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ABSTRACT Calcineurin, or phosphoprotein phosphatase
type 2B (PP2B), is a calmodulin-regulated phosphoprotein
phosphatase. We isolated a gene encoding a yeast PP2B ho-
molog (CNAI) by screening a yeast genomic DNA library in the
expression vector Agtll, first with 'I-labeled yeast calmod-
ulin and then with a human cDNAening the catalytic (or A)
subunit of calcineurin. The predicted CNAI gene product is
54% identical to its mammalian counterpart. Using the poly-
merase chain reaction (PCR) with oligonucleotide primers
based on sequences conserved between CNAI and mammalian
PP2B genes, we isolated a second gene, CNA2. CNA2 is
identical to PP2Bw, a partial cDNA clone previously described
by others as originating from rabbit brain tissue. Our ings
demonstrate that a unicellular eukaryote contains phospho-
protein phosphatases of the 2B class. Haplold cells containing
a single cnal or cna2 null mutation, or both mutations, were
viable. MATa cnal cna2 double mutants were more sensitive
than wild-type cells or either single mutant to growth arrest
induced by the mating pheromone a factor and failed to resume
growth during continuous exposure to a factor. Thus, cal-
cineurin action antagonis the mating-pheromone response
pathway.

Many cellular processes are regulated by the phosphorylation
state of their component proteins, and the role of protein
kinases in such control has been well established. It has only
recently become clear, however, that phosphoprotein phos-
phatases also serve regulatory functions in vivo. Phos-
phatases participate in some signal-transduction pathways (1,
2) and control aspects of DNA replication (3), transcription
(4), and mitosis (5-9).
Phosphoserine/phosphothreonine-specific phosphopro-

tein phosphatases can be divided into four classes based on
their biochemical properties (10, 11). Phosphoprotein phos-
phatase types 1, 2A, 2B, and 2C (PP1, PP2A, PP2B, and
PP2C) differ in their sensitivity to various inhibitors, as well
as in their requirements for divalent cations in vitro. PP2B,
also called calcineurin, is the only class of phosphatase that
requires Ca2+ and calmodulin for activity. This phosphatase
also exhibits a more restricted substrate specificity in vitro
than the other phosphatase types. PP2B has been purified
from several mammalian tissues, and the holoenzyme has
been shown to consist of two polypeptides: the catalytic (A)
subunit (60-61 kDa), and a regulatory (B) subunit (19 kDa)
(reviewed in refs. 12 and 13). In the presence of Ca2+,
calmodulin binds reversibly to the A subunit, forming a fully
active, trimeric phosphatase.
Sequences encoding the calcineurin A subunit have been

isolated only recently, and only from mammalian brain
tissue. Two distinct calcineurin genes (a and (3) have been
identified in each of three organisms (rats, mice, and hu-

mans), and each gene seems to give rise to at least two
different mRNAs through alternative splicing (14-17). The a
and (3 forms ofcalcineurin A are very similar (81% amino acid
identity in rats), and differ mostly at their N and C termini
(reviewed in ref. 18). How the biochemical properties of
these distinct isozymes compare is not known. The PP2B
catalytic subunit is also highly conserved between species;
for example, the ( forms of rat and human are 99% identical.
In contrast, a clone obtained from a rabbit brain cDNA
library was reported to encode a partial sequence for a third,
much more divergent, type of PP2B catalytic subunit, which
was designated PP2BW (19).
Although calcineurin has been characterized extensively in

vitro, much less is known about its physiological function(s).
PP2B appears to control trichocyst exocytosis in Parame-
cium (53), aggregation of pigment granules in fish melano-
phores (20), and some aspects of mammalian sperm motility
(21). Aside from these highly specialized events, the role of
PP2B in regulating basic cellular processes remains an open
question. In combination with kinases such as protein kinase
C and calmodulin-regulated kinases, PP2B is capable of
modulating protein phosphorylation in response to changes in
Ca2l concentration, but many of its in vivo substrates are not
known. To address these issues, we undertook an investiga-
tion of PP2B in the unicellular eukaryote Saccharomyces
cerevisiae. No PP2B activity had been conclusively identified
in extracts ofthis yeast, although the presence oftypes 1, 2A,
and 2C phosphatase activities had been detected (22). In
contrast, we were able to demonstrate that yeast cell extracts
do possess a PP2B-like activity (23), and we have since
isolated a yeast gene, CNBI, encoding a homolog of the
calcineurin regulatory (B) subunit (M.S.C. and J.T., unpub-
lished results). Here we report the isolation of genomic
clones for two genes, CNAI and CNA2, that encode proteins
highly related to the catalytic (A) subunit of mammalian
calcineurin.*

