Tcnlp/Crzlp, a calcineurin-dependent
transcription factor that differentially
regulates gene expression

In Saccharomyces cerevisiae

Dina P. Matheos, Tami J. Kingsbury, U. Salma Ahsan, and Kyle W. Cunningham?
Department of Biology, Johns Hopkins University, Baltimore, Maryland 21218 USA

Ca?* signals regulate gene expression in animal and yeast cells through mechanisms involving calcineurin, a
protein phosphatase activated by binding Ca®* and calmodulin. Tcnip, also named Crzlp, was identified as a
transcription factor in yeast required for the calcineurin-dependent induction of PMC1, PMR1, PMR2A, and

FKS2 which confer tolerance to high Ca®*, Mn?*, Na*, and cell wall damage, respectively. Tcnlp was not
required for other calcineurin-dependent processes, such as inhibition of a vacuolar H*/Ca®* exchanger and
inhibition of a pheromone-stimulated Ca®* uptake system, suggesting that Tcnlp functions downstream of
calcineurin on a branch of the calcium signaling pathway leading to gene expression. Tcnlp contains three
zinc finger motifs at its carboxyl terminus resembling the DNA-binding domains of Zif268, Swi5p, and other
transcription factors. When fused to the transcription activation domain of Gal4p, the carboxy terminal
domain of Tcnlp directed strong calcineurin-independent expression of PMC1-lacZ and other target genes.
The amino-terminal domain of Tcnlp was found to function as a calcineurin-dependent transcription
activation domain when fused to the DNA-binding domain of Gal4p. This amino-terminal domain also formed
Ca?*-dependent and FK506-sensitive interactions with calcineurin in the yeast two-hybrid assay. These
findings suggest that Tcnlp functions as a calcineurin-dependent transcription factor. Interestingly, induction
of Tcnlp-dependent genes was found to be differentially controlled in response to physiological Ca®* signals
generated by treatment with mating pheromone and high salt. We propose that different promoters are
sensitive to variations in the strength of Ca®* signals generated by these stimuli and to effects of other

signaling pathways.
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Calcium signaling mechanisms are employed by all eu-
karyotic cells to regulate gene expression and a wide
range of other cellular processes. During excitation of
neurons, for example, calmodulin-dependent protein Ki-
nases differentially activate the transcription factors
cAMP response element binding (CREB) and serum re-
sponse factor (SRF) in response to subtle variations in the
source or type of Ca®* signal generated (for review, see
Ginty 1997). Ca®* signals can also regulate gene expres-
sion through the calmodulin-dependent protein phos-
phatase known as calcineurin. In human T cells, for ex-
ample, calcineurin binds and dephosphorylates members
of the NFAT family of transcription factors triggering
their nuclear localization and stimulating gene expres-
sion (for review, see Rao et al. 1997). The immunosup-
pressive compounds cyclosporin A and FK506 are known
as potent inhibitors of calcineurin (see Schreiber and
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Crabtree 1992) and have been used to reveal essential
roles of calcineurin in T-cell activation and presumably
in other cell types (see Collier 1990).

The budding yeast Saccharomyces cerevisiae main-
tains functional homologs of calmodulin (Davis et al.
1986), calcineurin (Cyert et al. 1991; Kuno et al. 1991;
Liu et al. 1991; Cyert and Thorner 1992; Ye and
Bretscher 1992) and calmodulin-dependent protein Ki-
nases (Ohya et al. 1991; Pausch et al. 1991). Although
signaling by these factors is not required for vegetative
growth (Geiser et al. 1991), it is required for long-term
survival of cells responding to high doses of mating
pheromones (Moser et al. 1996). Mating pheromones are
diffusible peptide hormones secreted by the two haploid
cell types that serve to prepare each other for sexual con-
jugation (for review, see Sprague and Thorner 1992).
Binding of pheromones to specific receptors on the cell
surface triggers a signaling cascade involving trimeric G
proteins, a mitogen-activated protein (MAP) Kkinase cas-
cade, and other associated factors that prepare the cell for
conjugation. The effects of pheromone signaling can be
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categorized loosely into early and late responses, both
of which are required for efficient mating. The early
responses include induction of mating-specific genes
and arrest in G, phase of the cell division cycle. Late
effects of pheromone signaling occur after prolonged
intensive stimulation and include changes in cell mor-
phology and polarity, down-regulation and desensitiza-
tion of the signaling machinery, and resumption of
mitotic growth. After at least 30 min of intensive phero-
mone signaling, the rate of Ca®' influx is enhanced
(Ohsumi and Anraku 1985) leading to an elevation of
cytosolic-free Ca®* (lida et al. 1990; Nakajima-Shimada
et al. 1991) and activation of the calmodulin-dependent
kinases and calcineurin, which independently promote
cell survival (Moser et al. 1996). The molecular mecha-
nisms through which pheromone signaling stimulates
Ca?" influx and calcium signaling promotes cell survival
are starting to be elucidated (lida et al. 1994; Withee et al.
1997).

The calcium signaling pathway of yeast has also been
implicated as a regulator of cation homeostasis. Ca®*/
calmodulin appears to bind and stimulate members of
the Pmr2p family of P-type ion pumps (Wieland et al.
1995), which are involved in Na*™ and Li* efflux (Rudolph
et al. 1989; Haro et al. 1991). Additionally, maximal in-
duction of the PMR2A/ENA1 gene in response to high
environmental salt requires calcineurin activation by
Ca?*/calmodulin (Garciadeblas et al. 1993; Cunningham
and Fink 1996). Calcineurin may further promote Na*
tolerance through other mechanisms (Nakamura et al.
1993; Mendoza et al. 1994; Hirata et al. 1995; Danielsson
et al. 1996; Mendoza et al. 1996) and also promotes Mn?*
tolerance (Farcasanu et al. 1995; Cunningham and Fink
1996; Pozos et al. 1996). In high Ca®* conditions, activa-
tion of calcineurin by Ca®*/calmodulin induces the ex-
pression of PMC1 and PMR1 (Cunningham and Fink
1996), which respectively encode CaZ"-pumping
ATPases in the vacuole and Golgi complex (Rudolph et
al. 1989; Antebi and Fink 1992; Cunningham and Fink
1994; Sorin et al. 1997). Finally, calcineurin activation
appears to strongly inhibit the function of Vcx1p (Cun-
ningham and Fink 1996), a vacuolar H*/Ca®* exchanger
also known as Humlp (Pozos et al. 1996). Additional
roles of calcineurin have also been detected in mutants
deficient in either the vacuolar or plasma membrane H*
ATPases (Hemenway et al. 1995; Tanida et al. 1995;
Nass et al. 1997). These transcriptional and post-trans-
lational effects of calcineurin may be mediated by a
number of unidentified factors.

