-terminal autoinhibitory domain,
and Ca®'-calmodulin binding activates the enzyme by
relieving this inhibition (Hubbard and Klee 1989). Trun-
cations of the catalytic subunit that remove the autoin-
hibitory domain result in a constitutively active enzyme
that no longer requires Ca®* (Hubbard and Klee 1989). In
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the yeast Saccharomyces cerevisiae, calcineurin cata-
lytic subunits are encoded by CNA1 and CNA2 (Cyert et
al. 1991; Liu et al. 1991b), and the regulatory subunit is
encoded by CNB1 (Kuno et al. 1991; Cyert and Thorner
1992). The physiological role of calcineurin in yeast has
been examined by characterizing cells that lack func-
tional calcineurin, that is, cnal cna2 mutants, cnb1l mu-
tants, or cells incubated with FK506 or cyclosporin A.

Yeast calcineurin is essential under specific environ-
mental conditions. During prolonged incubation with
pheromone, calcineurin is necessary to maintain viabil-
ity; however, the nature of this requirement is not well
understood (Moser et al. 1996; Withee et al. 1997). Cal-
cineurin-deficient cells also grow poorly in the presence
of high concentrations of certain ions, including Mn?",
Na*/Li*, and OH™ (Nakamura et al. 1993; Mendoza et al.
1994, Farcasanu et al. 1995; Pozos et al. 1996). These ion
sensitivities can be explained, at least in part, by altered
levels of several ion transporters. Calcineurin is required
for transcriptional induction of PMR2, which encodes a
Na* ATPase (Rudolph et al. 1989; Haro et al. 1991), and
PMC1 and PMR1, which encode Ca?* ATPases (Rudolph
et al. 1989; Cunningham and Fink 1994, 1996; Mendoza
et al. 1994).

Calcineurin also regulates transcription of another
gene, FKS2. FKS2 and its homolog, FKS1, encode cata-
lytic subunits of a major, cell wall synthetic enzyme,
B-1,3 glucan synthase. fksl fks2 double mutants are in-
viable, and cells lacking FKS1 and calcineurin are also
inviable because of insufficient expression of FKS2
(Douglas et al. 1994; Eng et al. 1994; Garrett-Engele et al.
1995). In addition, FKS2 mRNA levels increase when
cells are incubated with either Ca®* or mating phero-
mone, and under both of these conditions, transcrip-
tional activation is completely dependent on calcineurin
(Mazur et al. 1995). However, transcriptional regulation
of FKS2 is complex and is also regulated by calcineurin-
independent mechanisms (Mazur et al. 1995). For ex-
ample, during growth at elevated temperatures, FKS2
transcription increases, and this induction is the result
of the independent and additive effects of both calcineu-
rin and the PKC1-regulated cell integrity pathway (C.
Zhao, U. Jung, P. Garrett-Engele, T. Roe, M. Cyert, and
D. Levin, in prep.). Furthermore, the expression of FKS2
is induced, independently of calcineurin, by growth on
nondextrose carbon sources and at stationary phase (Ma-
zur et al. 1995; C. Zhao, U. Jung, P. Garrett-Engele, T.
Roe, M. Cyert, and D. Levin, in prep.). In this study we
further characterize the mechanism by which calcineu-
rin activates transcription of FKS2 and identify a tran-
scription factor, Crzlp, that mediates calcineurin-depen-
dent changes in gene expression.

Results

Dissection of the FKS2 promoter identifies a region
that is necessary for calcineurin-dependent
transcriptional induction

FKS2 mRNA levels increase in response to Ca?* and mat-

Calcineurin acts through CRZ1

ing pheromone (a-factor) in a calcineurin-dependent
fashion (Mazur et al. 1995). We previously determined
that a lacZ reporter gene containing (P00 bp of FKS2
promoter sequence displays calcineurin-dependent Ca>*-
induced expression, whereas a construct containing (0700
bp does not (C. Zhao, U. Jung, P. Garrett-Engele, T. Roe,
M. Cyert, and D. Levin, in prep.). Here, we have extended
that analysis and found that gene fusions containing 762
bp or more of FKS2 promoter sequence exhibited in-
creased expression of B-galactosidase in response to Ca?*
(Fig. 1). We observed a four- to sixfold increase in tran-
scription in response to Ca®* that was calcineurin depen-
dent because it was eliminated by the addition of FK506,
a specific inhibitor of calcineurin (Fig. 1). No such induc-
tion was observed with the reporter containing only 705
bp or with the vector lacking any FKS2 regulatory se-
guences (pLG178; data not shown). We also found that
the same constructs that displayed a calcineurin-depen-
dent induction in response to Ca®* were able to support
a three- to fivefold calcineurin-dependent induction in
response to a-factor (Fig. 1). Correspondingly, a-factor-
induced expression was observed for the 762-bp con-
struct but not the 705-bp construct (Fig. 1). From these
results we conclude that the region from =762 bp to =705
bp is necessary for both Ca?*- and a-factor-induced cal-
cineurin-dependent transcription.

Identification of the calcineurin-dependent response
element

To further define the region mediating calcineurin-de-
pendent expression, reporter genes containing heterolo-
gous promoters were constructed (see Materials and
Methods). No calcineurin-dependent expression was ob-
200
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Figure 1. Constructs containing 762 bp or more of FKS2 up-
stream sequence can support calcineurin-dependent transcrip-
tional induction of expression. Plasmid-based lacZ reporter
genes were constructed with varying amounts of FKS2 upstream
sequence [-910/+6 (pAMS312), -762/+6 (pAMS317), -705/+6
(PAMS319)]. B-Galactosidase activities are shown for extracts
from cells (YPH499) that were either untreated (open bar),
treated with 10 pg/ml of a-factor (shaded bar), or treated with
200 mm CacCl, (solid bar) in the presence or absence of FK506.
Each extract was assayed in triplicate, and the s.p. is represen-
tative of the error between these samples.
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served with the (60)::cycl::lacZ construct containing (60
bp of FKS2 sequence from the region -762 bp to —705 bp
under normal growth conditions or with a-factor addi-
tion (data not shown). However, this construct showed
an approximately fivefold increase in expression in re-
sponse to Ca?* that was calcineurin dependent (Table 1).
The 60-bp sequence was subdivided into overlapping 24-
bp regions, creating four reporter gene constructs A-
D(24)::cycl:lacZ. Only one 24-bp region, contained in
construct A(24)::.cycl:lacZ, was able to support calci-
neurin-dependent Ca®*-induced expression (4.4 +0.9-
fold induction; Table 1) that was similar in magnitude to
that observed for the larger 60-bp construct. We named
this element, which is composed of the sequence CAC-
CAGTCGGTGGCTGTGCGCTTG, the CDRE (calci-
neurin-dependent response element). Analysis of the
CDRE failed to find any matches to consensus binding
sites defined previously for yeast transcription factors
(Prestridge 1991).