MATERIALS AND METHODS
Yeast Strains and Culture Conditions. All yeast strains were

derivatives of YPH499 and YPH500 (24). Basic manipula-
tions of yeast, culture conditions, and media were as de-
scribed (25) except that twice the recommended levels of
nutritional supplements were used in the synthetic media.
When acetate was the carbon source, 1% (wt/vol) potassium
acetate was used. Glycogen levels were assessed qualita-
tively by staining colonies with iodine vapor for 3-5 min.
DNA was introduced into yeast cells by electroporation (26).
Diploid strains homozygous for cna2A ::HIS3, or both
cna2Al:: HIS3 and cnalAl:: URA3, were isolated after trans-

Abbreviations: PP1, PP2A, and PP2B, phosphoprotein phosphatase
types 1, 2A, and 2B.
*The sequences reported in this paper have been deposited in the
GenBank data base [accession nos. M64839 (CNAI) and M64840
(CNA2)].
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formation of haploids with a plasmid-borne copy of the HO
gene (27). Pheromone response was measured by a bioassay
(28) using synthetic a factor (Peninsula Laboratories). Iso-
lation of yeast genomic DNA was as described (29). Intact
yeast chromosomes were separated by pulsed-field gel elec-
trophoresis (30) to determine the location of cloned genes.

Isolation and Characterization of Clones. The Agtll yeast
genomic library was a gift from Robert Hamataki and Akio
Sugino (National Institute of Environmental Health Sci-
ences, Research Triangle Park) and was screened with 1251-
labeled yeast calmodulin (31). Phage DNA was isolated ac-
cording to Sambrook et al. (32). The plasmid yeast genomic
library was that described by Rose et al. (33). PCR was
performed using reagents and protocols supplied by Perkin-
Elmer/Cetus. Library screening and hybridization analyses of
DNA and RNA were performed (32) using Hybond-C extra-
supported nitrocellulose membranes (Amersham). High-
stringency hybridizations were performed in 6x SSPE/5x
Denhardt's solution/0.5% SDS with denatured herring sperm
DNA (100 pug/ml) at 650C; for low stringency, 450C was used.
(SSPE is 150 mM NaCl/10 mM Na2HPO4/1 mM EDTA, pH
7.4; Denhardt's solution is 0.02% Ficoll/0.02% polyvinylpyr-
rolidone/0.02% bovine serum albumin.) Radioactive probes
were made using random primers (Pharmacia) and
[a--P]dCTP (Amersham) (32).
DNA Sequencing. Restriction fragments were cloned into

Bluescript vectors (Stratagene), and nested deletions were
created according to this manufacturer's suggestions. The
sequences of both strands were determined using these
deletions and custom-synthesized oligonucleotide primers.
Single-stranded DNA was produced and isolated according
to Stratagene. Sequenase enzyme and nonradioactive nucle-
otides were from United States Biochemical, and sequencing
reactions were conducted under conditions recommended by
this supplier. [a-35S]thio]dATP was from Amersham.