This work aims to identify factors that mediate the
calcineurin-dependent induction of PMC1 and to deter-
mine their roles in other calcineurin-dependent pro-
cesses. Through genetic and molecular approaches, we
have identified Tcnlp, also called Crzlp (Stathopoulos
and Cyert, this issue), as a specific transcription factor
required for calcineurin-dependent induction of all the
previously reported target genes plus TCN1 itself. We
also show that most Tcnlp-dependent genes can be dif-
ferentially induced based on mechanisms sensitive to
both strength of Ca®* signals and other regulatory inputs.
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Results

Differential expression of calcineurin-dependent
reporter genes in response to various
physiological stimuli

Previous work has demonstrated critical roles for calci-
neurin in the induction of PMC1, PMR1, PMR2A, and
FKS2 in response to at least one of the three physiologi-
cal conditions that generate Ca>* signals (Garciadeblas et
al. 1993; Mazur et al. 1995; Cunningham and Fink 1996).
Treatment with high salt causes calcineurin-dependent
induction of PMR2A, and treatment with high amounts
of mating pheromone concentrations leads to induction
of FKS2. Growth in high Ca* conditions induces all four
genes. To determine whether all the calcineurin-depen-
dent genes respond to these types of Ca®* signals, we
examined expression patterns of various lacZ reporter
genes with and without FK506, a potent inhibitor of cal-
cineurin in yeast (Foor et al. 1992). Treatment with high
salt (750 mm NaCl) caused calcineurin-dependent
(FK506-sensitive) induction of PMR2A-lacZ but not
PMC1-lacZ or FKS2-lacZ. Similarly, treatment with
high pheromone (20 um a-mating factor) stimulated ex-
pression of the FKS2-lacZ reporter gene by a calcineurin-
dependent mechanism but caused little or no calcineu-
rin-dependent induction of either PMCl-lacZ or
PMR2A-lacZ (Fig. 1). Thus, different physiological gen-
erators of Ca®" signals can produce distinct transcrip-
tional responses in yeast as in neurons (for review, see
Ginty 1997).

To investigate this phenomenon further, the effects of
high salt and pheromone on gene expression were exam-
ined during growth in high Ca®* medium. High salt treat-
ment blocked the normal calcineurin-dependent induc-
tion of PMC1l-lacZ and FKS2-lacZ but not PMR2A-
lacZ. Treatment with pheromone blocked the normal
calcineurin-dependent induction ofPMR2A-lacZ but not
FKS2-lacZ or PMC1-lacZ. These results indicate that in
addition to generating Ca®* signals that activate calci-
neurin, the response to high salt inhibits expression of
both PMC1 and FKS2, whereas the pheromone response
inhibits expression of PMR2A. One explanation for why
pheromone treatment fails to modulate PMC1-lacZ ex-
pression emerges from the identification and character-
ization of a calcineurin-dependent transcription factor.

TCN1 encodes a zinc finger protein required
for calcineurin-dependent induction of PMC1-lacZ

Differential expression of calcineurin-dependent genes
may be accomplished using different sets of transcrip-
tion factors or possibly using the same transcription fac-
tors and modulating their effectiveness toward specific
targets. To help distinguish these possibilities, we
sought to identify and characterize the calcineurin-de-
pendent transcription factors regulating PMC1. A sensi-
tive colony color assay was used to identify mutants of
strains DMY62 and DMY63 (Table 1) that failed to ex-
press PMC1-lacZ during growth in high Ca®* conditions
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Figure 1. Treatments with CaCl,, pheromone, or high salt gen-
erate Ca®" signals that differentially induce calcineurin-depen-
dent reporter genes. Wild-type yeast (strain W303-1A) was
transformed with either plasmid pKC190 carrying PMC1-lacZ
(A), plasmid pKC201 carrying PMR2A-lacZ (B), or plasmid
pDMS5 containing FKS2-lacZ (C), grown to mid-log phase and
treated for 4 hr at 30°C in YPD (pH 5.5) medium with 0.2 pg/ml
of FK506 (solid bars) or without FK506 (shaded bars) with the
additional supplements of Ca®* (100 mm CacCl,), pheromone (20
pg/ml), Na* (750 mm NaCl), or combinations thereof as indi-
cated at the base of the plot. Each bar represents the average of
three independent determinations of accumulated B-galactosi-
dase activity (£ s.D.).

(see Materials and Methods). Thirty-one independent re-
cessive mutants were recovered from this genetic screen
and placed into just three complementation groups. All
members of the first group (six isolates) behaved like
mutants lacking the regulatory B subunit of calcineurin
(Cunningham and Fink 1994) and were allelic to cnbl
null mutants. As expected from earlier studies, no mem-
bers of the second group (11 isolates) or third group (14
isolates) represented mutant alleles of calmodulin or the
catalytic A subunit of calcineurin and, instead, defined
two new components of the calcium signaling pathway.
All members of the second group were complemented by
low copy plasmids carrying MSN5/STE21, a previously
characterized gene that functions in several processes
unrelated to calcium signaling (Akada et al. 1996; P.M.
Alepuz, D.P. Mathews, K.W. Cunningham, and F. Es-
truch, in prep). Members of the third group were comple-
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mented by plasmids carrying YNLO27w, a previously un-
characterized gene on chromosome XIV, which we have
named TCN1 for target of calcineurin.

The predicted 678-amino-acid product of TCN1 con-
tains three C2H2-type zinc finger motifs at the carboxyl
terminus that strongly resemble the DNA-binding do-
mains of numerous transcriptional regulators such as
Swibp from yeast and Zif268/early growth response
(EGR)-1/Krox-24 from mammals (Fig. 2B). Outside of the
zinc finger domain, Tcnlp shows no obvious sequence
similarity to any proteins in current databases but con-
tains sequence features found in many other transcrip-
tional regulators, such as three acidic regions (net
charges of -7, -23, and -10) separated by a glutamine-
rich domain (residues 115-140) and a highly basic region
(net charge of +13, residues 398-443) rich in serine and
threonine residues (Fig. 2A). These sequence features
suggest that Tcnlp may function as a specific transcrip-
tional activator in the calcium signaling pathway.

Distinct domains of Tcnlp interact specifically
with calcineurin

Two functional domains of Tcnlp were defined by analy-
sis of protein fusions constructed with the Gal4p tran-
scription factor. Fusion of the carboxy-terminal zinc
finger region of Tcnlp (residues 463-678) with the tran-
scriptional activation domain of Gal4p yielded a func-
tional hybrid protein that strongly induced PMC1-lacZ
expression relative to controls in a fashion independent
of Ca?* and insensitive to FK506 (Fig. 3A). This consti-
tutive Tcnl1(C)::Gal4(AD) hybrid protein did not induce
expression of reporter genes that are normally unrespon-
sive to Ca?* signals, such as GAL1-lacZ or CYC1-lacZ
but stimulated expression of PMR2A-lacZ and FKS2-
lacZ (data not shown). These results show that the car-
boxy-terminal zinc finger domain of Tcnlp retains the
ability to form promoter-specific interactions.