Multiple copies of the CDRE increase
calcineurin-dependent transcriptional activation

We found that multimerization of the CDRE increased
the sensitivity of the reporter gene. In contrast to the 2-
to 5-fold calcineurin-dependent Ca®*-induced expression
exhibited by one copy of the CDRE, 15-fold and 69-fold
inductions were observed in cells carrying heterologous
promoter constructs that contained two and four tandem
copies of the CDRE, respectively (Fig. 2). Additionally,
the most sensitive reporter gene, containing four tandem
copies of the CDRE (4x-CDRE::lacZ), supported an ap-
proximately threefold increase in expression in response
to a-factor that was calcineurin dependent (Fig. 2). No
a-factor-induced expression was observed with the other
constructs.

We also constructed a derivative of the CDRE (mutC-
DRE; see Materials and Methods) that was not able to
promote calcineurin-dependent transcriptional regula-
tion. When tandem repeats of mutCDRE were placed
upstream of a minimal promoter, no calcineurin-depen-

dent increase in expression was observed with either
Ca®" or a-factor treatment (Fig. 2).

Identification of high-copy plasmids that allow
expression of the CDRE reporter gene in the absence
of calcineurin

We used the calcineurin mutant strain containing the
4x-CDRE::lacZ reporter (ASY461) to identify gene prod-
ucts that activate CDRE-mediated expression in the ab-
sence of calcineurin. We introduced two different mul-
ticopy genomic libraries into ASY461 cells and identified
plasmids that conferred CDRE-dependent gene expres-
sion (see Materials and Methods). Four classes of plas-
mids were isolated. One class of plasmids contained a
copy of CNB1, encoding the calcineurin regulatory sub-
unit. These plasmids complemented the cnblA muta-
tion in the parent strain, thus restoring calcineurin ac-
tivity and CDRE-driven gene expression. A second class
of plasmids contained truncations of CNA2, encoding
the calcineurin catalytic subunit. Evidently, enough
catalytic activity was supported by truncated Cna2p
even in the absence of Cnblp to test positive in our sen-
sitive reporter system. The third class of plasmids con-
sisted of a single isolate. Specific activation of the re-
porter by this plasmid was attributable to a single open
reading frame (ORF), YMRO30w, that is predicted to en-
code a protein of 43 kD of molecular mass with no sig-
nificant homology to any other protein. Cells deficient
for YMRO30w still displayed CDRE-dependent transcrip-
tional activation (data not shown); therefore, this ORF
was not studied further. The fourth class of plasmids
contained at least part of a previously uncharacterized
ORF, YNLO27w. YNLO27w is predicted to encode a pro-
tein of 76 kD of molecular mass containing a polygluta-
mine tract, which commonly acts as a transcriptional
activation domain (Perutz 1994), and two zinc finger do-
mains of the Cys,-His, type, which mediate protein—
nucleic acid interactions in many transcription factors
(Evans and Hollenberg 1988; Desjarlais and Berg 1992)
(Fig. 3). In addition, YNLO27w contains a third putative

Table 1. Calcineurin-dependent induction of heterologous reporter genes in response to Ca?*

B-Galactosidase (U/mg protein)®

Calcineurin-dependent

fks2::cycl:lacZz FKS2 induction® (ratio:
reporter® (op) sequence +Ca?" +Ca"+FK +Ca?"/+Ca%"+FK)
60 -762 to -705 56.4 2.6 11.6+0.5 49+0.6

A (24) -762 to -738 13.6 £0.6 3.1+0.3 4.4+0.9

B (24) -750 to -726 31+0 3.2+0.1 1.0+0

C (24) -738to -714 3.1+0.2 45+0.3 0.7+£0.1

D (24) —-726 to -705 1.6+0.3 1.6+0.2 1.0+£04

3The 60-bp, A, B, C, and D reporters are contained on plasmids pAMS327, pAMS342, pAMS344, pAMS455, and pAMS456, respectively.
bB-Galactosidase activity per milligram of protein was assayed from cells grown in synthetic medium supplemented as indicated with
200 mm CaCl, (Ca?*) and 1 ug/ml of FK506 (FK). Data are the averages of extracts assayed in triplicate from one representative
experiment, and the standard deviation is representative of the error between these samples.

°Calcineurin-dependent induction is presented as the average of the largest possible ratio and the smallest possible ratio, with the error

indicating the span between the two numbers.
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Figure 2. Tandem copies of CDRE increase
the response of heterologous promoters to
Ca®* and a-factor. Plasmid-based lacZ re-
porter genes were constructed containing
heterologous promoters with increasing cop-
ies of the CDRE or mutCDRE in tandem [1x-
CDRE (pAMS342), 2x-CDRE (pAMS363),
4x-CDRE (PAMS366), 4x-mutCDRE
(PAMS364)]. B-Galactosidase activities are
shown for extracts from cells (YPH499) that
were either untreated (open bar), treated
with 10 pg/ml of a-factor (shaded bar), or
treated with 200 mm CaCl,, (solid bar) in the
presence or absence of FK506. Each extract
was assayed in triplicate and the s.p. is rep-

Construct: 1x-CDRE 2x-CDRE 4x-CDRE

resentative of the error between these

4x-mutCDRE samples. (Note discontinuity in y-axis.)

zinc finger that is less well conserved and only contains
one cysteine and one histidine (Fig. 3). We renamed
YNLO27w CRZ1 for calcineurin-responsive zinc finger
protein. This same gene was identified independently by
Matheos et al. and named TCN1 (Matheos et al., this
issue).

