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ABSTRACT

Calcineurin is a serine-threonine specific Ca?*-calmodulin-
activated protein phosphatase that is conserved from yeast to
humans. Remarkably, this enzyme is the common target for two
novel and structurally unrelated immunosuppressive antifun-
gal drugs, cyclosporin A and FK506. Both drugs form complexes
with abundant intracellular binding proteins, cyclosporin A
with cyclophilin A and FK506 with FKBP 12, which bind to and
inhibit calcineurin. The X-ray structure of an FKPB12-FK506-
calcineurin AB ternary complex reveals that FKBP12-FK506
binds in a hydophobic groove between the calcineurin A cata-
lytic and the regulatory B subunit, in accord with biochemical
and genetic studies on inhibitor action. Calcineurin plays a key
role in regulating the transcription factor NF-AT during T-cell
activation, and in mediating responses of microorganisms to
cation stress. These findings highlight the potential of yeast
genetic studies to define novel drug targets and elucidate con-
served elements of signal transduction cascades.

*Author to whom all correspondence and reprint requests should be addressed.
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INTRODUCTION

The power of the scientific method is to place seemingly unre-
lated and disordered phenomena into a cohesive context. This is the
case with our current understanding of the mechanism of action of the
immunosuppressive drugs cyclosporin A (CsA) and FK506 (Fig. 1).
Twenty years ago, Borel of Sandoz Pharmaceuticals first described
properties of CsA, a cyclic peptide product of the soil fungus
Tolypocladium inflatum (1). Concurrently, research in the field of an
exciting new calcium “modulator” protein—calmodulin—led to the
identification of a Ca%*/calmodulin binding protein that on the basis
of its abundance in brain tissue, was termed calcineurin (2). Also,
several years later, interest in mechanisms of protein folding resulted
in the isolation of a peptidyl-prolyl cis-trans isomerase (PPI), which
catalyzed folding of ribonuclease (3,4).

A priori, these molecules share little in common, and were stud-
ied and characterized within the context of independent scientific
niches. CsA was approved as an immunosuppressive drug, and
because of its clinical effectiveness, quickly revolutionized solid
organ and bone marrow transplantation. Calcineurin, a substrate-
specific phosphatase, was extensively investigated by biochemists
and neurobiologists (5). Somewhat less interest was directed at the
prolyl isomerase until 1989, when it was discovered that prolyl
isomerase and a previously identified CsA binding protein, cyclo-
philin A, were identical (6-8).

The finding that CsA binds cyclophilin A and inhibits prolyl
isomerase activity led to the proposal that loss of this enzymatic
activity resulted in immunosuppression. This model was stren-
gth-ened when FK506, a macrolide antibiotic produced by Strep-
tomyces tsukubaensis, was also found to bind and inhibit a pro-
tein with prolyl isomerase activity. This 12-kDa immunophilin
is designated FKBP12 and is conserved from yeast to humans
(9,10). However, based on several important observations, it
soon became apparent that a model of immunosuppression
invoking the inhibition of a PPI was not correct. In vivo, immu-
nosuppressive levels of CsA and FK506 are well below those
required to completely inhibit the PPI activity of cyclophilin A
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Fig. 1. Structures of FK506 and cyclosporin A. The structures of the
macrolide FK506 and the cyclic peptide cyclosporin A (CsA) are shown.
The FKBP binding region of FK506 and the cyclophilin binding region of
CsA are indicated. The regions of FK506 and CsA that interact with
calcineurin are shaded. Although FK506 and CsA share no structural simi-
larity, both are potent antimicrobial and immunosuppressive natural
products that inhibit the enzyme calcineurin.

and FKBP12, respectively. Nonimmunosuppressive drug analogs
have potent PPI binding and inhibitory effects. Finally, cyclophilin
A and FKBP12 mutants of Saccharomyces cerevisiae are viable and
drug-resistant (11-15). In addition, rapamycin, an immunosupp-
ressant with structural similarities to FK506, inhibits the PPI activity
of FKBP12, but is a pharmacologic antagonist of FK506 (reviewed
in refs 16-18).

With these observations in mind and based on the strikingly
similar pharmacologic properties of CsA and FK506, Liu et al. (19)
reasoned that the drug-immunophilin complexes share a common
cellular target. Using cyclophilin A-CsA and FKBP12-FK506 affinity
chromatography, this group identified calcineurin as the target that
is specifically bound to and inhibited by the drug-immunophilin
complexes (Fig. 2). In the presence of drug, both cyclophilin A-CsA
and FKBP12-FK506 bind to calcineurin with high affinity (~30 nm)
(20,21). FKBP12 is also able to bind calcineurin weakly in the absence
of FK506, but a K, has not been measured (20,22). The immuno-
philin-immunosuppressant complexes are potent inhibitors of
calcineurin, and it is important to stress that the calcineurin inhibi-
tors FK506 and cyclosporin A have an extremely unusual mecha-
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Fig. 2. Inmunophilin-immunosuppressant complexes inhibit calcineurin.
The natural products CsA and FK506 associate with highly conserved
intracellular binding proteins, the immunophilins cyclophilin A and
FKBP12, to form the active protein-drug complexes that bind to and
inhibit the protein phosphatase calcineurin. Calcineurin is a heterotrimer
composed of catalytic (A), regulatory (B), and calmodulin (CAM) sub-
units. The cyclophilin A-CsA and FKBP12-FK506 complexes bind to a
groove between the calcineurin A and B subunits. Calcineurin, cyclophilin
A, and FKBP12 are highly conserved from unicellular eukaryotic microor-
ganisms to humans, and recent studies demonstrate that calcineurin is the
common target of the immunophilin-immunosuppressant complexes in
organisms as diverse as the yeast S. cerevisiae, the pathogenic basidiomyc-
etous fungus C. neoformans, and humans.

nism of action and must first bind to a normal cellular protein to
form the active protein-drug complexes that then bind to and inhibit
calcineurin.

Soon after the demonstration that calcineurin is the target of
CsA and FK506, direct evidence was presented that calcineurin is a
key component in T-cell-signaling pathways (21,23,24). The impor-
tant connection among the immunosuppressants, immunophilins,
and calcineurin was established, and a plethora of investigations
were launched in the fields of neurobiology, immunology, and phar-
macology. Neurobiologists, long familiar with calcineurin, took
advantage of CsA and FK506 as pharmacologic inhibitors to define
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neural pathways regulated by calcineurin. Immunologists who had
studied the effects of CsA and FK506 on T-cell activation focused on
the link between calcineurin and transcriptional regulation of the
interleukin 2 (IL-2) gene. With a model that explains how these
immunosuppressive drugs act, pharmacologists set about to define
the structure of the ternary drug-protein complex to facilitate drug
design. Taken together, these studies have greatly furthered our
understanding of calcineurin structure, function, and inhibition by
an important and lucrative class of drugs.