The amino-terminal region of Tcnlp contains a tran-
scriptional activation domain responsive to calcineurin
because fusion of residues 11-460 with the DNA-bind-
ing domain of Gal4p resulted in a Gal4(DB):: Tcn1(N) hy-
brid protein that conferred Ca®*-stimulated and FK506-
sensitive induction to a GAL1-lacZ reporter gene (Fig.
3B). To test whether the amino-terminal domain of
Tcnlp interacts directly or indirectly with calcineurin, a
two-hybrid experiment was performed using fusions be-
tween the amino-terminal domain of Tcnlp and the
catalytic subunit of calcineurin encoded by the yeast
CNAL1 gene (Cyert et al. 1991). Expression of a functional
Gal4(DB)::Cnal hybrid protein in which the DNA-bind-
ing domain of Gal4p was fused to calcineurin A failed
to induce GALl-lacZ in standard media or in me-
dia supplemented with Ca®* or FK506 (Fig. 3D, right).
Similarly, expression of a Tcnl(N)::Gal4(AD) hybrid
protein, in which the activation domain of Gal4p was
fused to the amino-terminal domain of Tcnlp, also
exhibited no ability to induce GAL1-lacZ because this
protein lacks the appropriate DNA-binding domain (Fig.
3C, left). Coexpression of both Tcnl(N)::Gal4(AD) and
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Table 1. Yeast strains used in this study

Strain Genotype?® Reference
W303-1A + Wallis et al. (1989)

YLIP179 MATa fks1::HIS3 Mazur et al. (1995)

YLIP183 fks1::HIS3 Mazur et al. (1995)

K601 + W303-1A

K473 pmcl::LEU2 Cunningham and Fink (1994)
K482 MATa pmcl:TRP1 Cunningham and Fink (1994)
K603 cnbl:LEU2 Cunningham and Fink (1994)
K605 pmcl:TRP1 Cunningham and Fink (1994)
K633 pmr2::HIS3 Cunningham and Fink (1996)
K661 vex1A Cunningham and Fink (1996)
K665 vex1A pmcl:TRP1 Cunningham and Fink (1996)
DMY14 tcnl::G418

DMY18 tcnl::G418 pmcl: TRP1

DMY20 tcnl::G418 vex1A

DMY24 tcnl::G418 vex1A pmcel:TRP1

DMY44 tcn::G418 pmr2::HIS3

DMY62 pmcl:LEU2 PMC1l-lacZ::URA3

DMY63 MATa pmcl:: TRP1 PMC1l-lacZ::URA3

Y190° gal4 gal80 GAL1-lacZ Harpter et al. (1993)

aAll strains except Y190 are isogenic to W303-1A (MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1). Strain-specific geno-

types are as indicated.

PY190 is not in the W303 strain background. The genotype of Y190 is MATa leu2-3,112 ura3-52 trp1-901 his3A200 ade2-101 gal4A

gal80A GAL1-lacZ GAL-HIS3 cyh'.

Gal4(DB)::Cnal restored induction of GALl-lacZ by
added Ca®*, which was completely inhibited by FK506
(Fig. 3D, left). Similar results were obtained when the
carboxy-terminal autoinhibitory domain of calcineurin
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Figure 2. Sequence features of Tcnlp. (A) Predicted open read-
ing frame of TCN1. Denoted are putative domains of Tcnlp:
three acidic regions with net charges of -7, -23, and -10, re-
spectively; a Q-rich domain where 24 of 27 amino acid residues
are glutamine; a basic region containing a net charge of +13; and
three putative zinc fingers. The arrow indicates the division
between the amino and carboxyl termini used to assay func-
tionality of these two domains. (B) Multiple sequence align-
ment of the three zinc finger motifs from Tcnlp, and the tran-
scription factors Swi5p (residues 550-632) from yeast (Stillman
et al. 1988) and Zif268/EGR-1 (residues 287-367) from mam-
mals (Lemaire et al. 1988). Residues conserved in at least two of
the three sequences are boxed and highlighted. Residues that
coordinate zinc ions (asterisks) and that contact DNA (°) in the
crystal structure of Zif268 complexed with DNA (Pavletich and
Pabo 1991) are indicated.
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A was deleted from the hybrid protein (Fig. 3C, right).
Overexpression of the hybrid proteins using high-copy
plasmid vectors increased the units but did not alter the
patterns observed using the low-copy plasmids (data not
shown). These results demonstrate that the amino-ter-
minal domain of Tcnlp interacts functionally with acti-
vated calcineurin but not with inactive or FK506-inhib-
ited calcineurin. Functional interactions detected using
the two-hybrid assay usually reflect direct or indirect
physical interactions (Fields and Sternglanz 1994).

Targets of Tcnlp

To determine whether Tcnlp mediates some or all of the
effects of calcineurin on gene expression, both expres-
sion and function of the four known target genes were
examined in a tcnl null mutant in which the TCN1 cod-
ing sequence was deleted and replaced (see Materials and
Methods). The tcnl null mutant grew as well as wild-
type strains in standard medium but completely failed to
induce PMC1-lacZ in response to growth in high Ca®*
conditions (Table 2, line 1). Furthermore, the normal cal-
cineurin-dependent induction of reporter genes for
PMR1, PMR2A, and FKS2 was completely abolished in
the tcnl null mutant (Table 2, lines 2-4), whereas the
control CYC1-lacZ reporter was not affected (line 5).
To confirm that PMC1, PMR1, PMR2A, and FKS2 are
physiological targets of Tcnlp, the function of each gene
was compared in wild-type and tcnl null mutants. The
function of FKS2, for example, was measured qualita-
tively using a viability assay. Calcineurin-dependent ex-
pression of FKS2 is required for viability of cells lacking
the homologous gene FKS1 (Parent et al. 1993; Eng et al.