CRZ1 encodes an essential component of the
CDRE-mediated transcriptional induction

A diploid strain, ASY650, heterozygous for a null allele
of CRZ1 (crzl:loxP-kanMX-loxP) was sporulated. All
haploid segregants from this diploid were viable, and
cells carrying the CRZ1 disruption allele (ASY472)
showed no obvious defects in growth or morphology.
Thus, CRZ1 is not an essential gene. However, crz1A
mutant cells were not able to activate the 4x-
CDRE::lacZ reporter in the absence (ASY589) or in the
presence of calcineurin (ASY587). When incubated with

1 MSFSNGNMAS YMTSSNGEEQ SINNKNDIDD NSAYRRNNFR NSSNSGSHTF QLSDLDLDVD
61 MRMDSANSSE KISKNLSSGI PDSFDSNVNS LLSPSSGSYS ADLNYQSLYK PDLPQQQLQQ
121 QQOLOQOQQQQ QQ0Q0QQ0KQ TPTLKVEQSD TFQWDDILTP ADNQHRPSLT NQFLSPRSNY
181 DETTRSSGID SNYSDTESNY HTPYLYPQODI VSSPAMSHLT ANNDDFDDLL SVASMNSNYL
241 LPVNSHGYKH ISNLDELDDL LSLTYSDNNL LSASNNSDFN NSNNGIINTA DTQNSTIAIN
301 KSKVGTNQKM LLTIPTSSTP SPSTHAAPVT PIISIQEFNE GHFPVFKNEDD GTLQLKVRDN
361 ESYSATNNNN LLRPDDNDYN NEALSDIDRS FEDIINGRKL KLKKSRRRSS QTSNNSFTSR
421 RSSRSRSISP DEKAKSISAN REKLLEMADL LPSSENDNNR ERYDNDSKTS YNTINSSNFN
481 EDNNNNNLLT SKPKIESGIV NIKNELDDTS KDLGILLDID SLGQFEQKVG FKNDDNHENN
541 DNGTFSVKKN DNLEKLDSVT NNRKNPI*NFA CvaV(v:GlG(FTR PYNLKSI:LRT I"ITNEBEFI;S
L 4 A4

L4 v v
601 ICCRAFARQF DRKRHEDLHT GRHRYVCGGK LRDORFWGCG KKFAHSDALG RHFKTESGRE]

661 CITPLYEEAR QEKSGQES

Figure 3. CRZ1 encodes a putative transcription factor. The
predicted amino acid sequence of the transcription factor Crz1lp
(ORF YNLO27w) is shown with the polyglutamine tract at the
amino terminus underlined and the three zinc fingers at the
carboxyl terminus boxed in gray. Conserved cysteine and histi-
dine residues within each zinc finger are indicated by a mark (V)
above each residue.

Ca®", the crz1A mutant (ASY587), the cnblA mutant
(ASY461), and the cnb1A crz1A double mutant (ASY589)
showed similar low levels of CDRE-mediated expression
(4-7 B-galactosidase U/mg of protein) in contrast to the
high level of CDRE-mediated expression (183 + 2 B-ga-
lactosidase U/mg of protein) observed with wild-type
cells (ASY459) (data not shown). These results indicate
that CRZ1 is an essential component of calcineurin-de-
pendent CDRE-mediated gene expression.

Crzlp binds specifically to the CDRE

The similarity of Crzlp to other transcription factors
(Fig. 3) and the observation that this protein is a required
component of calcineurin-dependent CDRE-mediated
transcriptional induction suggest that Crzlp may di-
rectly bind the CDRE. To test this possibility, we per-
formed gel-shift experiments. Cell extracts were incu-
bated with a 32P-labeled 24-bp double-stranded oligo-
nucleotide corresponding to the CDRE sequence and
analyzed by fractionation on nondenaturing polyacryl-
amide gels. Cell extracts prepared from wild-type cells
contained an activity that bound to the oligonucleotide
and retarded its migration in the gel, resulting in the
formation of a new band (Fig. 4, lane 2, band A). This
DNA-binding activity was absent from crz1A cells (Fig.
4, lane 3). These results demonstrate that Crzlp is re-
quired for assembly of a CDRE-binding activity.
Further experiments demonstrated that Crz1p binds to
the CDRE directly and specifically. First, we created an
epitope-tagged version of Crz1p by inserting a DNA seg-
ment encoding the hemagglutinin antigen (HA) epitope
into CRZ1 near the 5’ end of the coding region (Wilson et
al. 1984). The epitope-tagged gene, HA-CRZ1, when ex-
pressed from a centromere-based plasmid (pAMSA451)
fully complemented the CDRE-mediated transcription
defect and the ion sensitivities of a crz1A mutant strain
(see below) indicating that the epitope tag did not impair
the function of Crzlp (data not shown). More CDRE-
binding activity was observed for cells overexpressing
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Figure 4. Crzlp binds to the CDRE. Extracts of strains YPH499
containing YEp351 (“WT”), ASY472 containing YEp351
(“‘crz1A”), and ASY472 containing pAMS446 [“crz1A, YEp(HA-
CRZ1)”"] were analyzed by DNA mobility retardation analysis
using the CDRE as probe (see Materials and Methods). The plas-
mid YEp(HA-CRZ1) carries a gene encoding a version of Crzlp
with the HA epitope inserted near the amino terminus of the
protein. (Lanes 5-7) Equal amounts of a-HA antibody, a-myc
antibody, or antibody dilution buffer were added 5 min before
gel loading; (lanes 8,9) a 100-fold molar excess of unlabeled
CDRE or mut-CDRE oligonucleotide to probe was added before
addition of extract.

HA-Crz1p than for wild-type cells (Fig. 4, lanes 4 vs. lane
2). This increase in binding activity was attributable to
the high level of HA-Crz1p expression and was equiva-
lent to that observed for cells overexpressing native
Crzlp (data not shown). To examine the specificity of
the observed binding to CDRE, we added an excess of
unlabeled CDRE or mutCDRE oligonucleotides to the
binding reaction. The CDRE was able to compete for
binding (Fig. 4, lane 8), but the mutCDRE had no effect
(Fig. 4, lane 9). Thus, the observed Crzlp-dependent
binding activity is specific for the intact CDRE se-
guence. To ascertain whether Crzlp is a component of
this CDRE-binding activity, we added anti-HA antibody
to the binding reaction containing extract from cells ex-
pressing HA-tagged Crz1p. Addition of anti-HA antibod-
ies to this binding reaction resulted in the disappearance
of most of band A and the appearance of a new band of
slower mobility, band B (Fig. 4, lane 5). This supershift
was specific for HA-tagged Crzlp, as no shift was ob-
served for cells containing native Crzlp (data not
shown). Addition of anti-myc antibody (Evan et al. 1985),
which does not recognize HA-tagged Crz1p, had no effect
(Fig. 4, lane 6). These observations establish that Crzlp is
a component of the CDRE-specific DNA-binding activ-
ity. The remainder of band A that was not supershifted
by the addition of anti-HA antibody may represent a dis-
tinct protein—-CDRE complex. However, as mentioned
above, no CDRE-binding activity was detected for crz1A
cells. Therefore, a more likely explanation is that the
epitope present at the amino terminus of the protein is
removed from a fraction of HA-Crz1p such that it is not
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recognized by the antibody but still retains DNA-bind-
ing activity.