RESULTS
Isolation of the CNAI Gene. To isolate clones for the

catalytic subunit of yeast PP2B, we developed a method,
described in detail elsewhere (31), that exploited the ability of
this protein to bind calmodulin. We screened a yeast genomic
DNA expression library in phage Agtll with 2'5I-labeled yeast
calmodulin in the presence of Ca2+ and identified a collection
of 11 phage encoding putative calmodulin-binding proteins.
These phage were further screened for hybridization at low
stringency to a cDNA encoding a human calcineurin A
subunit (type II cDNA; see ref. 17). Two of these 11 phage
hybridized to the human calcineurin probe and contained
overlapping inserts. Partial DNA sequence from these clones
confirmed that they contained an open reading frame related
to the human phosphatase. Full-length genomic clones were
then isolated from a yeast plasmid library, using as the probe
a 1.2-kilobase (kb) EcoRI fiagment from one of the phage
inserts. We determined the complete DNA sequence of 1.96
kb within a 4-kb Xba I-Cla I fragment from the genomic
clone. This sequence predicts one continuous open reading
frame of 553 amino acids (calculated molecular weight,
63,005), which we designated CNAI, for calcineurin A 1. The
predicted CNA1 protein contains many regions of near
identity to mammalian calcineurin A over its entire length
(Fig. 1), and several specific structural features are conserved
between the two proteins (see Discussion). Thus we con-
cluded that CNAI encodes a phosphatase of the calcineurin,
or PP2B, class. The primary structure of CNA1 differs from
mammalian calcineurin A in four regions (Fig. 1). First, the
N terminus of CNA1 is longer than that of mammalian,
calcineurin A. The yeast protein also contains two internal
insertions of sequence relative to its mammalian counterpart
(amino acids 273-279 and 425-452). Last, there is a stretch

of 19 amino acids near the C terminus that is found in the
mammalian protein (amino acids 448-466) but is absent from
CNA1.
Using an 830-base-pair (bp) EcoRI fragment from the

coding region of CNAI as a probe, hybridization to poly(A)+
RNA identified a transcript (2.1 kb) of appropriate size to
encode CNA1 (data not shown). When all 17 intact yeast
chromosomes were subjected to pulsed-field gel electropho-
resis and transferred to nitrocellulose, the same CNAI probe
specifically hybridized to a band representing chromosome II
(data not shown). High-stringency hybridization analyses of
yeast genomic DNA cut with various restriction enzymes
indicated that CNAJ is a single-copy gene (data not shown).

Construction of a cnal Null Mutation. To initiate a genetic
analysis of PP2B function in S. cerevisiae, a null allele of
CNAI (cnalAl:: URA3) was constructed in vitro and intro-
duced into the yeast genome by DNA-mediated transforma-
tion (38). An internal 1-kb Bsm I fragment of CNAI was
replaced with the URA3 gene flanked by repeats from the
Salmonella hisG gene (39), and the mutated gene was intro-
duced into a diploid strain, YPH501. Uracil prototrophs were
selected, and hybridization analysis confirmed that these
transformants were heterozygous for the cnaJAJ:: URA3
allele. Two such diploids were induced to sporulate and the
resulting tetrads were dissected. Of 16 asci dissected, 15
yielded tetrads with four viable spores, and Ura' and Ura-
segregated 2:2 in all 15. Thus, CNAI is not essential for
viability (data not shown). Furthermore, we were able to
detect only one phenotypic consequence of the
cnaJAJ:: URA3 mutation in haploid cells (see below).
One explanation for the fact that the cnal null mutants had

no readily identifiable phenotype is that a second, related
gene may exist whose product can also perform the essential
function(s) of CNA1. Indeed, we found that a 250-bp Nde
I-Bsm I fragment of CNAI, which is deleted in the
cnalAl::URA3 allele and contains coding sequence that
should be unique to type 2B phosphatases, was able to
hybridize to sequences in genomic DNA isolated from
cnalAJ :: URA3 strains (data not shown). This finding sug-
gested that an additional CNAI-related gene exists in the
yeast genome.