1994; Garrett-Engele et al. 1995). We found that like cal-
cineurin, Tcnlp is also required for functional expres-
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Figure 3. Functional domains of Tcnlp defined by fusions with
Gal4p. (A) Expression of a PMC1-lacZ reporter gene on plasmid
pKC190 in a tcnl null mutant (strain DMY14) driven by either
a Tcnl(C):Gal4(AD) hybrid protein (plasmid pDM16) or a
Gal4(AD) fragment (plasmid pPC86) as a control was measured
after 4 hr growth in YPD (pH 5.5) medium supplemented as
indicated with 200 mm CaCl, and 0.2 pg/ml of FK506. Data are
the averages of three independent transformants with standard
deviation as indicated by error bars. Similar results were ob-
tained using PMR2A-lacZ (pKC201) and FKS2-lacZ (pDMD5) re-
porter genes. (B-D) Expression of a GAL1-lacZ reporter gene in
a gal4 gal80 double mutant Y190 (Harper et al. 1993) was mea-
sured as above using plasmids expressing the following hybrid
proteins: (B) Gal4(DB)::Tcn1(N) on plasmid pDM15 or Gal4(DB)
on plasmid pPC97; (C) Tcnl(N)::Gal4(AD) on plasmid pTJK27
with either Gal4(DB) on plasmid pPC97 or Gal4(DB)::CnalAC
on plasmid pKC116; (D) Gal4(DB)::Cnal on pKC115 with either
Tcnl(N)::Gal4(AD) on plasmid pTJK27 or Gal4(AD) on plasmid
pPC86. The results show the carboxyl terminus of Tcnlp inter-
acts functionally with the promoter of PMCL1 (A), whereas the
amino-terminal region of Tcnlp functions as both a calcineurin-
dependent transcription activation domain (B) and a calcineu-
rin-interacting domain (C,D).
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sion of FKS2 because all fksl tcnl double mutants gen-
erated from 18 tetrads of a test cross (strain DMY14
crossed with strain YLIP179) were inviable. The func-
tions of PMR1, PMR2A, and PMC1 in tcnl mutants were
assayed quantitatively using Mn?*, Na*, and Ca®* toler-
ance tests, respectively. tcnl mutants were significantly
less tolerant than wild-type to these ions (Fig. 4). In the
presence of FK506, wild-type strains and tcnl mutants
displayed approximately equal sensitivities to Mn?*,
Na*, and Ca®*, suggesting that Tcnlp retains little or no
activity in the absence of calcineurin function and that
the two factors function in the same regulatory pathway.

The ion tolerance assays shown in Figure 4 also reveal
functions of calcineurin that are independent of Tcnlp
function. For example, addition of FK506 to tchl mu-
tants and to pmr2 tcnl double mutants causes a further
reduction in Na* tolerance (Fig. 4B), suggesting that cal-
cineurin affects other Na* tolerance factors indepen-
dently of Tcnlp. In tenl null mutants, weak effects of
calcineurin on PMR2A-lacZ expression were also evi-
dent depending on the growth conditions (Table 2, lines
4 and 8). Calcineurin also inhibits the function of Vcx1p
in Ca®* tolerance assays by a Tcnlp-independent mecha-
nism because FK506 addition increased Ca* tolerance of
tcnl mutants, pmcl mutants, and pmcl tcnl double mu-
tants but only when VCX1 was present. The finding that
both pmcl tcnl double mutants and pmrl tcnl double
mutants (not shown) are viable, whereas pmcl pmrl
double mutants are inviable (Cunningham and Fink
1994), suggests that Tcnlp-independent basal expression
of either Pmclp or Pmrlp is sufficient for viability in
standard media. In summary, the activity of Tcnlp on all
known targets required calcineurin function, whereas
the activity of calcineurin on at least two additional pro-
cesses did not require Tcnlp function. These results sug-
gest Tcnlp functions in a branch downstream of calci-
neurin in the calcium signaling pathway leading to gene
expression.

Roles of Tcnlp and calcineurin in response
to pheromone

The Ca®* signal generated in response to pheromone in-
duces FKS2 through a calcineurin-dependent mechanism
(Mazur et al. 1995). Induction of an FKS2-lacZ reporter
gene was also observed after treatment of wild-type
MATa cells with pheromone, and this induction was al-
most completely dependent on calcineurin and Tcnlp
(Table 2, line 7). Calcineurin function is required for sev-
eral additional responses to pheromone treatment, in-
cluding maintenance of cell viability during prolonged
pheromone stimulation (Cyert et al. 1991; Cyert and
Thorner 1992; Moser et al. 1996) and for changes in cell
morphology (Withee et al. 1997). Using similar methods,
we found that tcnl null mutants were indistinguishable
from wild type (data not shown), suggesting that these
effects of calcineurin are largely independent of Tcnlp.
Another effect of calcineurin during the pheromone re-
sponse, feedback inhibition of Ca®* uptake, is illustrated
in Figure 5. After 4-hr treatment with 20 um pheromone,
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Table 2. Expression of reporter genes in wild-type and tcnl mutants
B-Galactosidase (units) Induction ratio

Plasmid Reporter wild type tcnl mutant wild type tcnl mutant

+0 +Ca +Ca+FK +0 +Ca +CatFK (+Ca/+Cat+FK) (+Ca/+Ca+FK)
1. pKC190 PMC1l-lacz 0.2 19 0.1 0.1 0.1 0.1 270+ 90 1.0+ 0.0
2. pDM5 FKS2-lacZz 10 232 10 4.0 5.0 5.0 21+7.0 1.1+0.2
3. pKC199 PMRI1-lacz 11 28 12 5.0 5.0 6.0 23+0.6 09+0.1
4, pKC201 PMR2A-lacz 0.1 59 45 0.1 0.1 0.8 14+3.6 0.1+0.05
5. pLGA312 CYCil-lacZ 424 483 466 358 483 415 10+£0.1 12+01
6. pDM7 TCN1-lacz 4.3 21 5.3 3.1 5.8 34 42+14 1.7+04

+0 +mf +mf+FK +0 +mf +mf+FK (+mf/+mf+FK)  (+mf/+mf+FK)
7. pDM5 FKS2-lacz 39 166 50 17 26 24 34+0.6 11+01

+0 +Na +Na+FK +0 +Na +Na+FK (+Na/+Na+FK) (+Na/+Na+FK)
8. pKC201 PMR2A-lacZ 33 163 39 14 53 38 42+04 15+0.2

B-Galactosidase activity (units) was measured as described in Methods and Materials after growth in YPD (pH 5.5) medium (lines 1-10)
or YPD medium (lines 11, 12) supplemented as indicated with water (+0), 200 mm CaCl, (+Ca), 20 pm a-mating pheromone (+mf), 750
mm NacCl (+Na), or 0.2 pg/ml of FK506 (+FK). The average of three independent transformants is shown in units; induction ratios were
calculated separately for each transformant and then averaged (+s.D.). The limit of detection for this experiment is 0.1 unit.

wild-type cells display a small increase in “>Ca®* accu-
mulation. Inhibition of calcineurin by addition of FK506
greatly potentiated the effect of pheromone but had little
or no effect on untreated wild-type cells. In a parallel
experiment, a tcnl null mutant showed a pattern of
45Ca?* uptake similar to wild type, indicating that Tcnlp
is not required for the apparent calcineurin-dependent
feedback inhibition of Ca®* uptake after pheromone
treatment. Although Tcnlp becomes activated during
the pheromone response and induces genes such as
FKS2, it plays no obvious role in several other calcineu-
rin-dependent processes including increased Ca®* up-
take, morphological changes, and cell survival.

