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Regulators of calcineurin (RCANs) in fungi and mammals have been shown to stimulate and inhibit
calcineurin signaling in vivo through direct interactions with the catalytic subunit of the phosphatase. The dual
effects of RCANSs on calcineurin were examined by performing structure-function analyses on yeast Renl and
human RCANT1 (a.k.a. DSCR1, MCIP1, and calcipressin 1) proteins expressed at a variety of different levels
in yeast. At high levels of expression, the inhibitory effects required a degenerate PxIXIT-like motif and a novel
LxxP motif, which may be related to calcineurin-binding motifs in human NFAT proteins. The conserved
glycogen synthase kinase 3 (GSK-3) phosphorylation site was not required for inhibition, suggesting that
RCANSs can simply compete with other substrates for docking onto calcineurin. In addition to these docking
motifs, two other highly conserved motifs plus the GSK-3 phosphorylation site in RCANs, along with the E3
ubiquitin ligase SCFC*“*, were required for stimulation of calcineurin signaling in yeast. These findings suggest
that RCANs may function primarily as chaperones for calcineurin biosynthesis or recycling, requiring binding,
phosphorylation, ubiquitylation, and proteasomal degradation for their stimulatory effect. Finally, another
highly divergent yeast RCAN, termed Rcen2 (YOR220w), was identified through a functional genetic screen.
Ren2 lacks all stimulatory motifs, though its expression was still strongly induced by calcineurin signaling
through Crzl and it competed with other endogenous substrates when overexpressed, similar to canonical
RCANSs. These findings suggest a primary role for canonical RCANSs in facilitating calcineurin signaling, but
canonical RCANs may secondarily inhibit calcineurin signaling by interfering with substrate interactions and

enzymatic activity.

The Ca?*/calmodulin-dependent protein phosphatase cal-
cineurin is conserved in most eukaryotic species. In humans
and other mammals, calcineurin regulates several developmen-
tal and physiological processes (64), often through dephos-
phorylation and nuclear translocation of NFAT family tran-
scription factors (17, 33). Inappropriate levels of calcineurin
signaling are associated with various pathologies, from heart
disease to neurological and psychological disorders (41, 48,
53). Calcineurin could therefore be a useful target in treating
these diseases. In fungal pathogens of humans, calcineurin also
promotes virulence and resistance to antifungal drugs (23, 56,
67). Specific inhibitors of calcineurin, such as FK506 and cy-
closporine A, have been shown to augment the potency of
azole class antifungal drugs (49, 50), but their utility in anti-
fungal therapy is hampered by well-known activities against
human calcineurin, causing immunosuppression and unwanted
effects on other tissues (24, 46, 60). A better understanding of
how calcineurin activity is regulated within different fungal and
animal cell types could engender more-selective ways of con-
trolling calcineurin function.

Calcineurin operates as a stable heterodimer composed of a
catalytic A subunit and a regulatory B subunit. The A subunit
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of calcineurin contains a catalytic domain homologous to PPP
family serine/threonine phosphoprotein phosphatases as well
as domains important for binding the regulatory B subunit,
binding Ca**/calmodulin, and autoinhibition (64). As cytosolic
free Ca®" concentrations rise, the binding of Ca®** to the B
subunit and Ca®"/calmodulin to the A subunit causes confor-
mational changes that displace the autoinhibitory domain from
the active site and allow access to substrates (40, 78). Cal-
cineurin activity can be further modified by inhibitors and
scaffolding proteins, such as AKAP79/150, calsarcin, Bcl-2, and
Cabinl/cain (reviewed in reference 47). Additionally, Cu-Zn
superoxide dismutase (SOD1) is able to directly bind cal-
cineurin, stimulating its phosphatase activity in vitro and in
vivo (2).

Regulators of calcineurin (RCANSs) are a novel family of
calcineurin regulators that have been suggested as key factors
contributing to Down syndrome in humans (7, 25). RCANs
were first identified in fungi on the basis of their ability to
interact with and inhibit calcineurin when overexpressed (27,
38). Overexpressed human RCANT1 also inhibited calcineurin
function in cultured mammalian cells (25, 61). Additionally,
RCANI overexpression in mouse heart was shown to prevent
calcineurin-dependent cardiac hypertrophy in response to mul-
tiple stimuli (31, 62). Overexpression of endogenous RCANs
in the nematode Caenorhabditis elegans or the fruit fly Dro-
sophila melanogaster caused developmental and physiological
defects that mimicked calcineurin deficiencies (34, 42, 73). In
the budding yeast Saccharomyces cerevisiae, overexpression of
either yeast Renl or human RCANI inhibited the effects of
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calcineurin on two independent targets (38). These findings
suggest that calcineurin inhibition may be a conserved function
of RCANs. Remarkably, expression of RCANSs can be strongly
induced in yeast, nematodes, mammals, and humans by cal-
cineurin-dependent transcription factors (38, 42, 80). Mouse
mutants lacking the RCANI gene but retaining RCAN2 and
RCANS3 genes also exhibited elevated calcineurin signaling in
some tissues (66). These findings suggest that RCANs may
serve as feedback inhibitors of calcineurin signaling.

However, RCANs also appear to stimulate calcineurin sig-
naling in many circumstances. RCANI '~ mice exhibited di-
minished calcineurin signaling in hypertrophic heart (75), and
mice lacking both RCANI and RCAN2 genes exhibited cal-
cineurin signaling deficiencies in many cell types (68). Com-
plete loss of RCNI in yeast also resulted in diminished cal-
cineurin signaling toward several targets (38). When expressed
at low levels in yeast, human RCAN1 complemented the rcnl
mutation and restored calcineurin signaling to the wild-type
level. The idea that RCANs function as stimulators of cal-
cineurin signaling was further advanced by the discovery that
glycogen synthase kinase 3 (GSK-3)-related protein kinases
directly phosphorylate a conserved site in RCANs after phos-
phorylation of an adjacent site by mitogen-activated protein
kinases (1, 30, 76). GSK-3 kinases were required for the stim-
ulatory effects of Renl and RCANT1 on yeast calcineurin (30).
Mutation of the GSK-3 phosphorylation site in yeast Renl and
human RCANT1 to nonphosphorylatable residues specifically
abolished their ability to stimulate calcineurin signaling and
increased their ability to inhibit calcineurin signaling when
expressed at low levels (26, 30, 39). GSK-3-phosphorylated
RCAN:S exhibit decreased affinity for calcineurin and increased
affinity for 14-3-3 proteins (1) and the E3 ubiquitin ligase
SCF<¥* (39), which destabilizes the proteins (26, 30). Thus,
calcineurin signaling appears to be stimulated by low levels of
phosphorylated RCANS.