CALCINEURIN: BIOCHEMICAL PROPERTIES AND STRUCTURE

The biochemical purification and characterization of calcineurin
preceded its identification as a key signaling molecule by some
15 yr. Calcineurin was first described as a protein-like activity that
inhibited bovine brain cAMP phosphodiesterase (25,26). Interest in
a protein variously termed Ca**-dependent activator protein, regu-
lator protein, modulator protein, and, later, calmodulin prompted
the isolation of other proteins that could be purified by calmodulin-
sepharose affinity chromatography. In the course of purifying cAMP
phosphodiesterase by this method, Klee and Krinks isolated another
more abundant Ca?*/calmodulin binding protein with cAMP phos-
phodiesterase inhibitory activity (27). This protein, which they
termed cyclic 3', 5'-nucleotide phosphodiesterase inhibitory protein,
was found to be composed of two subunits of M, 61,000 and 15,000
(Iater estimated to be M, 19,000). Using a similar purification scheme,
Wallace et al. isolated a protein with virtually identical properties
(28). This group concluded that the ability of the protein to inhibit
cAMP phosphodiesterase was attributable to a high affinity for the
activator protein (calmodulin) rather than direct or specific inhibi-
tion of cAMP phosphodiesterase.

The inhibitor protein was later designated “calcineurin” by Klee
et al. (2) when it was found that the protein, rich in bovine brain
tissue, bound Ca?* even in the absence of calmodulin. Moreover,
purified calcineurin, like calmodulin, binds four Ca2*/mole protein
and with high affinity (K, < 10 M). The Ca?* binding activity was
determined to be a property of the smaller “B” subunit (CnB). On
the basis of the Ca?*-binding properties of calcineurin, these authors
originally proposed that the protein served as an important regula-
tor of intracellular [Ca?*] in the nervous system.
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An important advance in the understanding of the biochemical
properties of calcineurin followed shortly thereafter. Studies of pro-
tein phosphatase-2 (PP2) revealed the presence of two distinct enzy-
matic activities that were further subclassified as PP2A and PP2B
(29) (For a description of the protein phosphatase classification cri-
teria, see Ingebritsen and Cohen [30].) PP2B from rabbit skeletal
muscle was purified to homogeneity and characterized. Based on its
subunit composition and its copurification with calcineurin from
bovine brain, it was correctly hypothesized that PP2B and calcineurin
are identical proteins.

Several features of the enzyme were noted that continue to dis-
tinguish calcineurin/PP2B from other known phosphatases. An
obvious but unique property of calcineurin is its dependence on Ca?*
for catalytic activity. Although millimolar concentrations of Mn?*
support its phosphatase activity in the absence of Ca®* and cal-
modulin, Ca?* in the micromolar concentration range eliminates the
enzyme’s Mn?* requirement. Furthermore, in the presence of Ca?*,
the addition of calmodulin to calcineurin stimulates enzyme acti-
vity an additional 10-fold (29). The activation constant of the
calcineurin-calmodulin holoenzyme by Ca?* is in the range of 0.35-
0.50 uM (31,32).

Additional work has further clarified the interactions of the
three subunits and Ca?* with respect to the catalytic activity of the
holoenzyme. At high Ca?* concentrations (100 uM), the phosphatase
activity of calcineurin (A- and B-subunit complex) increases in a
simple hyperbolic fashion as a function of calmodulin concentration.
At fixed concentrations of calmodulin, the addition of Ca?* causes a
steep, sigmoidal rise in the phosphatase activity consistent with a
high degree of cooperativity. This increase in activity results from
a 10- to 25-fold increase in V,, with little change in K, (29,31,32).
Importantly, in the absence of CnB, the phosphatase activity of
reconstituted catalytic subunits and calmodulin remains low even
with the addition of Ca?* (33).

These observations can now be considered in light of the struc-
ture of the holoenzyme. The heterotrimeric composition of the cata-
lytically active enzyme was recognized in early studies (2,27). CnA
exhibits some, although minimal, phosphatase activity even in the
absence of other subunits and, thus, has been recognized as the cata-
lytic subunit (33,34). CnA possesses distinct and independent bind-
ing sites for CnB and calmodulin, and can associate with either CnB
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or calmodulin alone (34). Genes encoding CnA have been cloned
from many species, including mouse, rat, humans, Drosophila
melanogaster, Neurospora crassa, Aspergillus nidulans, S. cerevisiae, and
Cryptococcus neoformans (35-43). The predicted amino acid sequence
of the gene products is highly conserved; for example, the yeast and
mouse proteins are 54% identical (35). The protein varies in size
among isoforms and species, but is composed of approx 520-600
residues. The yeast CnA subunits are somewhat larger than the
mammalian homologs because of insertions at the amino-terminus
and adjacent to the amino-terminal portion of the calmodulin bind-
ing domain (44). Significantly, the proposed functional domains are
conserved across species. Despite significant differences in mechanism
of regulation and substrate specificity, CnA also shares significant homol-
ogy with protein phosphatases 1 and 2A in the amino-terminal portion
of the enzyme, a region that encompasses the active site (39).

Limited proteolysis of the holoenzyme yields a product that is
no longer dependent on Ca?* or calmodulin for activity (45,46). This
constitutively activated enzyme is composed of intact CnB and a
45-kDa fragment of CnA. Calmodulin no longer binds this trypsin-
ized fragment. Based on their experimental findings and by analogy
to other calmodulin-regulated enzymes, Klee and coworkers (45,47)
concluded that CnA is composed of both regulatory and catalytic
domains. The regulatory domain can itself be subdivided into a
calmodulin binding site and an autoinhibitory domain. On Ca?*/
calmodulin binding, the autoinhibitory domain is displaced, and the
enzyme is activated.

Utilizing synthetic peptides encompassing the CnA carboxy-ter-
minus, a peptide fragment was found that specifically inhibits the
activity of the holoenzyme (48). This 25 amino acid fragment is
located 30 residues from the protein’s carboxy-terminus and approx
60 residues carboxy-terminal to the calmodulin binding domain
(41). In experiments that helped establish the relevance of
calcineurin in T-cell activation, O’Keefe et al. (24) showed that
transfection of Jurkat cells with CnA lacking the calmodulin bind-
ing and autoinhibitory domains abolishes most of the requirement
for Ca?* ionophore (ionomycin) for in vitro activation. Additionally,
mutation of a conserved aspartic acid residue within the autoinhi-
bitory domain has been identified in the EL4 mutant T-lymphoma
cell line. These mutant cells are hypersensitive to ionomycin, and
transfection of the mutant CnA gene confers this phenotype to wild-
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type Jurkat cells (49). These data serve to strengthen the model that
calcineurin is physiologically regulated by Ca**/calmodulin by a
mechanism dependent on the CnA regulatory domain.