Dynamics of the calcium signaling pathway

Complementation tests performed during the character-
ization of isolated tcnl mutants, showed that heterozy-
gous tcnl/TCN1 diploids accumulated less than half as
much B-galactosidase activity as homozygous TCN1/
TCN1 diploids during growth in identical Ca®* condi-
tions (data not shown). This result implies that Tcnlp
abundance may affect responsiveness to Ca®* signals.
Overexpression of Tcnlp by transforming a wild-type
strain with the high dosage TCN1 plasmid (pLE66) re-
sulted in higher induction of PMC1, FKS2, and PMR2A
with lower doses of Ca®* (Fig. 6B-D). For all reporters
except FKS2, the maximum levels of expression were
also elevated in the strain overexpressing Tcnlp (Fig. 6).
A TCNI1-lacZ reporter gene was constructed (see Mate-
rials and Methods) to determine whether Tcnlp levels
might change in high Ca®' conditions. In wild-type
strains, TCN1-lacZ was induced about fourfold over
basal levels by growth in high Ca®* and this induction
was largely dependent on calcineurin and Tcnlp (Table
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2, line 6) and highly sensitive to dosage of Tcnlp (Fig.
6A). The apparent autoregulation of Tcnlp combined
with the varying sensitivities of each target promoter to
Tcnlp abundance and Ca?* levels may permit differen-
tial gene expression in response to varying strength or
intensity of Ca®* signals.

Differential control of Tcnlp-dependent genes involves
modulation of Ca?* signal strength and other
promoter-specific factors

One possible explanation for the failure of the cal-
cium signaling pathway to induce PMC1l-lacZ after
pheromone treatment emerges from the above results:
The response to pheromone may produce a relatively
weak Ca?* signal that is insufficient to induce low-sen-
sitivity genes. In support of this hypothesis, overex-
pression of Tcnlp from a high dosage plasmid restored
the calcineurin-dependent induction of PMCl-lacZ
in response to pheromone treatment to [(30% of maxi-
mal levels (Fig. 7A). Additionally, pheromone treatment
caused a marked calcineurin-dependent induction of
the high sensitivity GALl-lacZ reporter driven by the
Gal4(DB)::Tcn1(N) hybrid transcription factor amount-
ing to (0% of the maximal induction observed upon
treatment with both pheromone and high Ca®* (Fig. 7B).
These results suggest pheromone treatment generates a
relatively weak Ca?* signal that is ordinarily insufficient
to induce low sensitivity genes such as PMC1 and pos-
sibly TCNL1.

Overexpression of Tcnlp failed to restore calcineurin-
dependent induction to PMC1-lacZ by high salt treat-
ment and failed to overcome the inhibitory effect of high
salt on PMC1-lacZ induction by high Ca®" treatment
(Fig. 7A). In contrast, treatment with high salt caused
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effect on induction by high Ca®* (Fig. 7B). The simplest
hypothesis consistent with these results is that the re-
sponse to high salt includes both the promoter-specific

Figure 4. Mn?*, Na*, and Ca?* tolerance as-
says of various yeast mutants showing roles of
Tcnlp. All strains were grown to saturation in
YPD medium at 30°C and diluted 1000-fold
into fresh media containing a range of MnCl,,
NacCl, or CaCl, concentrations (with and with-
out 0.2 ug/ml of FK506) and incubated for 1 day
at 30°C in flat-bottom 96-well dishes (0.2 ml/
well). Optical density at 650 nm was measured
for each resuspended culture and plotted di-
rectly (A,B) or plotted and used to determine
the 50% inhibitory concentration or IC, (C) as
described in Materials and Methods.

GENES & DEVELOPMENT 3451



Matheos et al.

30
J+0
25 W +MF
] +FK
W +MF+FK
@
s O
Bo
5%
52
i
©c

ten1 mutant

wild type

Figure 5. Tcnlp is not required for calcineurin-dependent in-
hibition of Ca?* uptake stimulated by pheromone. Log-phase
cells were incubated for 4 hr at 30°C in YPD medium supple-
mented with “°Ca®* tracer in the presence or absence of syn-
thetic pheromone [10 um of a-mating factor (MF)] and FK506
(1.0 pg/ml). Total cell-associated Ca?* was determined as de-
scribed in Materials and Methods, and the average of three in-
dependent experiments are shown (+ s.p.). A large stimulatory
effect of FK506 was observed for both the wild-type (strain
W303-1A) and tcnl null mutant (strain DMY14).

blockers of gene expression and the production of rela-
tively weak Ca?* signals that are sensed by calcineurin
and the amino-terminal domain of Tcnlp. Based on all
these results, we conclude that differential expression of
Tcnlp-dependent genes can be accomplished through
mechanisms that distinguish both the strength of Ca**
signals and inputs from other signaling pathways.

Discussion

The results reported here and elsewhere (Stathopoulos
and Cyert 1997) propose that Tcnlp/Crzlp functions as
an important part of a calcineurin-dependent transcrip-
tion factor in yeast. Tcnlp contains within its amino-
terminal region a domain that interacts functionally, and
perhaps physically, with activated calcineurin. Genetic
analyses of tcnl null mutants suggest that Tcnlp func-
tions downstream of calcineurin in the calcium signal-
ing pathway on a branch leading to the expression of
specific genes. Tcnlp contains three zinc finger motifs in
its carboxy-terminal region resembling the DNA-bind-
ing domains of numerous transcription regulators and
has been shown in vitro to bind a 24-bp element present
in the promoter of at least one target gene (Stathopoulos
and Cyert 1997). The simplest molecular mechanism
consistent with these results would be that calcineurin
directly dephosphorylates Tcnilp in response to Ca* sig-
nals and thereby stimulates either nuclear localization
or transcriptional activation activity. The available data,
however, do not rule out the involvement of unknown
intermediary factors or additional steps in the mecha-
nism. Regardless of the molecular mechanism, the
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analysis of tcnl null mutants and its gain-of-function
variants clarify the roles of specific factors in the cal-
cium signaling pathway during the responses to high
Ca?*, high salt, and mating pheromones.