The molecular mechanisms by which RCANSs stimulate and
inhibit calcineurin signaling have not been elucidated. The
model most commonly reported in the field establishes
RCANSs simply as phosphorylation-sensitive calcineurin buff-
ers. This model explains how calcineurin signaling can be in-
creased by phosphorylation of RCANSs, but it cannot explain
the observations where RCAN deficiencies result in decreased
calcineurin signaling. Mathematical modeling of this scheme fit
poorly to experimental observations, except when the loss of
RCANs was accompanied by a loss of calcineurin (71), an
effect that has not been observed experimentally. An alterna-
tive model proposed that RCANs may function as phosphory-
lation-dependent chaperones that promote calcineurin matu-
ration, recycling, or activation without altering calcineurin
abundance (30). This model fits all the data when it is assumed
that free phospho- and dephospho-RCANs can rebind cal-
cineurin and either inhibit its catalytic activity or interfere with
binding of other substrates. A similar model has been pro-
posed previously for the stimulation and inhibition of protein
phosphatase 1 by inhibitor-2 (3). The two models make differ-
ent predictions about the behavior of mutant RCAN proteins.
The inhibition-only model predicts that mutations in RCANs
that increase or decrease calcineurin inhibition will have the
opposite effect on calcineurin stimulation. The chaperone
model predicts that inhibitory and stimulatory effects of
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TABLE 1. Yeast strains used in this study

Name*” Description or genotype fgfl; 1;0;3;
K601 Wild-type W303-1A 77
K1373 renl:ADE2 vexIA This study
K1377 renl:ADE2 mckl::HIS3 vexIA This study
DDY156 pmcl:HIS3 crz1:G418 This study
MTY668 cdc4-1 58
RBY19 ren2:HIS3 This study
RBY255 renl::LEU2 This study
RBY257 renl::LEU2 ren2:HIS3 This study
SMO005 renl::ADE?2 ren2::NAT vexIA This study
SM006 cnalA cna2:NAT This study
SM012 RCN2-HA;::HIS3 This study
SMO013 cnbl::LEU2 RCN2-HA;::HIS3 This study
SM014 cnalA cna2:NAT RCN2-HA;::HIS3 This study
SMO15 crz1::G418 RCN2-HA;::HIS3 This study
SMo016 cmdl-6 RCN2-HA;:HIS3 This study
SMO019 cdc4-1 renl::HIS3 This study
SM030 RCNI-HA;::LEU2 This study
SM032 RCN2-HA;:LEU2 This study
TKY275 renl::HIS3 38

“ All strains are isogenic derivatives of strain K601/W303-1A (MATa ade2-1
canl-100 his3-11,14 leu2-3,112 trp1-1 ura3-1).

RCANs may involve different noninteracting motifs that can
be independently altered.

Here, we identify conserved domains and motifs in a large
collection of eukaryotic RCANs, and we perform detailed
structure-function studies of yeast and human RCANs ex-
pressed in yeast cells, where stimulatory and inhibitory effects
can be easily quantified. Docking motifs conserved in RCANs
and other substrates were necessary for inhibition of cal-
cineurin signaling, suggesting that overexpressed RCANs ef-
fectively compete with other substrates. Several additional mo-
tifs in RCANs were specifically required for stimulatory effects
and not required for inhibitory effects. Additionally, GSK-3
and the E3 ubiquitin ligase SCF“* were specifically required
for Renl to stimulate calcineurin signaling. These findings
argue against the inhibition-only hypothesis that was used to
explain the diminished calcineurin signaling in cdc4-1 mutants
(39) and support a model where phosphorylation and degra-
dation of RCANSs are required to promote calcineurin func-
tion. Finally, we identify a novel yeast protein, Ren2, which is
related to Renl but has lost stimulation-specific motifs and
stimulatory activity but not the docking motifs or inhibitory
activity. These findings clarify the roles of RCANs in cal-
cineurin signaling and open new opportunities for controlling
calcineurin in the treatment of disease.

MATERIALS AND METHODS

Yeast strains, plasmids, and growth media. All yeast strains used in this study
(Table 1) were derived from the parental strain W303-1A (77), using standard
methods of molecular and classical genetics. Strains were grown in rich yeast
extract-peptone-dextrose (YPD) culture medium or synthetic complete (SC)
culture medium lacking methionine or other nutrients, as described previously
(70). In experiments involving the addition of CaCl,, either YPD medium was
buffered to pH 5.5 by addition of 5 mM succinic acid or SC medium containing
half the standard amount of yeast nitrogen base was prepared.

The plasmids and oligonucleotides used in this study are listed in Tables 2 and
3. Plasmid pSMO010, used for construction of all RCAN expression plasmids, was
constructed by PCR amplification of a fragment encoding the triple-hemagglu-
tinin (HA;) epitope and stop codon from pZH300 (30), using the forward primer