The location of the CnB binding site was originally inferred from
regions of CnA that are most highly conserved across species (37).
Results of both site directed mutagenesis and synthetic peptide com-
petition experiments map the CnB binding site to a region spanning
residues 328-390 of rat CnA (50,51). This site corresponds to a por-
tion of CnA situated between the catalytic site and the calmodulin
binding site.

A calmodulin binding site was predicted from the sequence of
CnA by Kincaid et al. (41) based on the topology of clustered posi-
tively charged residues found in other calmodulin binding proteins.
This sequence is located beween residues 391 and 414 of rat brain
CnA (39). As described earlier, limited proteolysis in the absence of
calmodulin destroys this site as well as the more carboxy-terminal
autoinhibitory domain.

The B subunit of calcineurin is a Ca?* binding protein. The gene
encoding CnB has also been cloned from several divergent species,
and comparison of predicted amino acid sequences indicates that it
too has been highly conserved (37,52-54). Like calmodulin, CnB
posesses four EF hand motifs (55,56). This structural feature is also
consistent with the original observations that the CnB protein binds
four Ca?* atoms. CnB associates tightly with CnA even in the pres-
ence of Ca?* chelators, and the subunits have customarily been
seperated by treatment with SDS or urea (2,57). Despite the struc-
tural similarities of CnB and calmodulin, reconstitution of the
holoenzyme from purified subunits demonstrates that CnB cannot
substitute for the activity of calmodulin nor can calmodulin func-
tionally substitute CnB (34).

CnB isolated from bovine brain is myristoylated, as is the
S. cerevisine CNB1 gene product (52,57,58). However, this posttrans-
lational modification does not appear to affect the in vivo functions or
membrane localization of the enzyme in yeast (58). As is the case with
cAMP-dependent protein kinase, Rusnak and colleagues found that
nonmyristoylated calcineurin B is modestly destabilized to thermal
denaturation, indicative of a structural role for this modification (59).

The crystal structure of the complete human and carboxy-ter-
minal truncated bovine enzymes are generally in good agreement
with biochemical data (60,61). The high resolution X-ray crystal
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Fig. 3. Structure of calcineurin inhibited complex. The X-ray structure
of the calcineurin AB-FK506-FKBP12 ternary complex has been solved
and is depicted here as a stereoimage. The calcineurin catalytic A subunit
is in blue (with a phosphate molecule bound at the active site shown in
yellow), the calcineurin B regulatory subunit is in green (with the N-ter-
minal myristoyl moiety shown in purple), FK506 is in gray, and FKBP12
in red. Note that functional groups on both FKBP12 and FK506 contact
calcineurin, and the FKBP12-FK506 complex binds in a hydrophobic
groove comprised of an extended a-helical arm of the calcineurin A cata-
lytic subunit and the surface of the calcineurin B regulatory subunit.
Adapted with permission from Griffith et al. (60). (Copyright Cell Press.)

structures for calcineurin alone and in a complex with FKBP12-
FK506 have been solved by two groups (60,61), and a stereoview of
the calcineurin AB-FK506-FKBP12 ternary complex is depicted in
Fig. 3. Immediately adjacent to the catalytic site, the CnB binding
site occupies residues 343-373 of human CnA (521 total amino acids).
However, an amino-terminal segment of CnA (residues 14-23) also
appears to contribute significantly to a CnB binding cleft. The cata-
lytic domain is a globular structure that is comprised of residues
14-342. Crystallographic data point to the presence of two metal
ions, Zn?* and Fe%*, in the active site and to a catalytic mechanism
involving direct hydrolysis of the phosphoester bond by an SN2
mechanism. Residues within the CsA active site have also recently
been identified by site-directed mutagenesis (62). The substantial
variability in k., observed for calcineurin substrates is consistent
with the proposed absence of an enzyme intermediate (5). The
autoinhibitory domain is an 18-residue structure (residues 469-486)
that covers the substrate binding cleft precluding substrate access to
the site of catalysis. The calmodulin binding site and the extreme
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amino- and carboxy-terminal portions of CnA are not visible in the
electron density map of human calcineurin.

CnB, as expected, shares much structural homology with
calmodulin. It consists of two globular Ca®* binding domains each
composed of two EF hands with Ca?* coordinated by five ligands at
each binding site. This implies that all four Ca** binding sites are
high-affinity, although Stemmer and Klee have presented biochemi-
cal evidence that two high- and two low-affinity sites exist (63).
Unlike well-described calmodulin—protein complexes in which the
two Ca2* binding domains lie on opposite sides of an a-helical struc-
ture of the interacting protein, the Ca®* binding domains of CnB are
arranged linearly and fit into a hydrophobic linear groove termed
the BBH (for CnB binding a-helix). The amino-terminal myristate
group lies parallel to an amino-terminal a-helix of CnB, and may
help stabilize the protein or the complex, consistent with the find-
ings of Rusnak and colleagues (59). Therefore, the overall structure
of the holoenzyme can be conceptualized as a globular catalytic
domain comprising the amino two-thirds of the protein, an adjacent
CnB binding domain, and a carboxy-terminal regulatory domain,
itself subdivided into a calmodulin binding site and a carboxy-ter-
minal autoinhibitory tail.

REGULATION OF CALCINEURIN

Although the calcineurin crystal structures have provided
invaluable data, particularly with regard to the mode of calcineu-
rin inhibition by immunosuppressants, the mechanisms of acti-
vation by CnB, calmodulin, and Ca?* remain more speculative.
Ca?*/calmodulin binding likely displaces the autoinhibitory
domain from its position adjacent to the catalytic site rendering it
more accessible to substrate entry. On the other hand, conforma-
tional changes induced by Ca?* binding to CnB are probably more
subtle and more likely mediated by alterations in the adjacent
catalytic domain.

Despite the limitations in the available crystal structures, the
dynamic interactions between the three protein subunits and diva-
lent cations are functionally important and have been biochemically
characterized. The two regulatory proteins, CnB and calmodulin, are
critical to the function of the enzyme. Reconstitution of the holoen-
zyme from individual subunits resolved in the presence of SDS
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reveals a marked stimulation of activity when CnB is added to the
catalytic subunit (33). However, this effect is observed only in the
presence of Mn?*.