crz1A phenotypes are similar to those of calcineurin
mutants

We identified CRZ1 by its capacity to modify one calci-
neurin mutant phenotype, the defect in CDRE-mediated
transcription. To further investigate the relationship be-
tween CRZ1 and calcineurin, we analyzed crz1A cells for
other phenotypes exhibited by calcineurin mutants. Cal-
cineurin mutants are more sensitive to Mn?*, Li*, and
high pH than wild-type cells (Nakamura et al. 1993;
Mendoza et al. 1994; Farcasanu et al. 1995; Pozos et al.
1996). They also die during prolonged treatment with
o-factor (Moser et al. 1996; Withee et al. 1997). The
growth of crz1A cells was also impaired by Mn?* and Li™;
however, crz1A cells were less sensitive to these ions
than were calcineurin mutant cells (Fig. 5A). When
grown on plates containing lower concentrations of ei-
ther Mn?* or Li*, cells lacking both CRZ1 and calcineu-
rin, crz1A cnbl1A (ASY475), displayed the same sensitiv-
ity to these treatments as the cnb1A single mutant (data
not shown). In addition, crz1A cells exhibited a survival
defect when incubated with «-factor that is less severe
than that of cnbl1A cells (Fig. 5B). Furthermore, as ob-
served for the ion sensitivities described above, crzlA
cnbl1A and cnblA cells exhibited equivalent a-factor sur-
vival defects (Fig. 5B). These observations, together with
the effect of the crz1A allele on CDRE reporter activity,
indicate that CRZ1 and calcineurin function in the same
pathway to regulate both ion homeostasis and CDRE-
mediated transcription. However, unlike calcineurin
mutant cells, crz1A cells do not exhibit sensitivity to
high pH (data not shown). In addition, crz1A cells exhibit
Ca®*-sensitive growth, whereas calcineurin mutant cells
are Ca®* tolerant (data not shown; see Discussion).

Overproduction of CRZ1 suppresses calcineurin
mutant phenotypes

We also characterized the properties of cells overproduc-
ing Crzlp. Expression of CRZ1 from a high-copy plasmid
YEp(CRZ1) was able to partially suppress the Mn?* and
Li* sensitivities of calcineurin mutant cells (Fig. 6A).
YEp(CRZ1) also increased the viability of calcineurin-
deficient cells during prolonged a-factor treatment (Fig.
6B). Furthermore, overproduction of CRZ1 in wild-type
cells increased the tolerance of these cells to Mn?* and
Li* (data not shown) and increased survival during pro-
longed incubation with pheromone (Fig. 6B).

Crzl1p functions as a general mediator
of calcineurin-dependent transcriptional induction

We analyzed the effect of the crz1A allele on FKS2
MRNA levels by Northern blot analysis. We found that
CRZ1 is necessary for the previously observed calcineu-
rin-dependent increase in FKS2 expression in response to
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both a-factor and Ca®* (Fig. 7). These observations con-
firmed that CRZ1 is required not only for expression of
CDRE-driven reporter genes but also for calcineurin-de-
pendent regulation of genomic FKS2. In addition, we ob-
served that FKS2 mRNA levels increase in response to
Na* and that this response was largely calcineurin de-
pendent (Fig. 7). This calcineurin-dependent induction of
FKS2 expression in response to Na* also required CRZ1
(Fig. 7). Thus, CRZ1 is required for the calcineurin-de-
pendent induction of FKS2 in response to a-factor, Na*,
or Ca®* treatment.
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Figure 5. CRZ1 mutants exhibit defects
similar to but less severe than those of cal-
cineurin mutants. (A) Saturated overnight
cultures were diluted, spread on YPD media
containing the specified ions (1.8 mm
MnCI, or 0.16 m LiCl), and grown for 2-5
days at 30°C (Pozos et al. 1996). Strains are
YPH499 (“WT"), ASY472 (“‘crz1A”), DD12
(*‘cnb1A”), and ASY475 (“‘cnblA crz1A”). (B)
Cells were grown on low pH YPD media
with or without the indicated concentra-
tions of a-factor. The fraction viable was de-
termined by comparing growth on plates
containing a-factor with growth on plates
without «o-factor (Moser et al. 1996). Each
data point represents an average of three
plates. Strains are YPH499 (W), ASY472 (),
DD12 (A), and ASY475 (A).

The ion sensitivities of calcineurin mutants are in part
attributable to decreased expression of several genes en-
coding ion transporters (Mendoza et al. 1994; Cunning-
ham and Fink 1996). Because crz1A mutant cells simi-
larly exhibit ion sensitivities, we examined whether
CRZ1 is required for the calcineurin-dependent tran-
scriptional induction of two genes that encode P-type
ATPases, PMR2 and PMC1 (Rudolph et al. 1989; Haro et
al. 1991; Cunningham and Fink 1994). CRZ1 is required
for the calcineurin-dependent induction of a PMR2 re-
porter gene (pmr2::lacZ-pFR70; Mendoza et al. 1994) in

Figure 6. Increased expression of CRZ1 sup-
presses calcineurin mutant phenotypes. (A)
Saturated overnight cultures were diluted and
spread on synthetic media with or without
ions (5 mm MnCl,, or 0.55 m LiCl) and grown
for 2-5 days at 30°C (Pozos et al. 1996). Strains
are YPH499 containing YEp351 (“WT +
YEp351”), DD12 containing YEp351 (“cnblA +
YEp351”), and DD12 containing pAMS435
(“‘cnblA + YEpCRZ1”). (B) Cells were grown
on synthetic media with or without the indi-
cated levels of a-factor. The fraction viable
was determined by comparing growth on
plates containing a-factor with growth on
plates without a-factor (Moser et al. 1996).
Each data point represents an average of
three plates. Strains are YPH499 containing
YEp351 (WT + YEp351, M), YPH499 con-
taining pAMS435 (WT + YEpCRZ1, 0O),
DD12 containing YEp351 (cnblA + YEp351,
A), and DD12 containing pAMS435 (cnblA +
YEpCRZ1, A).
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Figure 7. CRZ1 is necessary for calcineurin-dependent tran-
scriptional induction of the FKS2 gene in vivo. YPH499 (“WT")
and ASY472 (“‘crz1A”) cells were incubated for 4 hr in low pH
YPD with or without FK506 and inducing treatments. Total
RNA isolated from these cells was subjected to Northern blot
and hybridized successively to FKS2 and ACT1 probes. FKS2
mMRNA levels were normalized to ACT1 mRNA levels and are
from one representative experiment with mRNA from cells that
were either untreated (open bars) or treated with 10 pg/ml of
a-factor (shaded bars), 0.8 m NaCl (hatched bars), or 200 mm
CaCl, (solid bars). The ACT1-normalized FKS2 mRNA level in
untreated wild-type cells was arbitrarily designated a value of 1.

response to Ca®" as well as Na* (Fig. 8A). The crzlA
mutation had no effect on the Na*-induced expression of
pmr2:lacZ that is calcineurin independent. In addition,
CRZ1 was required for the calcineurin-dependent ex-
pression of a PMC1 reporter gene (pmcl:cycl:lacZ-
pAMS381) in response to Ca®*. No increase in B-galac-
tosidase expression was observed for PMCL1 in response
to Na* (Fig. 8B) or with PMR2 or PMC1 reporters in re-
sponse to a-factor (data not shown).