Isolation of the CNA2 Gene. We created a probe for the
CNAI-related gene by using PCR. As primers for the reac-
tion, a 256-fold degenerate oligonucleotide that encoded the
sequence Met-Cys-Asp-Leu-Leu-Trp (residues 256-261 in
CNA1) and a 128-fold degenerate oligonucleotide that en-
coded the sequence Pro-His-Pro-Tyr-Trp-Leu-Pro (residues
374-380 in CNA1) were used. At 40°C, the PCR product
generated with these primers from cnalAJ:: URA3 DNA was
-420 bp in size, which was distinctly larger than that pro-
duced from CNAJ itself (370 bp). The 420-bp PCR product
hybridized to CNA1 DNA at low stringency. On a genomic
Southern blot, the PCR product hybridized strongly at high
stringency to the same bands that hybridized to the CNAJ
probe at low stringency. We used the radiolabeled 420-bp
PCR product as a probe to screen a yeast genomic library in
a centromeric plasmid vector. Five plasmids were obtained
in this way that contained identical DNA inserts. We deter-
mined the complete DNA sequence of2.35 kb within a 4.4-kb
Bgl II fragment from the plasmid insert. These clones defined
one continuous open reading frame of 604 amino acids
(calculated molecular weight, 68,503), which we designated
CNA2. The predicted amino acid sequence of CNA2 is very
similar both to that of CNA1 and to mammalian calcineurin
A (Fig. 1). Like CNA1, CNA2 exhibits the structural features
of a PP2B catalytic subunit (see Discussion). Relative to
mammalian calcineurin, CNA2 has insertions and deletions
at the same positions as those found in CNA1 (Fig. 1).
Surprisingly, we found that 1.8 kb of our CNA2 nucleotide
sequence, encoding 505 amino acids of the open reading
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frame and the 3' untranslated region of the DNA, was
virtually identical to the entire sequence of a clone called
PP2BW (19). PP2BW was isolated from a cDNA library pur-
portedly derived from rabbit brain tissue. Three observations
led us to the conclusion that PP2BW is actually CNA2, an
authentic yeast gene. First, at high stringency, an internal
probe from CNA2 (a 660-bp BstXI fragment) hybridized to
restriction fragments from the yeast genome whose sizes are
those predicted by the sequence of the cloned CNA2 gene
(Fig. 2). Second, this probe also hybridized to a yeast
transcript (2.15 kb) of appropriate size to encode the CNA2
gene product. Third, the same probe hybridized at high
stringency to yeast chromosome XVI (Fig. 2). Hence, it
appears that the rabbit library used to isolate the PP2BW clone
may have been contaminated by yeast DNA. That the source

ofPP2BW was the rabbit genome was not previously assessed
by hybridization to either rabbit genomic DNA or rabbit
poly(A)+ RNA (19).
Constructn of a cna2 Null Mutation. To construct a null

allele ofCNA2 (cna2Al&:: HIS3), an internal 0.9-kb Kpn I-Sal

FIG. 1. Alignment of the pre-
dicted CNAI and CNA2 gene
products with mammalian phos-
phatases. PP2B is the sequence of
mouse brain calcineurin Aa as de-
termined by Kincaid et al. (16).
PP2A is the sequence of PP2Aa
from rabbit skeletal muscle as de-
termined by Berndt et al. (34).
Amino acid residues that are iden-
tical to those encoded in CNAI or
CNA2 are represented as white on
black. The junction of the cata-
lytic and regulatory domains is
denoted by the arrow. The pre-
sumptive calmodulin-binding site
is overlined. The seine (residue
411 of PP2B) that is phosphory-
lated in vitro by protein kinase C
and calmodulin-stimulated kinase
II (35, 36) is indicated with an
asterisk. A double dashed line de-
notes the sequence of a synthetic
peptide (residues 467-491 of
PP2B) found to have inhibitory
activity (37).

I fragment was deleted from the coding region of CNA2 and
replaced with a 1.7-kb ent from pJJ217 (41) that encodes
the HIS3 gene. DNA-mediated transformation (38) was then
used to introduce cna2Al ::HIS3 into the genomes of the
diploid strain YPH5O1, the haploid strain YPH499, and a
YPH499 cnall :: URA3 mutant. Histidine prototrophs were
isolated at high frequency from all three strains, and hybrid-
ization analysis confirmed that transplacement of the CNA2
gene with the cna2Al&::HIS3 allele had occurred. Thus,
CNA2 is not essential for viability, even in a strain containing
a cnal null mutation.