VoL. 29, 2009

TABLE 2. Plasmids used in this study

Name Description fgfl; 1;0;3;
pAMS342 CDRE-lacZ 72
pSMO10  p415SMET25-HA, This study
pSM012  p415SMET25-RCNI(1-196)-HA, This study
pSMO013  p41SMET25-RCNI(1-172)-HA; This study
pSMO015  p41SMET25-RCNI-S113A(1-196)-HA, This study
pSM016  p41SMET25-RCNI-S113A(1-172)-HA; This study
pSMO019  p415MET25-RCAN1.4-HA, This study
pSM022  p41SMET25-RCAN1.4(1-153)-HA; This study
pSMO023  p415SMET25-RCNI-PXxAXAT-HA, This study
pSMO029  p415SMET25-RCNI1(99-211)-HA; This study
pSMO031  p41SMET25-RCNI1(120-211)-HA, This study
pSMO036  p415SMET25-RCNI-S113A(99-211)-HA; This study
pSM042  p41SMET25-RCAN1.4(94-199)-HA, This study
pSMO044  p415SMET25-RCAN1.4(115-199)-HA; This study
pSMO065  p415SMET25-RCN2-HA, This study
pSMO066  p41SMET25-RCN2(1-255)-HA; This study
pSM109  p415SMET25-RCAN1.4-PxAXAT-HA; This study
pSM110  p415SMET25-RCN2-PXxAXAT-HA; This study
pSM112  p41SMET25-RCN2(86-265)-HA, This study
pSM115  p415SMET25-RCAN1.4-S108A-HA; This study
pSM116  p415SMET25-RCNI-PVIVIT-HA; This study
pSM117  p415SMET25-RCN2-PVIVIT-HA; This study
pSM118  p415MET25-RCAN1.4-PVIVIT-HA; This study
pSM119  p415SMET25-RCNI-S113A,PVIVIT-HA, This study
pSM121  p415MET25-RCAN1.4-S108A,PVIVIT-HA, This study
pSM132  p415SMET25-RCNI1-S113A,PXAXAT-HA, This study
pSM133  p415SMET25-RCNI-ExxP-HA; This study
pSM134  p415SMET2-RCN1-S113A,ExxP-HA; This study
pSM135  p415SMET25-RCNI-LxxP-HA, This study
pSM136  p415SMET25-RCNI-S113A,LxxP-HA; This study
pSM142  p41SMET25-RCAN1.4(1-180)-HA, This study
pSM143  p415SMET25-RCAN1.4-S108A(1-180)-HA;  This study
pSM146  p41SMET25-RCAN1.4-S108A(1-153)-HA;  This study
pSM147  p415SMET25-RCAN1.4-S108A(94-199)-HA;  This study
pSM151  p415MET25-RCAN1.4-ExxP-HA, This study
pSM153  p415SMET25-RCAN1.4-LxxP-HA, This study
pSM154  p415SMET25-RCAN1.4-S108A, LxxP-HA, This study
pSM176  p415SMET25-RCNI-LxxP,PVIVIT-HA, This study
pSM177  p415SMET25-RCNI1-LxxP,S113A, This study

PVIVIT-HA;
pSM178  p415MET25-RCAN1.4-LxxP,PVIVIT-HA;  This study
pSM179  p415SMET25-RCAN1.4-LxxP,S108A, This study
PVIVIT-HA,
pSM200  p40SMET25-RCNI-HA, This study
pSM201  p40SMET25-RCN2-HA, This study
pZH300  p415SMET25-RCNI-HA, 30
PZH301  p415SMET25-RCNI-S113A-HA, 30

3HASalI-5" and the reverse primer 3HAXhol-3’, followed by digestion with Sall
and Xhol and ligation into p415SMET25 (54). The resulting p41SMET25-HA;
plasmid was digested with Pstl and Sall and ligated with similarly digested PCR
products of yeast RCNI and RCNI-S113A that had been amplified from pZH300
and pZH301 (30), respectively, using the forward primer RenlPstl-5'and the
reverse primers Ren1(1-196)Sall-3’ (for inserts truncated before the TxxP motif
[pPSMO012 and pSMO015]) and Ren1(1-172)Sall-3" (for inserts truncated before the
PxIXIT-like motif [pSM013 and pSM016]). N-terminal truncations lacking the
RRM and SP domains were generated using forward primers Renl(+99)PstI-5’
(pSM029 and -036) and Renl(+120)PstI-5" (pSMO031), respectively, and the
reverse primer RenlSall-3'. Wild-type yeast RCN2 (pSMO065) was amplified from
yeast genomic DNA by using forward primer Ren2PstI-5’ and reverse primer
Ren2Sall-3'. A fragment lacking the C-terminal PxIxIT-like motif (pSM066) was
also amplified, using the reverse primer Ren2(1-255)Sall-3’, and an N-terminally
truncated fragment lacking the RRM domain (pSM112) was amplified using the
forward primer Ren2(+86)PstI-5'. The full-length exon 4 variant of human
RCAN1 (pSMO019) was amplified from DSCR1-4pBS (courtesy of X. Estivill,
LR.O., Barcelona, Spain), using forward primer RCANI1PstI-5' and reverse
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primer RCAN1Sall-3’. The RCANI(1-153)Sall-3" (pSM022) or RCANI(1-
180)Sall-3" (pSM142) reverse primer was also used to amplify inserts lacking the
PxIXIT-like or TxxP motif, respectively. N-terminal truncations were constructed
using the RCAN1(+94)Pstl-5" (pSM042) or RCAN1(+115)PstI-5' (pSM044)
forward primer with the reverse primer RCAN1Sall-3’, generating fragments
lacking the RRM or SP domain, respectively. Site-directed mutagenesis was
performed to introduce the SI08A mutation at the GSK-3 phosphorylation site
of RCAN1 (pSM115, -143, -146, and -147). Core hydrophobic residues in the
PxIxIT-like motifs of Renl (GAITID), Ren2 (PSITVN), and RCAN1 (PSV
VVH) were replaced with alanines (GAATAD, PSATAN, and PSAVAH), yield-
ing plasmids pSM023, -109, -110, -132, and -180. Each PxIxIT-like motif was also
mutated in its entirety to the sequence PVIVIT (pSM116, -117, -118, -119, and
-121). Alanine substitutions were introduced into the ExxP (pSM133 and -151)
and LxxP (pSM135, -136, -153, -154, -176, -177, -178, and -179) motifs of Rcnl
and RCANT1. All site-directed mutagenesis was performed using a QuikChange
site-directed-mutagenesis kit (Stratagene) according to the manufacturer’s in-
structions. Site-directed mutants were verified by DNA sequencing. To generate
pSM200 and pSM201, ~2.8-kb Sacl-BstEII fragments cut from pZH300 and
pSMO65 (respectively) were subcloned into the yeast integrating plasmid
PpRS405.