Discussion

Identification of a promoter element, the CDRE,

and a novel transcription factor, Crz1lp, that function
downstream of calcineurin to activate transcription
in response to Ca®*

Calcineurin is required for the transcriptional induction
of FKS2 in response to Ca®* (Mazur et al. 1995; C. Zhao,
U. Jung, P. Garrett-Engele, T. Roe, M. Cyert, and D.
Levin, in prep.). We identified a region within the FKS2
upstream sequence from -762 bp to —705 bp that is both
necessary and sufficient for this calcineurin-dependent
transcriptional induction (see Fig. 1). Furthermore, from
within this region, we defined a 24-bp element, the
CDRE, that supports calcineurin-dependent transcrip-
tional induction in response to Ca®* (see Table 1; Fig. 2).
We performed a genetic screen and identified a novel
transcription factor, Crz1p, that when overexpressed by-
passes a requirement for calcineurin inactivation of a
CDRE-containing reporter gene. This transcription fac-
tor is identical to Tcnlp (Matheos et al., this issue). In
addition, we find that Crzlp is required for transcrip-
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tional induction of both CDRE-driven reporter genes and
genomic FKS2 in response to Ca®* (see Fig. 7) and physi-
cally binds to the 24-bp oligonucleotide comprising the
CDRE (see Fig. 4). Thus, CRZ1 encodes the transcription
factor that functions downstream of calcineurin to me-
diate Ca®*-induced transcription of FKS2 through the
CDRE.

Calcineurin is required for the transcriptional induc-
tion of PMR2, PMC1, and PMRL1 as well as other genes in
response to Ca®*. Preliminary analysis using DNA mi-
croarray technology indicates that many genes exhibit
calcineurin-dependent changes in gene expression that
also require CRZ1 (T. Roe, J. DeRisi, A. Stathopoulos, P.
Brown, and M. Cyert, in prep.). Here, we show that
Crzlp is required for calcineurin-dependent transcrip-
tion of PMR2 and PMC1 (see Fig. 8). Calcineurin-depen-
dent transcription of PMR1 has also been shown to re-
quire Crzlp (Matheos et al., this issue). In addition, we
found that crz1A cells exhibit sensitivities to Mn?*, Na*/
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Figure 8. CRZ1 is a general mediator of calcineurin-dependent
transcriptional regulation. (A) Wild-type cells containing a plas-
mid-based pmr2::lacZ reporter gene (pFR70; Marquez and Ser-
rano 1996) were grown at 30°C for 4 hr with or without FK506
in either YPD (open bar), synthetic media containing 200 mm
CacCl, (solid bar), or YPD containing 0.8 m NaCl (hatched bar).
(B) Wild-type cells containing a plasmid-based pmc1::cycl::lacZ
reporter gene (pPAMS381) were grown at 30°C for 4 hr with or
without FK506 in either YPD (open bar), low pH YPD contain-
ing 200 mm CacCl,, (solid bar), or YPD containing 0.8 m NaCl
(hatched bar). B-Galactosidase activities are shown for extracts
from cells (YPH499) from one representative experiment. Each
extract was assayed in triplicate, and the s.p. is representative of
the error between these samples.



Li*, and to Ca?* (see Fig. 5A; data not shown). Pmr2p is
a Na" ATPase required for Na* tolerance (Rudolph et al.
1989; Haro et al. 1991), Pmclp is a Ca®" ATPase required
for Ca®" tolerance (Cunningham and Fink 1994), and
Pmrilp is a Ca®" ATPase required for tolerance to Mn?*
(Rudolph et al. 1989; Lapinskas et al. 1995). Thus, it is
likely that decreased levels of these ion transporters are
responsible for the observed ion sensitivities of crz1A
cells. We conclude that Crz1p functions downstream of
calcineurin to regulate ion homeostasis because cnb1lA
crz1A double mutant cells exhibit ion sensitivities simi-
lar in extent to those of cnb1A cells and overexpression
of CRZ1 is sufficient to partially suppress these sensi-
tivities in calcineurin mutants (Fig. 5A and 6A).

Crz1p functions downstream of calcineurin to control
transcriptional activation in response to multiple
environmental signals

Calcineurin is required not only for transcriptional in-
ductions that result when cells are grown in high levels
of Ca®* but also those that result in response to at least
three other environmental signals: Na*, elevated tem-
perature, and mating pheromone («-factor). Several ob-
servations indicate that calcineurin-dependent activa-
tion of Crz1p occurs under all of these conditions. First,
when cells are incubated in Na*, the expression of at
least two genes, FKS2 and PMRZ2, is increased in a calci-
neurin-dependent manner (see Fig. 7; Mendoza et al.
1994); we show that Crzlp is required for both of these
responses (see Figs. 7 and 8A). Second, elevated tempera-
ture induces calcineurin-dependent transcriptional FKS2
(C. Zhao, U. Jung, P. Garrett-Engele, T. Roe, M. Cyert,
and D. Levin, in prep.), and preliminary experiments
with CDRE reporter genes suggest that Crzlp also me-
diates this response (A. Stathopoulos, unpubl.). Finally,
in response to pheromone, only FKS2 is known to in-
crease in a calcineurin-dependent fashion (Mazur et al.
1995), and we find that this response requires CRZ1 as
well (see Fig. 7). Furthermore, like calcineurin, Crzlp is
required for cell viability during prolonged treatment
with a-factor (see Fig. 5B), and overexpression of CRZ1
can suppress the survival defect of calcineurin mutants
during incubation with pheromone (see Fig. 6B). These
results indicate that Crzlp-mediated transcriptional
regulation contributes to cell viability under these con-
ditions. However, fks2 mutant cells do not exhibit a sur-
vival defect when incubated with pheromone (Mazur et
al. 1995). Therefore, additional genes, as yet unidenti-
fied, must also be transcriptionally regulated by Crzlp
and calcineurin in response to a-factor (see Fig. 9).