Regulation of calcium transporters

The identification and characterization of Tcnlp con-
firms our previous model of Ca®** homeostasis in yeast
(Cunningham and Fink 1996) and extends our under-
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Figure 6. Calcineurin-dependent induction of TCN1-lacZ and
other reporter genes is enhanced by overexpression of Tcnlp.
Wild-type yeast (strain W303-1A) carrying the indicated re-
porter genes (plasmids pDM7, pKC190, pDM5, and pKC201,
respectively) were transformed with either a control plasmid
(YEp13, O) or a similar high dosage plasmid containing TCN1
(PLE6G6, @) and grown to log phase in SC - ura - leu medium to
maintain plasmid selection. After incubation for 4 hr at 30°C in
YPD (pH 5.5) medium supplemented with CaCl, as indicated
and either with FK506 (0.4 pg/ml, broken lines) or without
FK506 (solid lines), cells were collected and assayed for -galac-
tosidase accumulation.
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Figure 7. Differential expression of Tcnlp-dependent genes in
response to strength of Ca®* signals and other regulatory inputs.
(A) Wild-type strain W303-1A was transformed with both plas-
mid pKC190 carrying PMC1-lacZ and plasmid pLE66 to in-
crease dosage of Tcnlp, grown, and assayed for B-galactosidase
activity as described in Fig. 1. (B) The MATa gal4 gal80 strain
Y190 containing a GAL1-lacZ reporter gene was transformed
with plasmid pDM15 expressing the Gal4(DB)::Tcn1(N) hybrid
factor and then grown and assayed as above. The results suggest
pheromone produces a weak Ca?* signal that partially induces a
high sensitivity reporter (B) but fails to induce a low sensitivity
reporter unless Tcnlp is overexpressed (cf. A with Fig. 1A). High
salt treatment induces the high sensitivity reporter and pre-
vents induction of PMC1-lacZ by high Ca®* treatment despite
overexpression of Tcnlp.

standing of the feedback mechanisms controlling Ca®*
transporters. Briefly, we propose that as extracellular
Ca®* concentrations are increased from 0.1 mm to >100
mm the higher rates of Ca®* influx elevate cytosolic Ca*
to levels which activate calcineurin and Tcnlp, leading
first to induction of PMR1 and eventually to induction of
TCN1 and PMC1. Expression of the vacuolar Ca®*
ATPase Pmclp correlates with Ca®* tolerance and is
consistent with a primary role of the vacuole in the se-
questration of excess Ca®* and precipitation with poly-
phosphate (Dunn et al. 1994). Previous work showed de-
letion of both PMC1 and PMR1 is lethal due to accumu-
lation of toxic levels of Ca®' in the cytoplasm
(Cunningham and Fink 1994). Basal expression of either
Ca®" ATPase is sufficient for viability because tcnl mu-
tants, pmcl tcnl double mutants, and pmrl tcnl double
mutants are all viable though highly sensitive to added
Ca®* (Fig. 4; data not shown). In high Ca®* conditions,
the essential function of Tcnlp appears to be the induc-
tion of PMCL1 gene expression.

Calcium-dependent gene expression in yeast

The analysis of tcnl mutants also clarifies the role of
calcineurin in Mn?* tolerance. Pmrlp contributes
strongly to Mn?* tolerance but contributes much less
than Pmclp to Ca®" tolerance (Cunningham and Fink
1994). Strains lacking calcineurin or Tcnlp function fail
to induce PMR1-lacZ (Table 2) and are correspondingly
less tolerant of added Mn?* (Fig. 4A). This correlation
suggests that Pmrip levels directly determine Mn?* tol-
erance just as Pmclp levels directly determine Ca®" tol-
erance levels. An alternative hypothesis proposed the
role of calcineurin in Mn?* tolerance was to limit Mn?*
influx by an unknown process (Farcasanu et al. 1995).
However, a significant role for calcineurin in Mn?* tol-
erance can only be detected when both Tcnlp and Pmrlp
are functioning (Fig. 4A; Cunningham and Fink 1994).
All of these results are consistent with a model in which
calcineurin and Tcnlp induce expression of Pmrlp,
which increases both Mn?* sequestration in late com-
partments of the secretory pathway and Mn?* export
from the cell. Several other observations support this
model. Mutants lacking PMR1 also display numerous
secretory defects that can be attributed to insufficient
Ca®" and Mn?* accumulation in compartments of the
secretory pathway (Rudolph et al. 1989; Antebi and Fink
1992). Sufficient Ca®* and/or Mn?* is required for viabil-
ity (Loukin and Kung 1995), and pmrl mutants require
much higher levels of these metals than wild type in
spite of their increased uptake and sensitivity (Lapinskas
et al. 1995). These findings are consistent with a model
in which Pmrip supplies compartments of the secretory
pathway with Ca®* and Mn?* during standard conditions
and promotes Mn?* tolerance by sequestration and even-
tual export. Further analysis of tcnl mutants and Mn?*
transport by Pmrlp and other factors (Supek et al. 1996)
may resolve this issue.

Because calcineurin-dependent inhibition of the vacu-
olar H*/Ca?* exchanger Vcx1p is independent of Tcnlp
(Fig. 4C), the analysis of tcnl mutants shed little light on
the mechanisms regulating Vcx1p or on the physiologi-
cal significance of this regulation. Previous work sug-
gested that calcineurin may inhibit Vcx1p post-transla-
tionally, although other explanations were not ruled out
(Cunningham and Fink 1996). Why yeast cells inhibit
Vex1p when this enzyme can greatly increase Ca®* tol-
erance also remains unclear. However, analysis of con-
stitutive mutant forms of Vcx1p that resist inhibition by
calcineurin revealed inappropriate H*/Ca®* exchange de-
creases the availability of cytosolic Ca?* for calcium sig-
naling (Cunningham and Fink 1996) and potentially for
transport by Pmrilp into the secretory pathway.

Calcium signaling in response to salt stress

Evidence reported here and in previous studies all sug-
gest that the response to high salt includes activation of
the calcium signaling pathway, although no change in
Ca?* influx or accumulation in the cytosol has been re-
ported. We observed submaximal induction of the Gall-
lacZ reporter by Gal4(DB)::Tcn1(N) after treatment with
high salt (Fig. 7), and in tcnl mutants we observed de-
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creases in Na* tolerance and PMR2A expression. These
results suggest that high salt may generate a weak Ca®*
signal that mildly activates the calcium signaling path-
way. In addition, calcineurin contributes to Na* toler-
ance independently of Tcnlp and the Pmr2p ion pumps
(Fig. 4B; Danielsson et al. 1996; Mendoza et al. 1996).
Finally, Ca®*/calmodulin promotes Na* tolerance by
binding and activating Pmr2p ion pumps (Wieland et al.
1995). Together, these findings demonstrate multiple in-
teractions between the calcium signaling pathway and
Na™ tolerance factors. Another response to high salt ap-
pears to be negative regulation of genes such as PMC1
and FKS2 (Figs. 1 and 7). High salt may activate specific
repressors or inhibit specific coactivators of transcrip-
tion such as the MSN5/STE21 gene product, which is
important together with Tcnlp for calcineurin-depen-
dent induction of FKS2 and PMC1 (P.M. Alepuz, D.P.
Matheos, K.W. Cunningham, and F. Estruch, in prep.).