In reconstitution experiments utilizing subunits separated by
urea, Merat et al. (34) have shown that CnB stimulates the phos-
phatase activity of the catalytic subunit alone as well as the catalytic
subunit plus calmodulin. These experiments were conducted in the
presence of 1.5 mM Ca?* and demonstrated a clear synergistic effect
of CnB and calmodulin on the activity of the enzyme. With the
apparently unique exception of the recombinant Neurospora CnA
subunit that retains significant activity alone (38) in the absence of
CnB, the activity of reconstituted CnA and calmodulin remains low
even with the addition of Ca?*.

Additionally, Perrino et al. (64) have shown that the phospha-
tase activity of recombinant rat brain CnA in the presence of Mn?* is
stimulated three- to fivefold and 10- to 15-fold by calmodulin and
CnB, respectively. The combination of CnA, CnB, and calmodulin
leads to a 100- to 200-fold increase in activity. These experiments
also showed that the primary effect of CnB on enzyme kinetics is a
reduction in the K from 111 to 20 mM. Although calmodulin had
no effect on K, V., was increased fourfold in the absence of CnB
and 18-fold in its presence. Similar results have been presented by
Stemmer and Klee (63). Implicit in these kinetic data was that CnB
likely alters the substrate binding pocket of CnA to favor substrate
binding. These findings also suggested that the autoinhibitory
domain (regulated by Ca?*/calmodulin) might function as a non-
competitive inhibitor of the enzyme (48). However, studies per-
formed with recombinant peptides suggested instead that the
autoinhibitory domain does act as a competitive pseudo-substrate
(65). Finally, the calcineurin crystal structure (61) clearly reveals that
the autoinhibitory domain probably does block access of large pro-
tein substrates to the catalytic site, which may be consistent with a
role as a competitive pseudosubstrate model.

Although CnB is essential to calcineurin function it is less clear
what role Ca?* plays in binding CnB. CnB associates with CnA even
in the presence of EGTA (2). Nevertheless, proteolytically activated
CnA (lacking the calmodulin binding site) can be further activated
by Ca?* through CnB binding (63,66). This may not be physiologi-
cally relevant, however, since expression of truncated CnA renders
T-cell activation Ca?*-independent (24).
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The in vitro importance of CnB and calmodulin is consistent
with the phenotypes of strains of S. cerevisiae that bear mutations in
the genes encoding CnB (CNBI) or calmodulin (CMD1). cnblA
mutant strains exhibit the same sensitivity to cations and inability to
recover from pheromone-induced growth arrest as strains lacking
the functional catalytic subunit (11,52,67,68). CMD1 is an essential
gene in yeast. However, mutant alleles have been produced that fail
to bind Ca?*, but continue to support normal vegetative growth
(69,70). These cmd1 mutant strains, like cnbl1A mutants, are sensitive
to specific cations and do not recover from pheromone-induced
arrest (71). Thus, the weight of biochemical and genetic evidence
indicates that in vivo, calcineurin function is completely dependent
on the interaction of CnA, CnB, calmodulin, and Ca?".

In addition to the interplay of CnB, calmodulin, and Ca?*, sev-
eral other regulatory mechanisms may be physiologically relevant
to calcineurin function. Purified calcineurin is a phosphoprotein,
although the phosphate content is relatively low (72). Both the
autophosphorylated (activated) form of CaM-kinase II as well as
protein kinase C (PKC) have been found to phosphorylate cal-
cineurin in vitro efficiently. Phosphorylation is blocked by Ca?*/
calmodulin, and, consistent with this observation, phosphopeptide
mapping studies have shown that the site of phosphorylation lies
adjacent to the calmodulin binding site of CnA (73,74).

Phosphorylation of CnA appears to inhibit catalytic activity by
increasing K, twofold when myosin light chain is used as a sub-
strate or by decreasing V_,, 50% when p-nitrophenyl phosphate is
the substrate (73). Despite these findings, it remains unclear to what
extent protein kinases regulate calcineurin activity in vivo.

Another potentially important modulator of calcineurin activ-
ity is H*. Within the pH range of 6.9-7.5, Huang and Cheung (75)
have shown that H" facilitates calcineurin activation at suboptimal
Ca?* concentrations. The H* stimulation of calcineurin is not attrib-
utable to indirect effects on the actual concentration of ionized
Ca?*, but results from enhanced CnA /calmodulin binding, perhaps
through H*-induced conformational changes in the calmodulin
binding domain of CnA. Again, the physiologic relevance of these in
vitro observations has not yet been determined, but given the
changes in intracellular pH that occur under differing metabolic con-
ditions, it may be productive to examine further the activity of
calcineurin as a function of intracellular pH.
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In fungi, regulation of calcineurin gene expression has begun to
be explored. The regulatory subunit of calcineurin encoded by the
CNBI1 gene of S. cerevisiae may be affected by a-factor pheromone
treatment at the level of gene expression. Specifically, CNBI mRNA
levels increase twofold in response to a-factor treatment (52). How-
ever, by Western blot CNB1 protein was not increased in response
to a-factor (58). Furthermore, the genes encoding CnA, CMP1, and
CMP2, contain the consensus pheromone response element in the 5'
UTR (76). Since calcineurin has been strongly implicated to play a
role in the mating response of both budding and fission yeast, these
observations may be of particular importance. However, conclusive
evidence that calcineurin in S. cerevisiae is regulated at the level of
transcription and /or message stability is lacking.

The Schizosaccharomyces pombe gene ppbl* encodes calcineurin
A. In this species of yeast, ppb1* mRNA fluctuates slightly with the
cell cycle with highest levels occurring during S phase (77). A simi-
lar pattern of cell-cycle-dependent gene expression has also been
observed in A. nidulans, but with a peak in G1 (43). More striking is
an eightfold increase in ppb1* mRNA that occurs in response to
nitrogen starvation in S. pombe. Interestingly, nitrogen starvation
induces mating in S. pombe, and induction of ppbI* mRNA is depen-
dent on the stellI" transcription factor, a protein important in both
mating and nitrogen responses (77). These findings suggest that
calcineurin may be involved in the mating responses in both bud-
ding and fission yeast, and that calcineurin gene expression may be
regulated as part of this process. It is not yet known whether
calcineurin is similarly regulated during mating or nutrient starva-
tion in other species.

Calcineurin is required for virulence in the pathogenic basidi-
omycetous fungus C. neoformans, and is required for growth at eleva-
ted temperature (37°C) and other stress conditions found in the
infected host (42).

INHIBITION OF CALCINEURIN BY CSA AND FK506

As indicated earlier, the immunosuppressant CsA was in wide-
spread clinical use long before the mechanism of action was established.
The status of our understanding of the molecular pharmacology of both
CsA and FK506, as well as important aspects of T-cell function, was
significantly advanced by the simultaneous publications of Fried-
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man and Weissman and Liu et al. demonstating that immunophilin—-
immunosuppressant complexes bind to and inhibit calcineurin
(19,78). The nature of calcineurin inhibition has been further eluci-
dated in a large number of experiments.