Differential gene expression results from multiple
environmental signals and is mediated by both
calcineurin and Crzlp

Surprisingly, although calcineurin and Crzlp are both
activated in response to a variety of environmental sig-
nals (i.e., Ca®*, a-factor, and Na*), the genes transcrip-
tionally regulated by Crz1p are differentially induced by
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Figure 9. Model describing calcineurin-mediated signal trans-
duction pathways. (See Discussion for description.)

subsets of these signals. FKS2 is induced by Ca?*, o-fac-
tor, and Na*, whereas PMR2 is induced only by Ca®* and
Na*, and PMC1 is induced only by Ca®* (see Figs. 7 and
8). Although calcineurin-dependent regulation of PMR2
and PMC1 requires CRZ1, it is unclear whether Crzlp is
directly mediates all these transcriptional inductions by
binding to the promoters of these genes. However, even
observations with FKS2, which we have shown is di-
rectly regulated in a Crzlp/CDRE-dependent manner,
suggest that the mechanism of calcineurin- and Crzlp-
dependent transcriptional regulation may vary under dif-
ferent environmental conditions. We initially observed
that reporters containing the FKS2 promoter sequence
exhibit calcineurin-dependent transcriptional induction
in response to both Ca®* and «-factor and that a 57-bp
region from -762 bp to —705 bp is necessary for both of
these responses. However, whereas only 24 bp of this
region, the CDRE, was sufficient to confer Ca*-induced
expression on a reporter gene, even the entire 57 bp was
not sufficient to confer a-factor-dependent regulation on
a reporter gene (see Table 1; Fig. 2). Although we do
observe a small calcineurin-dependent induction of the
4x-CDRE reporter gene when cells are treated with o-
factor (see Fig. 2), this response may not reflect true o-
factor-dependent signaling but may instead result from
the rise in intracellular Ca®* known to occur during
pheromone treatment (lida et al. 1990). Thus, our obser-
vations suggest that though the CDRE responds some-
what to a-factor, the full induction of FKS2 expression in
response to a-factor requires additional regulatory se-
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guences. Similarly, with Na* treatment, although a sub-
stantial increase in FKS2 mRNA levels occurs, no induc-
tion of CDRE-driven constructs is observed (A. Statho-
poulos, unpubl.), suggesting the requirement of
additional sequences for this response as well. We con-
clude that although the CDRE is sufficient for transcrip-
tional induction in response to Ca®*, it may act in con-
junction with binding sites for other factors to mediate
responses to a-factor and Na* (see Fig. 9).

How does calcineurin regulate the ability of Crzlp
to activate transcription?

The mechanism by which calcineurin regulates the ac-
tivity of Crzlp remains to be determined. Calcineurin
may regulate the binding affinity of Crz1p for the CDRE
or the nuclear translocation of this protein. However, we
currently favor a different model in which calcineurin
regulates the ability of Crz1p to function as a transcrip-
tional activator. Preliminary experiments with a chi-
meric protein containing Crz1p fused to the Gal4p DNA-
binding domain support this model. This fusion protein,
which also contains a functional nuclear localization se-
guence, exhibits calcineurin-dependent transcriptional
activation of a reporter gene (UASg 5, ,) that is induced in
a Gal4p-specific manner (A. Stathopoulos, unpubl.).
These results suggest that Crz1p contains a calcineurin-
dependent transcriptional activation domain. Prelimi-
nary two-hybrid experiments failed to detect an interac-
tion between full-length Crz1p and the calcineurin cata-
lytic subunit (A. Stathopoulos, unpubl.). Therefore, more
extensive analysis is required to determine whether cal-
cineurin directly dephosphorylates Crzlp or whether in-
stead the calcineurin-dependent regulation of Crzlp is
indirect.

A subset of calcineurin-dependent events are
mediated by Crzlp

Comparison of the phenotypes exhibited by calcineurin
and crz1A cells demonstrates that only a subset of calci-
neurin functions are mediated through Crz1p (see Fig. 9).
Calcineurin mutants exhibit a greater degree of sensitiv-
ity to Mn?* and Li* and a more pronounced o-factor vi-
ability defect than crz1A cells (see Fig. 5). Thus, calci-
neurin must also carry out functions that are indepen-
dent of Crzlp that affect these phenotypes. Similarly,
fks1A mutants are inviable in the absence of calcineurin
activity, whereas these cells are viable though severely
growth impaired in the absence of Crz1p (A. Stathopou-
los, unpubl.). Furthermore, calcineurin mutants display
two phenotypes that are not shared by crz1A cells. First,
calcineurin mutants are sensitive to high pH (Nakamura
et al. 1993), whereas crz1A cells are not. Second, calci-
neurin mutants and cnblA crz1A double mutants are
Ca®* tolerant (Tanida et al. 1996; Withee et al. 1997),
whereas crz1A single mutants are Ca®* sensitive. An in-
ability to induce PMC1 expression most likely explains
the Ca®* sensitivity exhibited by crz1A cells (Fig. 8B).
However, in calcineurin mutants despite an inability to
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induce PMC1 expression, these cells are Ca®* tolerant
because of decreased cytosolic Ca®* levels (Tanida et al.
1996). Thus, calcineurin also functions independently of
Crz1p to inhibit Ca®* sequestration.

We have demonstrated that Crzlp is a component of
one or more calcineurin-dependent pathways controlling
transcriptional activation and that calcineurin carries
out additional functions that are not mediated by Crz1p.
The identification and characterization of the CDRE and
Crzlp should facilitate the identification of additional
components of these and other calcineurin-dependent
signal transduction pathways. This analysis should more
clearly define the roles of the multifunctional calcineu-
rin phosphatase in yeast and other eukaryotic cells.

Materials and methods
Media and general methods

Yeast media and culture conditions were those recommended
(Sherman et al. 1986) except that nutritional supplements in
synthetic media were added at twice the specified level and 3.5
grams of ammonium chloride per liter was substituted for am-
monium sulfate as indicated. In addition, low pH YP media was
adjusted to pH 5.0 by adding succinate (10 gram/liter). Where
indicated, a-factor (Star Biochemicals) or the chloride salt of
certain ions were added to media at the specified level. A stock
solution of FK506 (Fugisawa, Inc.; 20 mg/ml in 90% ethanol-
10% Tween 20) was also added to liquid media to a final con-
centration of 1 pg/ml where noted.

All procedures involving recombinant DNA in S. cerevisiae
and Escherichia coli were performed using standard techniques
(Ausubel et al. 1987). DNA was introduced into yeast cells by
lithium acetate transformation (Ausubel et al. 1987) and into
bacteria by electroporation (Ausubel et al. 1987). Double-
stranded DNA templates used for sequencing were prepared ac-
cording to the manufacturer’s instructions (Promega Wizard
Miniprep). The Sequenase version of phage T7 DNA polymerase
and nonradioactive nucleotides were obtained from U.S. Bio-
chemical Corporation. [a-**S]JdATP was obtained from Amer-
sham. Sequencing reactions were conducted according to the
manufacturer’s instructions.