Fluorescence polarization. Binding of synthetic peptides to the PxIXIT-dock-
ing site of calcineurin was monitored in competitive binding assays in which
unlabeled peptides were titrated at increasing concentrations into a reaction
mixture containing 100 nM Oregon Green-labeled 14-mer PVIVIT peptide and
1 to 4 uM of a recombinant catalytic domain of human calcineurin or a trun-
cated, constitutively active form of a recombinant human calcineurin het-
erodimer (6). The mixtures were incubated until equilibrium was achieved and
analyzed for fluorescence polarization (43), using either a Synergy 2 multimode
microplate reader (BioTek Instruments, Highland Park, VT) or an Analyst plate
reader (LJL Biosystems). Samples with no competing peptide or with no cal-
cineurin were used to define the dynamic range of the assay. For each peptide
tested, the 50% inhibitory concentration (determined from nonlinear regression
of the experimental data by use of four-parameter sigmoid functions) was con-
verted to K; (apparent K;) by using an online calculator specifically designed for
competitive fluorescence polarization assays (55).

B-Galactosidase assays. To assess calcineurin signaling, yeast strains were
transformed with the plasmid pAMS342, bearing the CDRE-lacZ reporter gene
(72); grown overnight to mid-log phase in SC medium lacking uracil; harvested
by centrifugation; and resuspended in modified YPD or SC medium containing
100 mM CaCl, with or without 0.3 pM FK506. After shaking for 4 hours at 30°C,
cells were harvested, permeabilized, and assayed for B-galactosidase activity as
described previously (19). In some cases, expression of yeast Renl or human
RCANT (or their derivatives) was repressed to various degrees by growth over-
night in SC medium containing 0 to 8 mg/ml (4X) L-methionine. The saturated
cultures were diluted approximately 40-fold into identical medium and regrown
to early log phase (~6 h) before addition of 100 mM CaCl, and measurement of
B-galactosidase activity. Unless otherwise indicated, all assays were performed
on at least three independent transformants, normalized to cell density, and
plotted as means * standard deviations (SD).

VCX1-dependent growth assays. Calcineurin-dependent inhibition of Vexl
function was assessed by monitoring the growth of pmcl crzl double mutants
transformed with Renl or RCANI expression plasmids. Transformed strains
were grown overnight at 30°C in SC medium lacking leucine. Saturated cultures
were then diluted to an optical density of 0.5 (at 600 nm) using fresh culture
medium, subjected to fivefold serial dilutions in the same medium, pinned onto
2% agar plates containing modified SC medium lacking leucine and containing
300 mM CaCl, plus the indicated concentrations of methionine, and incubated
at room temperature for 4 days before being photographed.

Protein extraction and Western blotting. Equal numbers of log-phase cells
(normalized for optical density), grown and treated as described elsewhere in the
text, were lysed for 10 min at 0°C with 2 M NaOH and 7.4% beta-mercaptoentha-
nol and extracted with 50% trichloroacetic acid for 1 hour at 0°C. Trichloroacetic
acid-insoluble material was pelleted in a benchtop centrifuge (for 10 min at
13,000 rpm), washed once with 1 ml of ice cold water, resuspended in 50 pl of the
same, and dissolved in 60 wl of 2X sample buffer (100 mM Tris-HCI, pH 6.8, 20%
glycerol, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 0.02% beta-mer-
captoethanol). Extracts were then boiled for 5 min and centrifuged at room
temperature for 10 min, and the detergent-soluble proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto
polyvinylidene difluoride, and probed with anti-HA monoclonal antibodies
(16B12; Covance). Cross-reacting proteins were visualized using a HyGLO
chemiluminescence detection kit (Denville) and HyBlot CL autoradiography
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TABLE 3. Oligonucleotides used in this study

Name

Sequence (5’ to 3")*

BHASAIL-S oo GATGATGTCGACTCTAGATACCCATAC

3HAXhol-3'
RenlPstl-5"...........
Renl(1-196)Sall-3" ..
Ren1(1-172)Sall-3" ..
Renl(+99)Pstl-5" ...
Renl1(+120)PstI-5" ..
RenlSall-3'............
Ren2Pstl-5"....
Ren2Sall-3'........
Ren2(1-255)Sall-3" ..
Ren2(+86)PstI-5" ...
RCANIPstI-5".......
RCANI1Sall-3'..........
RCAN1(1-153)Sall-3" ....
RCANI1(1-180)Sall-3" .
RCANI1(+94)PstI-5" ...
RCANI1(+115)PstI-5".
RCAN1(S108A)F ....
RCANI(S108A)R.
Renl(AXA)F......
Renl(AxA)R.
Ren2(AxA)F..
Ren2(AxA)R ...
RCAN1(AxA)F.
RCANI(AXA)R ...
Renl(VIVIT)F..
Renl(VIVIT)R.
Ren2(VIVIT)F......
Ren2(VIVIT)R ...
RCANI(VIVIT)F....
RCANI(VIVIT)R ...
Renl(ExxP-ala)F......
Renl(ExxP-ala)R.....
RCAN1(ExxP-ala)F.....
RCAN1(ExxP-ala)R
Renl(LxxP-ala)F......
Renl(LxxP-ala)R ...
RCAN1(LxxP-ala)F.....