Characterizatin of Mutants. Isogenic strains containing
cnalAl :: URA3 and/or cna2Al ::HIS3, were identical to the
wild-type parental strain with respect to morphology and
growth on media containing glucose, glycerol, or acetate as

the carbon source. The mutant strains showed wild-type
levels of glycogen accumulation and were neither heat-
sensitive nor cold-sensitive for growth. The mutants were
able to mate, and diploid strains homozygous for either the
cnal or the cna2 null mutation, or for both, were able to
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FIG. 2. Hybridization analysis of CNA2. (A) Poly(A)+ RNA (7
ug) was subjected to agarose gel electrophoresis and hybridized to
the 660-bp BstXI fragment of CNA2 labeled with random primers.
Size markers were a mixture of EcoRI-, Hinfl-, and Acc I-digested
pBR322 DNA. (B) Yeast genomic DNA was digested with EcoRI (R),
BstXI (Bx), or Bg1 II (Bg), subjected to agarose gel electrophoresis,
and hybridized at high stringency to the same probe as in A. (C)
Chromosomes were separated by pulsed-field gel electrophoresis
(30) and hybridized to the same probe as in A. Roman numeral refers
to chromosome number. Identification of chromosome XVI was
verified by hybridization with a probe for PEP4, a gene known to
reside on chromosome XVI (40).

sporulate. However, the mutant and wild-type strains dif-
fered in their response to the mating pheromone, a factor.
MATa strains containing a single cna mutation (cnal or cna2)
were twice as sensitive as wild type to a factor-induced
growth arrest, and a cnal cna2 double mutant was 4 times as

sensitive as wild-type (data not shown). Once arrested by a

factor, cnal cna2 strains failed to resume growth in the
continued presence of the pheromone (Fig. 3).

DISCUSSION

We have cloned two genes, CNAI and CNA2, from the yeast
S. cerevisiae whose predicted protein products are closely
related to each other and to the catalytic subunit of mam-
malian PP2B. CNAI was isolated from a family of 11 Agtll/
yeast genomic DNA clones selected for their ability to bind
1251I-labeled yeast calmodulin. Our failure to also identify

wt
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FIG. 3. Recovery of calcineurin mutants from a-factor arrest.
Cells were plated in top agar on YPD plates as described (28).
Synthetic a factor (10 Ag) was pipetted onto sterile filter disks, and
these disks were placed on the nascent lawn of cells. Plates were
incubated at 30TC for 2 days. (Upper Left) Strain YPH499 (wild type,
wt). (UpperRight) YPH499 containing cnalAl::URA3. (LowerLeft)
YPH499 containing cna2AJ ::HIS3. (Lower Right) YPH499 contain-
ing cnaJAJ::URAS and cna2A1::HIS3.

CNA2 by calmodulin screening may simply reflect a bias in
the distribution of DNA fragments present in the library.
Alternatively, CNA2 may differ from CNA1 in some way-
for example, in its affinity for yeast calmodulin-that pre-
vented detection ofCNA2 under the screening conditions we
used. Two of the 11 calmodulin-binding clones identified
encoded CNA1, and five others encoded CMK1, a yeast
homolog of type II calmodulin-stimulated protein kinases
(31). Thus, we believe that this method of screening is of
general utility.
The isolation of clones encoding CNA1 and CNA2 pro-

vides conclusive evidence that PP2B phosphatases do exist in
yeast and presents an opportunity for comparison of cal-
cineurin A sequences from evolutionarily distant organisms.
Phosphoprotein phosphatases are among the most highly
conserved enzymes known (11). The PP1 and PP2A ho-
mologs from Schizosaccharomyces pombe and S. cerevisiae,
for example, are 74-80% identical to the corresponding
mammalian proteins (5, 8, 42). The CNAI and CNA2 gene
products are each 54% identical to the murine calcineurin Aa
isozyme (16) (Fig. 1). This mammalian sequence may repre-
sent a brain-specific protein. Because only brain cDNA
libraries have been probed, additional calcineurin A genes
may exist in mammals that are not expressed in neuronal
tissue. Indeed, mouse brain, for example, has 10-fold more
PP2Ba mRNA than skeletal muscle by hybridization analysis
(16), whereas these two tissues have similar levels of PP2B
enzymatic activity (43). Thus, there may be additional mam-
malian calcineurin genes, as yet uncharacterized, that are
more similar to CNA1 and CNA2.
Most of the structural features of the mammalian PP2B