Mutational analysis and crystallographic data characterizing
the structures of cyclophilin A, FKBP12, cyclophilin A-CsA, and
FKBP12-FK506 complexes are quite detailed (reviewed by Braun et
al. [78a]). Interestingly, cyclophilin A (an eight-stranded B-barrel)
and FKBP12 (a five-stranded b-sheet) possess few common struc-
tural features. CsA, a cyclic peptide, and FK506, a macrolide, are
likewise structurally dissimilar compounds (Fig. 1). In each case,
drug binding occurs within the hydrophobic catalytic site. The
conformation of the protein-bound immunosuppressant molecule
may deviate from that of the unbound structure, whereas the bind-
ing protein retains its overall conformation. Despite the striking
structural dissimilarities among the immunosuppressants and the
immunophilins, the resulting cyclophilin A-CsA and FKBP12-
FK506 complexes present calcineurin binding surfaces that may
share at least some common features. First, four strands of -sheet
structure coincide. Second, each of two solvent-exposed flexible
loops found in both complexes positionally overlap. Third, an expo-
sed loop contributed by each drug assumes a similar position in the
two complexes. Nevertheless, it remains remarkable that these two
complexes share a common molecular target.

These data complement the recently solved crystal structure of
the FKBP12-FK506-calcineurin complex (60,61, depicted in Fig. 3).
The FKBP12-FK506 complex undergoes only slight conformational
changes on calcineurin binding, although FK506 rotates slightly with
respect to FKBP12 to optimize two points of contact with calcineurin.
Significantly, the FKBP12-FK506 complex interacts with both the
B-subunit binding helix (BBH) and an adjacent region on the CnA
catalytic subunit as well as with CnB. The importance of CnB for the
binding of the complex had been predicted from both physical
crosslinking studies as well as mutational analysis of calcineurin and
the immunophilins (20,22,79-82). On the other hand, yeast genetic
studies in which CsA or FK506-resistant calcineurin mutants were
isolated revealed that all resulted from single amino acid substitu-
tions in the calcineurin A catalytic subunits encoded by the CMP1 or
CMP2 genes (83). This finding led to a model that the cyclophilin-
CsA and FKBP12-FK506 complexes bind to both the calcineurin A
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and B subunits. This model was subsequently confirmed by the
solution of the calcineurin AB-FK506-FKBP12 ternary complex in
which the FKBP12-FK506 complex binds to a hydrophobic cleft
formed from the surfaces of both calcineurin A and calcineurin B
(Fig. 3). In addition to establishing the critical nature of CsA and
CnB binding to ternary complex formation, these genetic and bio-
chemical studies provide data not available from the crystal struc-
ture. They show that neither the regulatory domain nor calmodulin
is required for binding of the immunophilin-drug complex, but that
the regulatory domain nevertheless is able to modulate binding of
the complex. These studies, which also examine the cyclophilin A-
CsA complex, indicate that both cyclophilin A~-CsA and FKBP12-
FK506 bind calcineurin at approximately the same site.

The crystal structure reveals that important van der Waals con-
tacts within a hydrophobic cleft created by the BBH and CnB result
from interactions with the C15-C21 portions of the FK506 molecule
(Fig. 4). This feature of the structure explains the absence of binding
among calcineurin, FKBP12, and nonimmunosuppressive analogs
of FK506 and accounts for the FK506 resistance of W380C mutant
yeast calcineurin (83), since W380 forms two critical hydrogen bonds
with the C13 and C15 methoxy groups of FK506 and is conserved in
all known calcineurins (Fig. 4). Finally, the C15-C21 portion of the
FK506 molecule differs substantially from rapamycin, providing a
molecular explanation of why the FKBP12-rapamycin complex does
not bind calcineurin.

The FKBP12-FK506 complex neither blocks nor induces an
observable conformational change in the active site. Kissinger et al.
(61) have presented evidence that FKBP12-FK506 inhibits calcineurin
in a “classical,” noncompetitive fashion. This has been shown to be
the case for cyclophilin A-CsA inhibition as well (84). Consistent
with a mechanism of noncompetitive inhibition and an alteration in
the enzyme active site is the observation that the immunosuppres-
sant-immunophilin complexes slightly increase calcineurin phos-
phatase activity toward p-nitrophenyl phosphate (19). Given a
model of noncompetitive inhibition, it follows that an enzyme-sub-
strate-inhibitor (ESI) complex may be formed (85). This possibility
needs to be considered in interpreting experiments that make use of
FKBP12-FK506 in an attempt to disrupt the interaction between
calcineurin and a substrate (86). For example, FKBP12-FK506 can
inhibit NFAT binding to calcineurin, but is much less effective at
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Fig. 4. Interface of the FKBP12-FK506—calcineurin complex. The detailed
structure of FK506 (white) bound to the enveloping surfaces of FKBP12
(blue), calcineurin A (yellow), and calcineurin B (pink) in the high-resolu-
tion structure of the calcineurin AB-FK506-FKBP12 complex is illustrated
(61). FKBP12-FK506 contacts both the A and the B subunits of calcineurin,
and a central feature of this interaction surface involves an unusual bifur-
cated hydrogen bond formed between the Nel nitrogen of residue tryp-
tophan 352 on the surface of calcineurin A and the oxygens of the C13 and
C15 methoxy groups on FK506. This tryptophan is conserved in all
calcineurins and, when altered, confers dominant resistance to FK506
action in yeast by preventing binding of the FKBP12-FK506 complex to
calcineurin without impairing the catalytic activity and physiological
functions of calcineurin (83).

disrupting a preformed NFAT-calcineurin complex in vitro (86).
Nevertheless, the fact that the immunosuppressant-immunophilin
complex does not bind the active site of calcineurin, a domain that is
highly conserved among all serine/threonine phosphatases (60),
remains an important distinction and may, at least in part, account
for the specificity of these immunosuppressants for calcineurin.
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CALCINEURIN AND ITS IN VIVO SUBSTRATES

In addition to regulation by Ca?*, another distinguishing fea-
ture of calcineurin is narrow substrate specificity. Ingebritsen and
Cohen (30) have classified the protein phosphatases on the basis of
sensitivity to the protein inhibitor-1 and rate of dephosphorylation
of the a- vs. the B-subunit of phosphorylase kinase. Protein phos-
phatase subclass 2B (PP2B), or calcineurin, efficiently dephosphory-
lated only 3 of 13 substrates tested (a-subunit of phosphorylase
kinase [a requisite of type-2 phosphatases], inhibitor-1, and the myo-
sin light chain). In contrast, the other subclasses of protein phos-
phatases dephosphorylated the majority of substrates tested in vitro.
The potential for calcineurin participation in specific Ca?*-regulated
signaling pathways was recognized on the basis of these unique
properties (87).