.GACCTCGAGCTAGCTAGTTCTAGAAGC
.GCCCTGCAGATGGGTAATATTATAACGGAT
.GATGATGTCGACTTTAACGTGGTCCGCTAA
..GATGATGTCGACCACCTTTGATTTCAATAA
.GCCCTGCAGATGCAATACTTGAAGGTA
.GCCCTGCAGATGCCCGAATTCGATTTC
.GATGATGTCGACATCATCGTCATC
.GCCCTGCAGATGGCAAACCAAAAGCAAATG
.GATGATGTCGACATGGAAAAACTCGTTAAC
..GATGATGTCGACACTTTTTGGAGGATTTGA
.GCCCTGCAGATGAAGTTATTTGTAACTGAG
.GCCCTGCAGATGCATTTTAGAAACTTTAAC
.GATGATGTCGACGCTGAGGTGGATCGGCGT
..GATGATGTCGACAGTGGTGTCAGTCGCTGC
.GATGATGTCGACCTTAGGTCTCCTCATTCTTTC
.GCCCTGCAGATGTCACACCTGGCTCCG
.GCCCTGCAGATGGTGGGATGGAAACAAGTG
.GCAGTTCCTGATCGCCCCTCCCGCCTCTC
.GAGAGCCGGGAGGGGCGATCAGAAACTGC
..CAAAGGTGGGCGCAGCAACCGCAGATAGATGTCCCAC
.GTGGGACATCTATCTGCGGTTGCTGCGCCCACCTTTG
..CCAAAAAGTCCAAGCGCAACGGCAAACGAGTTTTTCCAT
ATGGAAAAACTCGTTTGCCGTTGCGCTTGGACTTTTTGG
..GACACCACTCCCAGCGCAGTGGCACATGTATGTGAGAGT
ACTCTCACATACATGTGCCACTGCGCTGGGAGTGGTGTC
.TTGAAATCAAAGGTGCCTGTTATTGTTATTACTAGATGTACCACGAAC
.GTTCGTGGTACATCTAGTAATAACAATAACAGGCACCTTTGATTTCAA
.CCTCCAAAAAGTCCAGTTATAGTTATTACTGAGTTTTTCCAT

. ATGGAAAAACTCAGTAATAACTATAACTGGACTTTTTGGAGG
..GCGACTGACACCACTCCCGTTATTGTGATTACTGTATGTGAGAGTGAT
ATCACTCTCACATACAGTAATCACAATAACGGGAGTGGTGTCAGTCGC
.TTCGATTTCAGCAAATGTGCAGCAGCGGCACAAAGGCATATACAAAGT
JACTTTGTATATGCCTTTGTGCCGCTGCTGCACATTTGCTGAAATCGAA
.GTGGGATGGAAACAAGTGGCAGCTGCGGCCGCAGTCATAAACTATGATCTC
.GAGATCATAGTTTATGACTGCGGCCGCAGCTGCCACTTGTTTCCATCCCAC
..GAATTTAACTAAACAATACGCGAAGGTAGCAGAGAGTGAAAAAATGTTCC
.GGAACATTTTTTCACTCTCTGCTACCTTCGCGTATTGTTTAGTTAAATTC
.CATAGGAAGCTCACACGCGGCTCCGGCAAATCCAGACAAGCAGT

RCANT(LxxP-ala)R ....cccovviiiiiiiiiiiiiicccccecccees ACTGCTTGTCTGGATTTGCCGGAGCCGCGTGTGAGCTTCCTATG

“ Cleavage sites for resrtiction endonucleases are underlined. Altered codon sequences used in site-directed mutagenesis are in boldface.

film (Denville) after incubation with horseradish peroxidase-conjugated goat
anti-mouse polyclonal antibody (Jackson ImmunoResearch).

Phylogenetic analyses. RCANs from many species of fungi and animals were
identified using BLAST (4) searches of publicly available databanks, using the
standard genetic code. Multiple sequence alignments were performed using
CLUSTAL W (74) after truncation of the C termini of most proteins just before
the PxIxIT-like motif. A simple neighbor-joining tree was generated from the
multiple-sequence alignment by using MEGAIlign 7.0 (DNASTAR, Inc.) and
colored according to species groups.

RESULTS

Domain structure of RCANs. To identify features, motifs,
and domains that are conserved among RCAN proteins, we
assembled a collection of predicted RCAN sequences from
dozens of animal, fungal, and protozoal species and performed
a multiple-sequence alignment by using CLUSTAL W (see
Fig. S1 in the supplemental material). Four highly conserved
regions separated by poorly conserved indels were evident, as
represented schematically in Fig. 1A: (i) an N-terminal domain
that was recently shown to adopt a three-dimensional fold
resembling an RRM domain (http://www.pdb.org/pdb/explore
.do?structureld=1WEY), (ii) a highly conserved SP domain

containing the site for phosphorylation by GSK-3 (76), (iii) a
[PGIX[IV]X[IVL][EDNHT] motif resembling the well-known
PxIXIT motif responsible for docking many substrates to cal-
cineurin (5), and (iv) a previously unrecognized C-terminal
TxxP motif of unknown function. With the exception of three
closely related budding yeasts (Candida albicans, Candida dub-
liniensis, and Candida tropicalis), two fission yeasts (Schizosac-
charomyces pombe and Schizosaccharomyces japonicus), and a
protist (Dictyostelium discoideum), the TxxP motif was univer-
sally conserved in fungal and animal RCANS.

A segment of human RCANI was previously assumed to
function as a PxIxIT-like motif (PKIIQT, residues 181 to 186)
(8, 12, 61). However, this sequence does not conform to the
consensus sequences of known PxIXIT motifs, is not conserved
outside of mammals, and overlaps the conserved TxxP motif at
residues 186 to 189. To determine if the conserved PxIXIT-like
motif and the nonconserved PKIIQT motif can function like
PxIXIT motifs, synthetic peptides corresponding to residues
150 to 163 and 178 to 191 of RCAN1 were tested in vitro for
their ability to compete with the binding of the fluorescent
PVIVIT peptide to human calcineurin, using a fluorescence
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FIG. 1. Schematic representation of domains and motifs conserved in RCANs. (A) The LxxP motif (L), GSK-3 phosphorylation site (S; *),
ExxP motif (E), PxIxIT-like motif (P), and TxxP motif (T) are indicated. Sequence logos were generated from a multiple-sequence alignment (see
Fig. S1 in the supplemental material) by using WebLogo (18). (B, C) Identification of a conserved PxIxIT-like motif in RCANSs. The effects of
synthetic peptides on the polarization of a fluorescently labeled PVIVIT peptide bound to purified human calcineurin are shown. Unlabeled
synthetic peptides corresponding to conserved PxIxIT-like motifs from human RCANT1 and yeast Renl and Ren2 (RCAN1/150-163, Ren1/167-180,
and Ren2/252-265) and the PKIIQTxxP motif of human RCAN1 (RCAN1/178-191) were added at various concentrations, as described in