Plasmids

A series of fks2:lacZ reporter genes was constructed from
cycl::lacZ reporters pLGA178 and pLGA312 (Guarente and Ma-
son 1983). The fks2:lacZ reporter plasmids pAMS312,
pAMS317, and pAMS319 were constructed by removing a re-
gion of CYC1 sequence from pLGA178 with Xhol and BamHI
and inserting PCR products flanked by Xhol and BamHI sites
containing various segments of the FKS2 gene upstream se-
quence (-910/+6, -762/+6, and -705/+6 bp, respectively).
PAMS327 was constructed by removing the CYC1 upstream
activating sequence (UAS) from pLGA312 with Smal and Xhol
and inserting a PCR product flanked by blunt and Sall sites
containing the FKS2 sequence from -762 bp to -705 bp. Plas-
mids pAMS342, pAMS344, pAMS455, and pAMS456 were con-
structed by removing the UAS sequence from pLGA312 with
Smal and Xhol and inserting annealed complementary oligo-
nucleotides flanked by blunt and Sall sites that contained the
FKS2 sequence from -762 bp to -738 bp, =750 bp to -726 bp,
-738 bp to =714 bp, and -726 bp to -705 bp, respectively. Plas-
mids pAMS363 and pAMS366 contain two and four tandem



repeats, respectively, of the CDRE flanked by Xhol and Sall
sites (XS-CDRE: 5'-TCGACACCAGTCGGTGGCTGTGCGC-
TTGC-3' and 3'-GTGGTCAGCCACCGACACGCGAACGA-
GCT-5"). Two and four tandem repeats of the CDRE were con-
structed by iterative insertion of the CDRE into the Xhol site of
pBluescript (Stratagene) creating plasmids pAMS346 and
pAMS347, respectively. A Xhol-Sall fragment containing the
tandem repeats plus pBluescript polylinker sequence was in-
serted into the Xhol site of pLGA178. Plasmid pAMS364 was
constucted exactly as pAMS366 except four tandem copies of
mutCDRE (XS-mutCDRE: 5-TCGACTCCTGTGGGACCGT-
GAGCCCTAGC-3' and 3'-GAGGACACCCTGGCACTCGG-
GATCGAGCT-5’'), constructed by iterative insertion into the
Xhol site of pBluescript to create pAMS350, were used.

Another series of CDRE reporter genes was constructed from
the gall::lacZ integrating reporter pJL638 (Li and Herskowitz
1993). Plasmids pAMS367 and pAMS369 were created by insert-
ing BamHI-Bglll fragments of a CDRE tetramer from pAMS341
and a mutCDRE tetramer from pAMS354, respectively, into the
Bglll sites of pJL638. Plasmids pAMS341 and pAMS354 were
created by iterative insertion of a double-stranded oligonucleo-
tide flanked by BamHI and Bglll sites containing the CDRE
sequence or mutCDRE sequence, respectively, into the BamHI
and Bglll sites of LITMUS 28 (NEB).

Plasmid pAMS433 containing CRZ1 flanked by BamHI and
Sall sites was isolated by gap repair in yeast strain DD12 of
EcoRI-digested plasmid pAMS417. PCR fragments (575 and 600
bp) were amplified from the 5’ and 3’ regions of CRZ1 using
genomic yeast DNA as a template and were flanked by BamHI
and EcoRlI or EcoRI and Sall sites, respectively. Both PCR prod-
ucts were inserted into BamHI- and Sall-digested pRS316 (Si-
korski and Hieter 1989) to create plasmid pAMS417. A 3.2-kb
BamHI-Sall fragment from pAMS433, containing CRZ1, was
inserted into the BamHI and Sall sites of YEp351 to create
PAMSA435. A 130-bp PCR fragment containing a triple-HA epi-
tope tag flanked by Xbal sites was amplified from plasmid
pMPY-3XHA (Schneider et al. 1995) and inserted into the
unique Spel site of pAMS435, placing the epitope between the
twelfth and thirteenth codons of Crzlp, creating pAMSA446.
BamHI-Sall (3.2-kb) fragments from pAMS435 and pAMS437
were inserted into pRS315 (Sikorski and Heiter 1989) creating
PAMS452 and pAMS450, respectively.

A pmcl:cycl:lacZ reporter construct, pAMS381, was cre-

Table 2. Yeast strains used in this study
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ated by first removing the UAS sequence from pLGA312 with
Smal and Xhol and then inserting a Stul-Xhol PCR fragment
containing the PMC1 sequence from -568 to -207 relative to
the initiation codon.

Yeast strains

The yeast strains used in this study are listed in Table 2 and
were constructed through transformation or isogenic crosses by
using standard techniques (Sherman et al. 1986). Each reporter
gene construct ()AMS367, pAMS369, pJL638) was integrated at
the URAB3 locus as described (Li and Herskowitz 1993) into both
strains YPH499 and DD12 to create reporter strains ASY459,
ASY460, ASY461, ASY462, ASY465, and ASY466. The
crzl::loxP-kanMX-loxP disruption that removes only the CRZ1
coding region was created by homologous recombination in
yeast of a PCR-amplified fragment that was transformed into
yeast cells (Guldener et al. 1996). This PCR-amplified fragment
was generated with primers that recognize the loxP-kanMX-
loxP cassette in plasmid pUG6 (Guldener et al. 1996) and also
contain 40 bp of homology to the DNA flanking the CRZ1
coding sequence. Correct integration of the crzl::loxP-kanMX-
loxP disruption fragment in ASY650, ASY472, ASYA475,
ASY587, and ASY589 was confirmed by PCR.

B-Galactosidase assays

Quantitative assay Exponentially growing cells (ODgq, 0f 0.8
1.2) were incubated at 21°C in synthetic media containing am-
monium chloride for 6 hr unless otherwise noted. When indi-
cated, salts, a-factor and/or FK506 were added to the media at
the start of this incubation. Cells were then harvested, and the
cell pellet was frozen at —20°C. Cell extracts were prepared es-
sentially as described in Withee et al. (1997). Protein concentra-
tion of the extracts was determined using the Bio-Rad Bradford
assay kit, with dilutions of bovine serum albumin used to gen-
erate the standard curve. The B-galactosidase activity was de-
termined at room temperature using the substrate ONPG (O-
nitrophenyl-B-p-galactopyranoside, Sigma) as described (Miller
1972) and are given in units of nanomoles ONPG converted per
minute per milligram of protein.