Calcium signaling during the pheromone response

There is abundant evidence that Ca®* signals are gener-
ated in yeast after treatment with high doses of mating
pheromones (Ohsumi and Anraku 1985) and that the cal-
cium signaling pathway becomes activated and induces
genes such as FKS2 (Mazur et al. 1995). Here we show
that induction of FKS2 in response to pheromone treat-
ment also requires Tcnlp. The pattern of FKS2 expres-
sion contrasts with other Tcnlp-dependent genes and
suggests that the pheromone response generates a rela-
tively weak Ca?* signal that is insufficient for induction
of low-sensitivity genes such as PMC1, which required
overexpression of Tcnlp before a significant response to
pheromone could be observed (Fig. 7). In spite of this
clear role for Tcnlp in the response to pheromone, we
detected no significant role for Tcnlp in several other
calcineurin-responsive phenomena, including feedback
inhibition of Ca®* uptake (Fig. 5), changes in cell mor-
phology, or promoting cell survival during pheromone
stimulation (not shown). Survival in pheromone was
shown previously to depend on Ca?* influx and the func-
tions of calmodulin, calcineurin, and calmodulin-depen-
dent protein kinases (lida et al. 1990, 1994; Moser et al.
1996; Withee et al. 1997). The targets of the calcium
signaling pathway involved in cell survival therefore re-
main to be identified.

Comparison of Tcnlp regulation
with vertebrate systems

The calcineurin-dependent transcriptional activation do-
main of Tcnlp shows no significant sequence similarity
to other proteins in current databases, so extrapolations
to specific vertebrate mechanisms are not yet possible.
Several parallels are noteworthy, nevertheless. Using the
zinc finger domain of Tcnlp to search protein databases,
the most similar vertebrate proteins are members of the
EGR family of transcription factors. Zif268/EGR-1 is
markedly induced by calcium signaling through the se-
rum response factor SRF in many cell types (Cole et al.
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1989; Ginty 1997), and induction of EGR-2 in B cells also
depends on calcineurin function (Gottschalk et al. 1994).
In these cases, the molecular mechanisms controlling
EGR expression are not precisely known. We show evi-
dence that Tcnlp may regulate its own expression by a
positive feedback mechanism requiring calcineurin and
that this autoregulation may affect expression of target
genes such as PMC1. Remarkably, expression of verte-
brate PMCA genes encoding the plasma membrane Ca®*
ATPases homologous to Pmclp also appears to be regu-
lated in response to Ca®* signals and calcineurin activa-
tion in granule cells of the developing rat cerebellum
(Carafoli et al. 1996).

An emerging question in understanding signal trans-
duction networks is how cells utilize common signaling
modules to generate distinct outputs depending on the
type or source of input signal. In neurons, for example,
Ca®* signals generated by either activation of the NMDA
receptor or activation of the L-type Ca®* channel caused
phosphorylation of the critical serine-133 in the CREB
transcription factor but only the signal derived from the
L-type channel could induce the c-fos gene (Bading et al.
1993). Differences in the spatial or temporal character of
these Ca®* signals have been proposed to accomplish this
type of differential gene expression (Dolmetsch et al.
1997; Ginty 1997) although differences in Ca®* signal
strength or additional regulatory mechanisms analogous
to those reported here may also be involved. Although
the spatiotemporal characteristics of the Ca®* signals in
yeast caused by pheromone, high salt, and high Ca®* are
presently unknown, our results indicate that different
promoters are sensitive to variations in the strength of
Ca?* signals and inputs from other types of signaling
pathways. More work is needed to understand this phe-
nomenon and to accurately compare the yeast mecha-
nism with mammalian systems.

Materials and methods
Culture media and isolation/construction of tcnl mutants

Synthetic complete (SC) and complex (YPD) media were pre-
pared and supplemented with 2% glucose as described previ-
ously (Sherman et al. 1986) using reagents from Difco and Sigma
Chemical Co. Where indicated, YPD medium was buffered to
pH 5.5 by addition of 5 mm succinic acid and supplemented
with various salt such as CaCl,, MnCl,, NaCl, or G418 sulfate.
FK506 was generously provided by Fujisawa Corp. (Tokyo, Ja-
pan). The synthetic pheromone a-mating factor was obtained
from Star Biochemicals.

All yeast strains listed in Table 2 were derived from W303-1A
(Wallis et al. 1989) using standard methods of transformation
and/or crossing (Sherman et al. 1986), and all strains except
Y190 harbored the following genetic markers: MATa ade2-1
canl-100 his3-1 leu2-3,112 trpl-1 ura3-1. The tcnl:kanMX3
null mutation in which the chromosomal TCN1 gene was de-
leted and replaced was introduced into W303-1A by one-step
gene replacement (Rothstein 1991) using a fragment of plasmid
pKC287 generated by digestion with Bglll plus Xbal. The result-
ing tcnl null mutant (strain DMY14) was selected in YPD agar
medium supplemented with 0.2 mg/ml of G418 sulfate (GIBCO
BRL) and verified by PCR analysis of genomic DNA. Additional



strains containing tcnl::kanMX3 were constructed by crosses
between DMY14 and previously described derivatives of W303-
1A (Cunningham and Fink 1996). Strains DMY62 and DMY63
were constructed by transformation of strains K473 and K482,
respectively, with Apal-digested plasmid pKC217, which inte-
grates a PMC1-lacZ reporter gene at the ura3-1 locus. B-Galac-
tosidase accumulation in strains DMY62 and DMY63 was very
low during growth in YPD (pH 5.5) medium and very high after
growth in YPD (pH 5.5) medium supplemented with CaCl, as
detected using the chromogenic substrates O-nitrophenyl-g-
D-galactopyranoside (ONPG) as described (Guarente 1983) or
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal, see
below).

To identify mutants unable to induce PMC1-lacZ, strains
DMY62 and DMY63 were mutagenized to [30% viability using
EMS, spread onto 40 plates of SC minus uracil agar medium at
a density of [1L000 colonies/plate, and grown at 30°C for 3 days.
Colonies were then replica-plated onto paper filters (Whatman
No. 3) placed on YPD (pH 5.5) agar plates supplemented with 0.3
mm adenine and 75 mm CaCl,, incubated for 1 day at 30°C, and
assayed for B-galactosidase accumulation as follows. Filters
were first soaked with 25 mm EGTA (pH 7.5) for (R0 min at
room temperature, plunged into liquid nitrogen for (1l min, and
finally soaked 3 hr at room temperature with staining solution
containing 0.3 mg/ml of X-gal dissolved in modified Z buffer
[100 mm Na phosphate (pH 7.0), 10 mm KCI, 10 mm MgSO,,
0.1% SDS, 0.27% B-mercaptoethanol]. Most colonies stained
dark blue after this protocol. All white or light blue colonies
were collected, purified, retested, and then subjected to comple-
mentation testing where each DMY62 isolate was mated with
each DMY63 isolate in all possible combinations and the re-
sulting diploids were selected on SC - Leu-Trp agar medium
and tested for B-galactosidase accumulation after calcium treat-
ment as before. All recessive mutations were placed into one of
three complementation groups—cnbl, msn5, and tcnl—which
were identified by cloning of the functional loci by complemen-
tation and/or allelism tests using targeted disruption mutants.