Materials and Methods.

polarization assay (43). The peptide containing PKIIQT (RP
KPKIIQTRRPEY) did not compete with fluorescent PVIVIT
at concentrations up to 1 mM (Fig. 1B), whereas the peptide
containing the PxIxIT-like motif (TDTTPSVVVHVCES)
competed, with a K; of approximately 45 pM (Fig. 1C). A
synthetic peptide spanning the PxIxIT-like motif of yeast Renl
(sequence KSKVGAITIDRCPT) was also able to compete
with binding of the PVIVIT peptide to human calcineurin,
albeit with ~75-fold-lower affinity than the homologous seg-
ment of RCAN1 (Fig. 1C). These results, together with those
described below, suggest that the PxIxIT-like motif present in
all RCANs (consensus sequence [PGIx[IV]|x[IVL][EDNHT])
can bind to the substrate-docking groove of calcineurin much
more effectively than the previously proposed nonconserved,
nonconforming PKIIQT sequence of RCANI.

System for measuring RCAN functions in yeast. Two differ-
ent readouts of calcineurin signaling in yeast have been used to
study the stimulatory and inhibitory effects of RCANs (Fig.
2A). One measures the expression of a CDRE-lacZ reporter
gene that can be induced by the calcineurin-dependent tran-
scription factor Crzl (52, 72). The other measures the growth
of pmcl mutants in high-calcium-concentration environments,
which depends on the calcineurin-sensitive Ca®*/H" ex-

changer Vcx1 (19). Both readouts were used as described be-
low to estimate the stimulatory and inhibitory effects of
RCAN-related proteins.

The inhibitory effects of RCANs are observed in yeast only
when the proteins are overexpressed in strains containing wild-
type Renl. The stimulatory effects of RCANs are observed
only when the proteins are expressed at physiological levels in
strains lacking Renl. To determine how the PxIxIT-like motif
and other motifs in RCANs may influence calcineurin signal-
ing in vivo, wild-type and mutant RCANs were expressed from
low-copy-number plasmids under the control of a methionine-
repressible promoter derived from the MET25 gene (54). By
use of this expression system, a 10-fold range of Rcnl expres-
sion was achieved by varying the concentration of methionine
in the medium (Fig. 2B). This overlapped the range of expres-
sion observed for Renl under the control of its own promoter
(lanes 1 and 2). Overlapping expression ranges were also
achieved for Ren2 (Fig. 2C), a protein that will be discussed
later.

Domains of Renl necessary for inhibition of calcineurin
signaling in yeast. GSK-3 and the GSK-3 phosphorylation site
are required for the stimulatory effects but not the inhibitory
effects of RCANs on calcineurin signaling in yeast (30). In
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FIG. 2. A system for evaluating RCAN function in yeast. (A) Di-
agram showing two independent readouts of calcineurin signaling in
yeast. Calcineurin inhibits the ability of Vcxl to promote growth in
high-Ca**-concentration environments (19), and calcineurin activates
the Crzl transcription factor, which induces many genes such as the
CDRE-lacZ reporter (52, 72). In high-Ca**-concentration environ-
ments, factors that inhibit calcineurin signaling will increase growth
and decrease gene expression and factors that stimulate calcineurin
signaling will slow growth and induce gene expression. (B) Variable
expression of Renl (top) and Ren2 (bottom) expressed in strain
DDY156 (pmcl crzl double knockout mutant) from the methionine-
repressible MET25 promoter. Cells were grown in medium supple-
mented with various amounts of L-methionine as described in Mate-
rials and Methods and analyzed by Western blotting. For comparison,
wild-type cells (strain K601) bearing the same epitope tag-encoding
sequence in the chromosomal genes for Renl and Ren2 were analyzed
before and after exposure to a high-calcium-concentration environ-
ment (100 mM CacCl, for 4 h).

order to focus specifically on inhibitory mechanisms without
interference from stimulatory mechanisms, structure-function
analyses were first performed on the Ren1-S113A mutant that
lacks the GSK-3 phosphorylation site and calcineurin stimula-
tion but retains the ability to inhibit calcineurin signaling. As
described above, each derivative of Ren1-S113A was expressed
at high or low levels in yeast by growth in medium lacking or
containing methionine (Fig. 3B). For convenience, the Vcx1-
dependent growth assay was used to measure calcineurin inhi-
bition (Fig. 3A), though similar results were obtained using the
CDRE-lacZ reporter (data not shown).

At both low and high levels of expression, full-length Renl-
S113A increased the growth of pmcl mutants on medium con-
taining high concentrations of calcium chloride relative to cells
bearing the empty expression plasmid (Fig. 3A, rows 1 and 10),
indicating that Rcn1-S113A could inhibit calcineurin signaling
at either level of expression. In contrast, Ren1-S113A proteins
containing two alanine substitutions within the PxIxIT-like mo-
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tif were unable to grow in high-calcium-concentration medium
at either level of expression (row 6). Similar substitutions in the
PxIXIT motifs of other calcineurin substrates have been shown
to block docking onto and dephosphorylation by calcineurin
(20). Therefore, docking of Renl-S113A onto calcineurin via
the conserved PxIxIT-like motif was required for calcineurin
inhibition.