A PANOPLY OF REGULATORY MOLECULES

Much of the original work on possible in vivo targets of calcineurin
focused on inhibitor-1 and a functionally and structurally related
protein, dopamine and cAMP-regulated phosphoprotein (DARPP)
(reviewed by Cohen [87]). Inhibitor-1 and DARPP are phosphopro-
teins that when activated by cAMP dependent protein kinase (PKA),
inhibit protein phosphatase-1 (PP1) at nanomolar concentrations.
Inhibition of PP1 by inhibitor-1 thus may serve to amplify signals
transmitted by PKA. In skeletal muscle and liver extracts, dephos-
phorylation of inhibitor-1 is effected by calcineurin in a Ca**-depen-
dent fashion (30). Notably, inactivation of inhibitor-1 by calcineurin
leading to the activation of PP1 provides a mechanism for the acti-
vation of a broad-specificity phosphatase by a Ca?* signal.

In isolated hippocampal slices, the application of specific
calcineurin inhibitors CsA, FK506, or autoinhibitory peptide blocks
the long-term depression (LTD) of neurons (88). LTD is thought to
be mediated by a NMDA-induced Ca?* signal and PP1 activation.
Thus, calcineurin may link a Ca?* signal and PP1 activation by
dephosphorylating and inactivating DARPP.

In a similar fashion, Ca?*-mediated signals acting through
calcineurin may antagonize cAMP second messenger systems by
activating PP1 and, in turn, dephosphorylating targets of PKA.
Given the history of calcineurin isolation (as a cAMP phosphodi-
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esterase inhibitor), it is ironic that there is now evidence that
calcineurin also dephosphorylates and activates calmodulin-depen-
dent cAMP phosphodiesterase (89,90), an event that would further
attenuate a cAMP-mediated signal. It is intriguing that PKA and
calcineurin are physically associated by a common anchoring pro-
tein, AKAP79, in hippocampal neurons possibly as a means of com-
partmentalizing a regulatory network within post-synaptic densities
(91). This complex interplay of two second messenger systems has
been proposed as one mechanism of learning and memory (92).

Several other potential calcineurin substrates have been impli-
cated, largely through work in the field of neurobiology. Activation
of nitric oxide synthase (NOS) via the NMDA receptor contributes
to ischemia-induced neurotoxicity. Dawson et al. (93) found that
NMDA-mediated neurotoxicity can be blocked by CsA and FK506.
Interestingly, an earlier brief report had shown that CsA diminishes
NO-dependent macrophage cytotoxicity due to reduced production
of NO (94). Dawson et al., however, were able to extend these find-
ings and show that FK506 inhibits NOS activity while increasing its
in vivo phosphorylation state. These findings imply that calcineurin,
directly or indirectly, activates NOS through dephosphorylation.
These investigators found that NOS is dephosphorylated by
calcineurin in vitro and proposed that NOS is a calcineurin substrate.
However, NMDA stimulation, probably through activation of
calcineurin and dephosphorylation of DARPP, activates a phos-
phatase cascade (95), and thus PP1, and not calcineurin, may there-
fore be responsible for the direct dephosphorylation of NOS in vivo.

Calcineurin may also play a role in neuronal development.
Axonal elongation and establishment of cell polarity is a process that
depends, in part, on the cytoskeleton and the microtubule-associ-
ated protein, 1. The specific dephosphorylation that normally occurs
with neuronal development is blocked both by CsA and CnA
autoinhibitory peptide. At the ultrastructural level, CsA-treated neu-
rons show little axonal elongation (96). Additional data based on the
use of inhibitors support the finding that calcineurin regulates the
phosphorylation state of t (97). As yet, however, it is not certain
whether 7 is a direct substrate of calcineurin or, perhaps, of another
calcineurin-regulated phosphatase.

Like 7, calponin is a component of a dynamic cell structure that
may be regulated by calcineurin. Calponin participates in the regu-
lation of smooth muscle contraction, and it has been shown that
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phosphorylation of calponin blocks actin binding and inhibits actin-
activated myosin ATPase. Calponin has been shown to be dephos-
phorylated by calcineurin in vitro, thereby restoring actin binding
(98). Given the importance of Ca?* in the excitation/contraction of
muscle, calcineurin could play a physiologic role in this process, but
there are currently few additional data to support such a model.

Another area of active and fruitful investigation is the partici-
pation of calcineurin in the regulation of ion channels, both in cells
of the mammalian nervous system and in other cell types and
organisms. Study of the NMDA receptor provides a model of nega-
tive feedback in which calcineurin acts to dampen Ca?* entry via the
stimulated channel (99). Effects of specific and nonspecific phos-
phatase inhibitors, including CsA, FK506, and okadaic acid, suggest
that calcineurin (and not PP1) dephosphorylates the NMDA recep-
tor and shortens the duration of channel opening. As a consequence,
activation of calcineurin by NMDA-mediated Ca?* entry serves to
close the channel and limit further Ca?* influx. A prediction of this
model is that calcineurin inhibition may exacerbate ischemia-
induced cell damage by amplifying NMDA responses in contrast to
the expected beneficial effects of calcineurin inhibition with respect
to NOS.

A comparable regulatory mechanism modulates activity of the
inositol 1,4,5-trisphosphate receptor (IP;R) and ryanodine receptor
(RyR). Cameron et al. (100) have demonstrated a physical interac-
tion between calcineurin and these receptors by copurification. In a
series of well-controlled reconstitution experiments, these inves-
tigators show that the phosphorylation of IP;R by PKC is substan-
tially augmented by inhibition of receptor-bound calcineurin.
Furthermore, calcineurin alone has no effect on PKC activity, indi-
cating that the observed changes in receptor phosphate content are
directly attributable to calcineurin phosphatase inhibition. Like the
NMDA receptor, the Ca?* conductance of the IP;R is decreased by
dephosphorylation. Similarly, Ca?* influx via the channel activates
calcineurin, dephosphorylates the channel, and dampens Ca?* con-
ductance. Although these observations are interesting in their own
right, earlier work had shown that the IP;R and RyR form a complex
with FKBP12, and that dissociation of the receptor-FKBP12 complex
increases Ca?* flux (101-103). Although it was initially speculated
that FKBP12 was directly responsible for stabilization of the chan-
nel, an alternative hypothesis that has been presented is that FKBP12
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serves to anchor calcineurin to the receptor (see ref. 100), analogous
to previous studies indicating that FKBP12 and calcineurin can form
a complex in the absence of FK506 (22). Thus, FKBP12 may serve to
localize calcineurin to specific macromolecular complexes in a man-
ner analagous to AKAP79.