Strain Relevant genotype Reference
YPH499 MATa ura3-52 lys2-801 ade2-101 trp-A63 his3-A200 leu2-Al (Sikorski and Hieter 1989)
YPH500 MATa ura3-52 lys2-801 ade2-101 trp-A63 his3-A200 leu2-Al (Sikorski and Hieter 1989)
YPH501 MATa/a YPH499 x YPH500 (Sikorski and Hieter 1989)
MCY3 same as YPH501 except CNB1/cnbl::LEU2 (Cyert and Thorner 1992)
DD12 same as YPH499, except cnbl::hisG (Cyert and Thorner 1992)
ASY459 same as YPH499, except ura3-52::URA3-4x-CDRE::gall::lacZ this study

ASY460 same as YPH499, except ura3-52::URA3-4x-mutant CDRE::gall::lacZ this study

ASY465 same as YPH499, except ura3-52::URA3-gall::lacZ this study

ASY461 same as DD12, except ura3-52::URA3-4x-CDRE::gall::lacZ this study

ASY462 same as DD12, except ura3-52::URA3-4x-mutant CDRE::gall::lacZ this study

ASY466 same as DD12, except ura3-52::URA3-gall::lacZ this study

ASY650 same as MCY3, except CRZ1/crzl::loxP-kanMX-loxP this study

ASY472 same as YPH499, except crzl::loxP-kanMX-loxP this study

ASY475 same as DD12, except crzl::loxP-kanMX-loxP this study

ASY587 same as ASY459, except crzl::loxP-kanMX-loxP this study

ASY589 same as ASY461, except crzl::loxP-kanMX-loxP this study
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Qualitative assay Colonies were scored for B-galactosidase ac-
tivity essentially as described (Hannon et al. 1993) with minor
modifications. Supported nitrocellulose filters (Schleicher &
Schuell) were used instead of Whatman 50 filters. Positive colo-
nies showed blue color in 15 min to 16 hr (overnight), whereas
negatives remained white even after an overnight incubation.

Genetic screen to identify activators of CDRE-dependent
expression

Under standard growth conditions, wild-type cells (ASY459) ex-
pressed enough B-galactosidase from the 4x-CDRE:lacZ re-
porter to make colonies blue when incubated with its chromo-
genic substrate, X-gal. This expression was calcineurin depen-
dent, because calcineurin mutant cells (ASY461) incubated
under these same conditions remained white. We confirmed
that the lacZ reporter was functional because plasmids contain-
ing CNB1, thus complementing the cnblA mutation, allowed
for ASY461 to activate the reporter and turn blue. No B-galac-
tosidase production was observed for strains containing the 4x-
mutCDRE::lacZ reporter (ASY460 and ASY462).

Two high-copy genomic libraries, 2351 (Hill et al. 1986; En-
gebrecht et al. 1990) and Y2HL (James et al. 1996), were screened
for plasmids that allowed ASY461 to form blue colonies. Plas-
mids were harvested from blue colonies and then amplified in E.
coli TOP10. These plasmids were then used to retransform the
original strain (ASY461), a strain containing the mutCDRE re-
porter (ASY462), and a strain containing a lacZ reporter with no
upstream activating sequence (ASY466). Because strains
ASY462 and ASY466 were not able to support calcineurin-de-
pendent transcriptional induction, they served as negative con-
trols to eliminate positives that induced expression indepen-
dently of an intact CDRE. Only plasmids were further charac-
terized that specifically induced expression in strain ASY461
but not in strains ASY462 or ASY466 and therefore conferred
CDRE-dependent gene expression in the absence of calcineurin.
The ends of the genomic inserts were sequenced, and this se-
guence was used to scan the yeast genome to identify all ORFs
contained within the insert.

DNA mobility retardation assays

The synthetic double-stranded XS-CDRE oligonucleotide (de-
scribed above) was used as a probe in all binding experiments.
XS-CDRE was end-labeled and passed over a G25 Sephadex col-
umn (Sigma) to separate out unincorporated nucleotides. XS-
mutCDRE (also described above) contains multiple sequence
changes and was shown to abolish transcriptional induction
activity in vivo.

Cells were grown at 21°C in synthetic media and harvested
when cultures had reached logarithmic growth (ODg, of 0.8-
1.2). Protein extracts were prepared as described (Cox and Wal-
ter 1996). Binding reactions (10 pl) included 0.1 ng (3000 cpm)
of radiolabeled CDRE oligonucleotide probe, 0.7 pg of poly[d(I-
C)] (Pharmacia), and 1x binding buffer (20 mm HEPES at pH 7.9,
50 mm KCI, 2.5 mm EDTA, 5% glycerol, 0.5 mm dithiothreitol,
1 mm phenylmethanesulfonyl fluoride). Ten micrograms of
crude extract (in 2 pl) was added last, and binding was allowed
to proceed at room temperature for 10 min. Where appropriate,
addition of 9 pl of antibody [either affinity-purified anti-HA
from Boehringer Mannheim or anti-myc ascities fluid diluted
1:25 in antibody buffer (10 mm KPO, and 70 mm NacCl)] oc-
curred 5 min before gel loading to a final binding reaction vol-
ume of 20 ul, 1x in binding buffer. For competition assays, a
100-fold molar excess as compared with probe of unlabeled oli-
gonucleotide (10 pug in 0.5 pl) was added before addition of the
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extract. The reactions were loaded on a 4% polyacrylamide gel
containing 5% glycerol and electrophoresed at 100 V for 1 hr in
1x TBE at room temperature. Gels were dried and exposed to
phosphor screens, and images were scanned using a Bio-Rad
Molecular Imager System GS-363.

a-Factor viability assay

The viability of different strains during prolonged exposure to
a-factor was assayed by determining their plating efficiency on
solid growth media containing various amounts of synthetic
a-factor (Star Biochemicals). This assay was performed essen-
tially as described (Moser et al. 1996; see LD, determination for
a-factor).

Northern analysis

Northern analysis of total RNA prepared from yeast cells grown
to exponential phase in YPD was performed according to estab-
lished protocols (Ausubel et al. 1987). DNA fragments used for
synthesizing probes to FKS2 and ACT1 were made as described
(Mazur et al. 1995). Radioactive probes were synthesized using
the Amersham rediprime kit and [«-3?P]dCTP (Amersham) ac-
cording to the manufacturer’s instructions. Washed filters were
exposed to phosphor screens, images were scanned on a Bio-Rad
Molecular Imager System GS-363, and the band intensities were
quantified using the Molecular Analyst program.
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