To elucidate the role of the other conserved domains, a
series of N-terminal and C-terminal truncations of Renl-
S113A was constructed and tested for calcineurin inhibition
using the same readout. A C-terminal truncation that removed
the conserved TxxP motif did not alter the inhibitory activity of
Renl-S113A (Fig. 3A, row 4), but a shorter protein that addi-
tionally lacked the PxIxIT-like motif lost nearly all of its ability
to inhibit calcineurin (row 5), consistent with the effect of the
I-to-A substitution mutations (row 6). An N-terminal trunca-
tion that removed the conserved RRM domain significantly
diminished the inhibitory activity of Renl-S113A (row 2), but
this effect can be attributed to the lower expression level of this
variant relative to those of the others (Fig. 3B). Interestingly,
a larger N-terminal truncation that also removed the con-
served SP domain exhibited no inhibitory activity (row 3), even
though the protein was expressed at nearly the same level as
the ARRM variant. These findings suggest that the SP domain
and the PxIXIT motif are jointly required for inhibition of
calcineurin signaling. The SP domain contains two conserved
motifs in addition to the GSK-3 phosphorylation site. Replace-
ment of the conserved ExxP motif with AxxA had no effect on
the inhibitory activity of Ren1-S113A (data not shown). On the
other hand, a similar substitution of the conserved LxxP motif
weakened inhibitory activity at both levels of expression (row
8). The effects of this mutation were partially reversed by
replacement of the low-affinity PxIxIT-like motif with the high-
affinity PVIVIT sequence (row 9). These findings show that
both the PxIxIT-like motif and the LxxP motif in the SP do-
main contribute to the inhibitory activity of Renl-S113A on
calcineurin signaling.

These same mutations were also introduced into wild-type
Renl to determine their roles in the inhibition of calcineurin
signaling by the phosphorylatable protein. Unlike Rcenl-
S113A, wild-type Renl was unable to inhibit calcineurin sig-
naling at the lower level of expression (Fig. 3C), even though
the expression of Renl was similar to that of Ren1-S113A (Fig.
3B and D). As above, inhibition required the PxIXIT-like motif
but not the TxxP motif or the RRM domain (Fig. 3C, rows 1,
2, and 4 to 6). The inhibition of calcineurin signaling also
required the SP domain and the LxxP motif within it (rows 3
and 8). Replacement of the PxIxIT-like motif with a PVIVIT
sequence increased the inhibitory activity of Renl (row 7) as
well as the derivative lacking the LxxP motif (row 9) without
altering expression in either case. The inverse correlation be-
tween docking affinity and calcineurin signaling observed
across all these experiments suggests that overexpressed Renl
inhibits calcineurin signaling in vivo by binding to substrate-
docking sites and interfering with the productive binding of
other substrates.

Domains of Renl necessary for stimulation of calcineurin
signaling in yeast. When expressed at low levels in rcnl knock-
out mutants of yeast, Renl stimulated calcineurin-dependent
expression of CDRE-lacZ approximately threefold (38). This
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FIG. 3. Domains of Renl required for calcineurin inhibition. Yeast strain DDY156 (pmc! crzI double knockout mutant) transformed with
derivatives of nonphosphorylatable Ren1-S113A (A, B) or phosphorylatable Renl (C, D), expressed from the methionine-repressible MET25
promoter, were assayed for growth in the presence of 300 mM extracellular CaCl, in the presence or absence of 2 mg/ml L-methionine to maintain
low or high levels of expression, respectively. Serial fivefold dilutions of each culture are shown. (B and D) Accumulation of nonphosphorylatable
Renl-S113A (B) and phosphorylatable Renl (D) and their derivates expressed at low and high levels.

stimulatory effect was shown to require GSK-3 kinases as well
as the GSK-3 phosphorylation site located within the SP do-
main (30). To determine if this stimulatory activity requires
different domains and motifs than the inhibitory activity, many
of the Renl derivatives described above were assayed for their
ability to stimulate calcineurin after expression at a variety of
levels from the MET25 promoter. To remove Vex1 activity as
a variable, these experiments were performed with double
knockout mutants that lacked both Vexl and Renl. As ob-
served previously, low expression levels of Renl induced ex-
pression of the reporter gene approximately fourfold relative
to the level for the empty plasmid control (Fig. 4A). When
Renl was expressed at the highest level, calcineurin signaling
dropped to or below the level observed in the control cells,
consistent with the growth assays of calcineurin signaling de-
scribed earlier. The N-terminally truncated variant that lacked
the RRM domain retained full stimulatory activity (Fig. 4A) in
spite of its much lower expression level (Fig. 3D). The stimu-
latory activity of the ARRM variant of Renl was abolished by
an additional S113A substitution or by deletion of the entire
SP domain (data not shown). The simplest interpretation of
these findings is that the RRM domain stabilizes Renl and
facilitates expression but does not contribute to the stimulatory
effects of Renl on calcineurin signaling.

Remarkably, the LxxP and ExxP motifs within the SP do-
main were both required for Renl to stimulate calcineurin

signaling, as alanine substitutions yielded proteins that could
not stimulate CDRE-lacZ expression at any level of expression
(Fig. 4A). These mutations did not interfere with phosphory-
lation at the nearby site targeted by GSK-3 (see below), sug-
gesting that they play critical roles in docking and/or stimula-
tion of calcineurin. Alanine substitutions within the PxIxIT-like
motif of Renl also diminished stimulatory activity (Fig. 4B),
but the effect was not as severe as those for the alanine sub-
stitutions in the LxxP motif, ExxP motif, or GSK-3 phosphor-
ylation sites. The PxIxIT-like motif may be much more impor-
tant for calcineurin stimulation at very low (physiological)
levels of Renl expression, which were not achievable using the
methionine-repressible expression system. Therefore, the stim-
ulatory effects of Renl on calcineurin signaling required the
ExxP motif in addition to the LxxP and PxIxIT-like motifs
involved in docking and interference.

Surprisingly, a C-terminal truncation that removed the TxxP
motif strongly diminished the ability of Renl to stimulate cal-
cineurin at all levels of expression (Fig. 4B), while having no
effect on the inhibition at high levels of expression (Fig. 3). The
behavior of the TxxP-deficient variant was remarkably similar
to the behavior of wild-type Renl expressed in yeast cells
lacking GSK-3 (29, 39). If GSK-3 and the TxxP motif indepen-
dently stimulated calcineurin signaling, the TxxP motif would
stimulate CDRE-lacZ expression even in the absence of
GSK-3. To test this hypothesis, Renl and its ATxxP variant
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FIG. 4. Domains of Rcnl necessary for stimulation of calcineurin signaling. In these experiments, yeast strains K1373 (rcnl vexI double
knockout mutant) (A and B) and K1377 (mckl rcnl vexl triple knockout mutant) (C and D) bearing CDRE-lacZ and the indicated expression
plasmids were grown to log phase in medium containing various concentrations of L-methionine (see Materials and Methods) and then shifted to
the same medium containing 100 mM CaCl,. After 4 hours of incubation, B-galactosidase activity was measured. Truncations that remove the
N-terminal RRM domain (—RRM) or the C-terminal TxxP motif (—T) and alanine substitutions that destroy the PxIxIT-like motif (P/A), the LxxP
motif (L/A), and the ExxP motif (E/A) are indicated. Panels A and B depict averages (= SD) for three independent transformants. Dashed black
and blue lines in panel B were copied from panel A. Data in panels C and D are representative of three independent experiments.