Ion channels outside the CNS are also regulated by calcineurin.
The ubiquitous Na*,K*-ATPase of mammalian cells is a target of
calcineurin that has particular pharmacologic relevance with respect
to the toxicity of calcineurin-inhibiting immunosuppressive drugs.
Studies of microdissected renal tubules clearly implicate calcineurin
as participating in the regulation of the Na*,K*-ATPase. In isolated
tubules, CsA, FK506, and inhibitor peptide block both a-adrener-
gic/Ca?*-mediated stimulation and basal activity of the ion pump
(104,105). Similar effects are observed for the Na*, K*-ATPase activ-
ity of cultured cerebellar neurons when stimulated by the NMDA /
Ca?* pathway (106). Therefore, tissue specific receptors may act
through a common downstream mechanism involving Ca?* and
calcineurin to activate the Na* K*-ATPase in response to different
stimuli. It is not clear, however, whether or not calcineurin directly
dephosphorylates the ion pump.

As an example of the evolutionary conservation of calcineurin-
regulated processes, there is evidence to suggest that a calcineurin-
like protein regulates the K* channel of guard cells in the plant Vicia
faba (107). The conductance of the K* channel is inhibited by cytosolic
Ca?*. This Ca**-induced inhibition can be specifically blocked by CsA
and FK506, whereas expression of a constitutively active calcineurin
fragment inhibits the K* channel even in the absence of Ca?*. Thus,
these findings suggest calcineurin also regulates ion channels in
plants as well.

Similarly, there are a growing number of reports that point to
the participation of calcineurin in cellular processes based on the
effects of CsA, FK506, inhibitory peptides, and/or the expres-
sion of constitutively activated calcineurin. These include pro-
cesses as diverse as exocytosis and degranulation (108-110),
neutrophil migration (111), and even programmed cell death
(112-115). Much work remains to be done in defining the precise
role of calcineurin in these events, but these observations sug-
gest that despite its narrow substrate specificity—or perhaps
because of it—calcineurin participates in a wide range of tightly
regulated processes.
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THE SPECIAL CASE OF NFAT1

Possible substrates of calcineurin that have thus far been cited
include regulatory proteins and enzymes comprising components
of signaling pathways (e.g., inhibitor-1, NOS), dynamic structural
proteins (e.g., 7, calponin), and ion channels (e.g., IP;R, Na*, K*-AT-
Pase). The excitement generated by the identification of calcineurin
as a signalling molecule in the immune system has revealed yet
another important regulatory mechanism that is employed through
the action of calcineurin, namely transcriptional regulation. Origi-
nally, CsA and FK506 were known to block the transcription of genes
involved in T-cell activation (116). The IL-2 gene is an important par-
ticipant in this response and has served as an experimental indicator
of T-cell activation. It had further been observed that IL-2 transcrip-
tion requires the intact function of a transcription factor, nuclear fac-
tor of activated T-cells (NF-AT) and that NF-AT activity is blocked
by CsA (116,117). In a series of reconstitution experiments utilizing
cytoplasmic and nuclear extracts of Jurkat cells, Flanagan et al. (118)
showed that NF-AT consists of at least two components, one cyto-
plasmic and one nuclear. Transcriptional activation requires the
association of these two components. Thus, the cytoplasmic com-
ponent must translocate to the nucleus on T-cell activation. More-
over, CsA and FK506 appear to prevent the nuclear translocation of
the cytoplasmic component. This model was further extended by
the experimental work of Jain et al. (119) demonstrating that the
nuclear component of NF-AT consists of fos and jun.

With the identification of calcineurin as the target of CsA and
FK506 came the rapid recognition that calcineurin participates in T-
cell activation (see above). To complete this important line of investi-
gation, the cytoplasmic component of NF-AT, termed NFAT1
(NFATp), was isolated and cloned (120,121). NFAT1 is a phosphop-
rotein that is an in vitro substrate of calcineurin (120,121). In experi-
ments exploiting a calcineurin/calmodulin affinity matrix, NFAT1
forms a physical complex with calcineurin (86,122), a finding consis-
tent with the in vitro dephosphorylation data. Perhaps more excit-
ing is the observation based on immunolocalization data that NFAT1
translocates from the cytoplasm to the nucleus. This event occurs
within minutes of T-cell activation and is blocked by CsA and FK506
(123,124). A related T-cell factor, NFAT4, first associates with
calcineurin in the cytoplasm and then is translocated into the nucleus
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as a complex with calcineurin (125) where calcineurin may continue
to act to counter the effects of nuclear NF-AT kinases. There is now
evidence that several kinases phosphorylate NF-ATs, including PKA
and glycogen synthase kinase-3 (GSK-3). Overexpression of GSK-3
blocks Ca?*-induced calcineurin-dependent nuclear import of
NFAT, (126). The phosphorylation state of NFAT1, by determining
its subcellular localization, regulates its interaction with fos and jun.
Additionally, the in vitro behavior of NFAT1 indicates that the phos-
phorylated form binds DNA poorly even in the presence of fos and
jun. This may be particularly relevant to some cell types in which
NFAT1 is constitutively localized to the nucleus (124,127). Activation
of NF-AT therefore is controlled by both subcellular localization and
DNA binding through the phosphorylation state of NFATSs.

In summary, a large body of literature now supports a model in
which T-cell activation occurs as follows: stimulation via the T-cell
receptor simultaneously activates Ca®*- and PKC-mediated signa-
ling cascades. The PKC pathway results in the de novo synthesis of
fos and jun, whereas the Ca?* pathway activates calcineurin. Calcineurin,
in turn, dephosphorylates NFAT1. The hypophosphorylated form of
NFATI translocates to the nucleus and is competent to oligomerize
with fos and jun to create a functional (DNA binding) NF-AT com-
plex. By inhibiting calcineurin, CsA and FK506 block NFAT1 trans-
location to the nucleus as well as prevent the binding of any
phosphorylated nuclear NFAT1 to DNA. Although it has not been
formally excluded that calcineurin activates a phosphatase cascade
to dephosphorylate NFATT, there are much in vitro data to suggest
that NFAT1 is a direct substrate of calcineurin.

Consequently, in mammalian T-cells, calcineurin appears to
exert an important regulatory influence by directly controlling the
activity of a transcription factor. Furthermore, several NFAT-like
proteins exist in T-cells, and there is accumulating evidence that
calcineurin may regulate these proteins in a similar fashion (128-
130). The induction of several lymphokines may be under the tran-
scriptional control of calcineurin. The regulation of expression of
genes in diverse species by calcineurin may indicate that this is a
fundamental feature of calcineurin function.