Cloning of TCNL1 and recombinant DNA

All recombinant DNA techniques were performed using stan-
dard techniques (Sambrook et al. 1989) with reagents supplied
by Stratagene and New England Biolabs. To identify the TCN1
gene, a tcnl mutant isolated in the screen was transformed with
a low-copy genomic DNA plasmid library (kind gift of D. Levin,
Johns Hopkins University, Baltimore, MD) based on the pRS313
shuttle vector (Sikorski and Hieter 1989), plated on SC - His
agar medium, replica plated to filters placed on YPD (pH 5.5)
agar medium containing 75 mm CacCl,, and stained with X-gal
as described above to identify rare blue clones that regained
ability to express PMC1l-lacZ. Out of [110,000 independent
transformants, 2 were found to yield plasmids that comple-
mented the tcnl defect. Restriction mapping and partial se-
quencing of the insert DNA from both plasmids (pDM1 and
pDMZ2) demonstrated that the two plasmids contain distinct but
overlapping inserts spanning two previously uncharacterized
open reading frames from chromosome XIV termed YNLO26w
and YNLO27w. Deletion of YNLO26w by digestion of pDM1
with Spel plus Xbal, followed by religation, resulted in plasmid
pDM3, which retained the ability to complement tcnl muta-
tions. Prior to the release of the complete yeast genomic DNA
sequence, A. Duesterhoeft and P. Phillippsen generously pro-
vided the sequence of the TCN1 locus and plasmid
p678::lacZkanMX3, which was used to construct the
tcnl::kanMX3 disruption plasmid pKC287 by digesting with
Spel plus BsrGl to remove all lacZ sequences, generating blunt
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ends, and ligating (Philippsen et al. 1997). Null mutants ob-
tained by gene replacement using tcnl::kanMX3 DNA failed to
complement each of the tcnl alleles isolated in the genetic
screen, showing that the mutations in this group all resided
within the TCN1/YNLO27w gene.

Plasmids containing various reporter genes were constructed
as follows. An integrating plasmid containing the PMC1l-lacZ
reporter gene (pKC217) was derived from pKC190 (Cunningham
and Fink 1996) after digestion with Spel and religation to re-
move the 2 origin of replication. The FKS2-lacZ reporter plas-
mid (pDM5) containing the DNA segment from position —968
to +6 relative to the initiation codon of FKS2 fused in-frame to
lacZ coding sequences was constructed by PCR amplification
with oligonucleotides FKS2A (GGAGTCGACAGGGCTACT-
CAATCG) and FKS2B (GCCTCTAGAGGACATACCTAT-
GACAG,) followed by digestion with Sall plus Xbal and cloning
first into polylinker sites of YEp356R (Myers et al. 1986) and
then subcloning into pLGA178 (Guarente and Mason 1983) after
first digesting both plasmids with Xhol plus BamHI. A TCN1-
lacZ reporter plasmid (pDM7) was constructed by subcloning
the DNA segment from -1485 to +42 relative to the TCN1
initiation codon from pDM3 (liberated with Sall plus Spel) first
into YEp356R (digested with Sall plus Xbal) and then subclon-
ing the Sall plus BamHI fragment into pLGA178 digested with
Xhol plus BamHI.

All plasmids expressing Gal4 hybrid proteins were con-
structed from plasmids pPC97 and pPC86 (Chevray and
Nathans 1992) as follows. The amino-terminal region of Tcnlp
corresponding to nucleotides +33 to +1381 was amplified using
oligonucleotides DB1 (GCCGCCAATATGGCGTCGACCAT-
GACTAGTAGTAAT) and DB2 (GCCGCCATTGTCATCCT-
AGGCCCGATTATTGTCATT), purified on agarose gels, di-
gested with Sall plus Avrll, and cloned into pPC97 digested with
Sall plus Spel to yield pDM15 containing Gal4(DB)::Tcn1(N).
Plasmid pDM16 expressing Tcn1(C)::Gal4(AD) hybrid proteins
was constructed by ligating into Sall plus Spel-digested pPC86
the Sall plus Avrll-digested PCR product obtained using primers
TAl1 (GCCGCCAATCGGGAGTCGACTGACAATGATAGC-
AAA) and TA2 (GCCGCCTTAACTCCTAGGCTCTTGTCCC-
GATTTCTC), corresponding to nucleotides +1389 to +2033 of
TCNL1. Plasmids pKC116 and pKC117 containing Gal4(DB):
CnalAC and Gal4(DB)::Cnal hybrids, respectively, were con-
structed by subcloning the Xhol plus BamHI fragments of
pKC73 and pKC74 (Cunningham and Fink 1996) into pPC97
digested with Sall plus BamHI. Plasmid pTJK27 containing
Tcnl(N)::Gal4(AD) was constructed by subcloning a Sall plus
Sstl fragment from pDM15 into pPC86 digested with Sall plus
Sstl.

B-Galactosidase assays

Strains were grown overnight in SC media lacking uracil to
mid-log phase, harvested, and grown for an additional 4 hr in
either YPD or YPD (pH 5.5) supplemented with CaCl,, NacCl,
a-mating factor, and/or FK506 as indicated in the text. B-Ga-
lactosidase activity was assayed at room temperature using
chloroform/SDS permeabilized cells as described previously
(Guarente 1983).

lon tolerance assay

lon tolerance assays were performed as described previously
(Cunningham and Fink 1996). For CaCl,, yeast strains were
grown in YPD (pH 5.5), whereas MnCl, and NaCl assays used
YPD media. Cell density was measured at an ODgg, With a
Molecular Devices microplate reader. The concentration of cat-
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ion resulting in a 50% decrease in cell growth relative to un-
supplemented cultures (IC5,) was interpolated from linear plots
of the ion tolerance data.

Ca?* uptake assays

Yeast cultures were grown to mid-log phase at 30°C in YPD
media, harvested, and resuspended to an ODgy, 0f 0.25in 0.2 ml
of YPD and supplemented with 110 mCi/ml of “*Ca®* (Amer-
sham Life Science). After incubation for 4 hr at 30°C with oc-
casional mixing, 0.18 ml of culture was filtered through What-
man GFF filters and washed three times with buffer (5 mm Na
HEPES, 10 mm CaCl, at pH 6.5). Filters were dried and radio-
activity quantitated using a scintillation counter. “°Ca®* accu-
mulation per 10° cells was calculated using the measured radio-
activity retained on filters, the specific activity, and the cell
density as determined by culture density using ODggy,.
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