catalytic subunit are conserved in CNA1 and CNA2 (Fig. 1).
Calcineurin A can be divided into a catalytic and a regulatory
domain. The catalytic portion, the N-terminal two-thirds of
mammalian calcineurin A (Fig. 1, amino acids 1-329), exhib-
its significant sequence homology to PP1 and PP2A but
contains two small insertions (amino acids 247-253 and
296-301), which may be important for its interaction with the
B subunit (17). The sequence of one of these insertions
(Thr-Thr-Gly-Phe-Pro-Ser, 296-301) is highly conserved be-
tween mammalian PP2B and the two yeast proteins (five of
the six residues are identical). The other insertion (residues
247-253) is present in the yeast proteins but is less highly
conserved.
The C-terminal third ofthe PP2B catalytic subunit contains

a regulatory domain (not found in PP1 or PP2A) that encodes
a calmodulin-binding site, a phosphorylation site, and an
inhibitory region. The site of calmodulin binding to mamma-
lian calcineurin seems to be residues 391-414 (44). The
corresponding regions of CNA1 (residues 453-476) and
CNA2 (residues 500-523) also exhibit the predicted amphi-
pathic a-helical structure common to calmodulin-binding
peptides (45-47) and are almost certainly sites of interaction
with yeast calmodulin. The isolation of CNAJ from the Agtll
library by calmodulin screening provides additional evidence
that CNA1 does contain a calmodulin-binding site.

In vitro, mammalian calcineurin is phosphorylated by
protein kinase C and type II calmodulin-stimulated protein
kinase at a site in the calmodulin-binding domain, resulting in
a 2-fold increase in its Km for one substrate, myosin light
chain (35, 36). The site of this phosphorylation, Ser-411, is
flanked on either side by basic residues that are crucial for
recognition by these kinases. This Arg-Xaa-Xaa-Ser-Xaa-
Xaa-Arg motif is conserved in the two yeast proteins (Fig. 1).
CNA1 and CNA2 may also be phosphorylated by protein
kinase C and type II calmodulin-stimulated protein kinase, as
yeast cells possess homologs of both of these kinases (31, 48).
The physiological relevance of this phosphorylation for any
calcineurin, if it does occur in vivo, is not known.
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Proteolysis of mammalian calcineurin has revealed the
presence of an inhibitory domain at the C terminus of the A
subunit (49). Removal of this region produces a phosphatase
that is fully active in the absence of calmodulin. A synthetic
pptide comprising amino acids 467-491 has been shown to
inhibit PP2B activity in vitro, although the exact nature ofthis
inhibition has not been established (37). We note that this
region is moderately well conserved between the yeast and
mammalian proteins and is almost identical in CNA1 and
CNA2 (Fig. 1).
Other yeast phosphatases (PP1 and PP2A) are encoded by

multiple genes that are closely related in sequence and
functionally redundant (5, 8, 42). Our initial characterization
of cna mutants indicates that CNA1 and CNA2 perform at
least one overlapping function in the cell-namely, enabling
the cell to resume growth and division after arrest by mating
pheromone. Despite this shared role, CNA1 and CNA2 may
differ significantly in their regulation, substrate specificity, or
localization.
Our findings demonstrate that a Ca2"-regulated enzyme is

involved in the recovery of yeast cells from mating-
pheromone-induced cell cycle arrest; earlier studies have
suggested a role for Ca2' late in the mating pathway (50, 51).
The yeast mating response has been the subject of intensive
investigation and is known to require the activity of several
protein kinases and phosphoproteins (reviewed in ref. 52).
Thus, there are multiple points along this pathway where
CNA1 and CNA2 could act to attenuate the mating signal and
allow cells to resume growth.

Note Added in Proof. Two yeast genes identical to CNAI and CNA2
were isolated by Liu et al. (54).
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