CALCINEURIN IN FUNGI

The degree of evolutionary conservation of calcineurin is
remarkable. This conservation supports the notion that calcineurin-
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regulated pathways are of fundamental physiological importance in
eukaryotes. As previously described, genes encoding CnA and CnB
have been cloned from diverse species. The proteins share the same
distinctive structural characteristics that contribute to its Ca?*-
dependent catalytic activity (35,38,42,43). The immunosuppressant
binding proteins cyclophilin A and FKBP12 are also conserved from
yeast to mammals, and calcineurin is potently inhibited in yeast by
CsA and FK506 (reviewed in ref. 16).

There are two isozymes of CnA in S. cerevisiae encoded by the
genes CMP1/CNA1 and CMP2/CNA2 (35,76). The proteins are 64%
identical to each other and 52-54% identical to murine and rat brain
enzymes. The CNB1 gene of S. cerevisiae encodes the CnB regulatory
subunit and is 56% identical to human CnB (52). Genes encoding
CnA have been cloned in several other fungal species including
S. pombe, A. nidulans, N. crassa, and C. neoformans (38,42,43,131). All
share approx 55% sequence identity compared to the mammalian
counterparts.

Given the evolutionary conservation of these proteins, it is of
considerable scientific interest to explore the signaling pathways
mediated by calcineurin. In mammals, the T-cell activation pathway
involving calcineurin and NFAT1 has been fairly well characterized,
but a myriad of other calcineurin-dependent pathways are less well
understood. Elucidation of calcineurin functions in other species
should define important and general biological themes.

In A. nidulans, calcineurin function is essential and disruption
of the cnaA* gene is lethal (43). Inspection of the abortive growth of
germinating conidia of cnaAl disruption mutants reveals a nuclear
morphology consistent with G1 arrest. That calcineurin may play an
important role in cell-cycle progression in A. nidulans is also sug-
gested by a peak in cnaA* mRNA in early G1 (43). The gene encod-
ing calcineurin A, CNAI, has also been cloned from the pathogenic
basidiomycete C. neoformans, a common cause of opportunistic
infections and the leading cause of fungal meningitis (42). The cal-
cineurin A gene in this organism has been disrupted by homologous
recombination, revealing that calcineurin is not essential for viabil-
ity, but is required for survival at 37°C and for virulence in an ani-
mal model of cryptococcal meningitis (42). Growth at 37°C is a
well-established virulence trait in this pathogen, and calcineurin is
the first molecular determinant identified involved in growth at high
temperature. Finally, a nonimmunosuppressive FK506 analog (L-
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685, 818) has been identified that retains antifungal activity, likely
by taking advantage of inherent structural differences between host
and fungal calcineurin and FKBP12, and which could represent a
starting point in the design of novel antifungal drugs (132).

Calcineurin null mutants of S. pombe (ppb1 null) are also viable
but display a distinctly abnormal phenotype (131). They are sterile
and grow slowly at 22°C. The cell morphology of ppb1 null mutants
is grossly abnormal when grown at 22°C with numerous multi-
septate cells and branching filaments. These features are consistent
with abnormalities in cytokinesis and determination of cell polarity,
respectively, and point to a possible defect in microtubule function.
Likewise, overexpression of ppb1™ results in abnormalities in spindle
pole body positioning and microtubule morphology. The connection
between calcineurin and microtubule structure is reminiscent of the
interaction between calcineurin and the neuronal t protein of mammals.

Calcineurin null mutants of S. cerevisiae, in contrast to other fun-
gal species thus far studied, exhibit relatively few phenotypes. Spe-
cifically, calcineurin null mutants fail to recover from a-factor
pheromone-induced G1 cell-cycle arrest and are sensitive to high
concentrations of Na*, Li*, or Mn?* ions (11-13,35,67,68,133-135).
This is not to imply that calcineurin does not play an important role
in S. cerevisiae, but that the pathways that it regulates are partly
redundant. Therefore, perturbations in overlapping or parallel path-
ways may unmask a more severe phenotype in calcineurin null
mutants. For example, a synthetic lethal phenotype has been observed
in mutants of the FKS1 gene encoding a subunit of 1,3--p-glucan
synthase. This observation led to the findings that a homologous
subunit encoded by the FKS2 gene is dependent on calcineurin for
expression and that 1,3-B-p-glucan synthase activity is essential
in S. cerevisiae (136-138). Similarly, both calcineurin and Ca?*-
calmodulin-dependent protein kinase (CaMK) pathways function
independently to mediate recovery from pheromone (139).

Inhibition or mutation of calcineurin is also lethal in yeast
mutants that are unable to acidify the vacuole, likely as a conse-
quence of broad derangements in cation homeostasis in the absence
of proper vacuole function (13,140,141). Finally, calcineurin plays a
central role in regulating Ca ?* homeostasis in S. cerevisiae via tran-
scriptional regulation of the vacuolar Ca?* ATPase pump PMC1 and
post translational regulation of the vacuolar H*/Ca?" exchanger
VCX1/HUMI (142-145).
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In summary, calcineurin plays a diverse role in regulating cel-
lular responses to physiological and toxic cations in S. cerevisiaze, and
likely in other organisms as well (see, for example, ref. 42).

SUMMARY

Our studies are based on the premise that small natural prod-
ucts serve as useful probes of signal transduction cascades. We
began by analyzing the effects of the immunosuppressants cyclo-
sporin A and FK506, which although specific for T-cells in animals,
are both natural products of soil microorganisms. Our hypothesis is
that the role of CsA and FK506 in nature might be as toxins to inhi-
bit growth of competing microorganisms, which we have studied in
yeast and a pathogenic fungus. Our studies reveal that the mecha-
nisms of CsA and FK506 antimicrobial and immunosuppressive
action have been conserved from yeast and pathogenic fungi to
humans over a billion years of evolution. Drug action involves an
initial binding to a highly conserved enzyme, CsA to cyclophilin A
and FK506 to FKBP12, to form protein—-drug complexes that inhibit
calcineurin, a Ca?*-regulated phosphatase also conserved from yeast
to fungi to man. Much of experimental biology has been based on
the premise that studies of model organisms, such as bacteria, yeast,
insects, and worms, will reveal conserved principles that govern
how all organisms function. The studies reviewed have support this
view and suggest further studies of model organisms can contribute
much to our understanding of the molecular basis of life. Moreover,
the remarkable conservation in mechanisms of drug action suggest
that targets for many other important natural products can be iden-
tified by similar genetic approaches in yeast and other genetically
tractable microorganisms. Now that the yeast genome has been
sequenced, and a set of viable gene disruption mutant strains will
soon be available, the importance of genetic approaches to study
natural product action should be greatly simplified in this model
microorganism.
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