were expressed in mck] mutant cells lacking the GSK-3 kinase
primarily responsible for phosphorylating S113 of Renl (30).
In the absence of GSK-3, both wild-type Renl and the ATxxP
mutant were unable to stimulate calcineurin and equivalently
inhibited calcineurin signaling at high expression levels (Fig.
4C), suggesting that GSK-3 and the TxxP motif function in a
common pathway to stimulate calcineurin signaling. The ExxP
motif may also function in this common pathway because, in
GSK-3-deficient mckl mutants, the E/A variant behaved like
wild-type Renl (Fig. 4C), albeit with increased inhibitory ac-
tivity. In contrast, the S113A substitution at the GSK-3 phos-
phorylation site resulted in strong inhibition of calcineurin
signaling in the mckl mutant (Fig. 4D). In summary, the TxxP
motif, the ExxP motif, and GSK-3 seem to function in a path-
way that specifically stimulates calcineurin signaling, whereas
the LxxP motif and the PxIXIT motif participate in both stim-
ulatory and inhibitory pathways.

Motifs involved in Renl phosphorylation, ubiquitylation,
and degradation. The TxxP, ExxP, and LxxP motifs of Renl
might be required for phosphorylation by GSK-3, for recognition

by SCF““* and subsequent ubiquitylation, or for degradation by
the proteasome (39). To test this possibility, we overexpressed
Renl and its variants in cnal cna2 double mutants that lack the
catalytic subunits of calcineurin and examined the abundance of
the proteins by Western blotting at different times following the
addition of cycloheximide. Calcineurin-deficient cells were used
in these experiments because calcineurin can stabilize a pool of
Renl in its inactive state (38) and can dephosphorylate the GSK-3
site in its active state (30), thus complicating the analyses. Under
these conditions, Rcnl was unstable during the cycloheximide
chase whereas Renl-S113A was much more stable (Fig. 5), sim-
ilar to what was found in experiments where the proteins were
overexpressed in wild-type cells (39). Renl variants lacking the
TxxP motif, the ExxP motif, or the LxxP motif were similarly
unstable when the GSK-3 phosphorylation site was present and
stable when the GSK-3 phosphorylation site was substituted (Fig.
5). Therefore, we obtained no support for the idea that disrupting
the TxxP, ExxP, or LxxP motif of Renl diminishes phosphoryla-
tion by GSK-3, polyubiquitylation by SCF“*4, or degradation by
the proteasome.
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FIG. 5. Phosphorylation-dependent degradation of Renl mutants.
Epitope-tagged Renl proteins and derivatives lacking the GSK-3 phos-
phorylation site (S113A), TxxP motif (AT), ExxP motif (E/A), PxIXIT-
like motif (P/A), LxxP motif (L/A), RRM domain (ARRM), or SP
domain (ASP), as well as PVIVIT mutants (VIV), were expressed in
strain SM006 (cnal cna2 double knockout mutant) and visualized by
Western blotting after treatment with 100 mM CaCl, for 15 min,
followed by treatment with 100 wM cycloheximide for the indicated
times. WT, wild type.

Substitutions at the PxIxIT-like motif of Renl did not alter
the stabilities of the nonphosphorylatable S113A proteins (Fig.
5, right). Unexpectedly, alanine substitutions that destroyed
the PxIxIT-like motif increased the stability of the phosphor-
ylatable protein, whereas the PVIVIT substitution decreased
the stability of the phosphorylatable protein. These effects can-
not be attributed to differential interactions with calcineurin
and therefore suggest interactions between the PxIXIT motifs
and GSK-3, SCF®I* or some other factor involved in Renl
phosphorylation, ubiquitylation, and degradation. The de-
creased stability of Renl with the PVIVIT substitution appar-
ently did not mitigate its increased potency as a calcineurin
inhibitor. An additional S113A substitution in this variant dra-
matically stabilized the protein and rendered it an even more
potent inhibitor of calcineurin signaling in vivo. These findings
indicate that all of the Renl variants can be phosphorylated by
GSK-3, with the possible exception of the ARRM variant,
which was highly unstable with or without the GSK-3 phos-
phorylation site.

Role for Cdc4 in calcineurin stimulation by Renl. The E3
ubiquitin ligase SCF““°* was shown to bind phospho-Ren1 and
promote its polyubiquitylation and degradation by the protea-
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FIG. 6. Involvement of Cdc4 in stimulation of calcineurin by Renl.
Log-phase cultures of wild-type (WT; K601), rcnl mutant (TKY275),
cdc4-1 mutant (MTY668), and cdc4-1 rcnl double mutant (SM019)
yeast strains bearing the CDRE-lacZ reporter gene were shifted to a
nonpermissive temperature (37°C) (A) or a permissive temperature
(30°C) (B) for 1 hour, incubated at the same temperatures for 4 hours
in medium with or without 100 mM CaCl,, and then assayed for
B-galactosidase activity. Averages for six replicates (* SD) are shown.

some (39). Because calcineurin signaling was lower and Renl
abundance was higher in cdc4-1 mutants at the nonpermissive
temperature than in wild-type cells, it was proposed that
SCF€“** promotes calcineurin signaling by inhibiting the accu-
mulation of inhibitory Renl. However, the authors did not
consider the simpler hypothesis that SCF<?** activates the
stimulatory activity of Renl. The first hypothesis predicts that
calcineurin signaling will increase in cdc4-1 rcnl double mu-
tants relative to that in cdc4-1 single mutants at the nonper-
missive temperature, whereas the alternative hypothesis pre-
dicts that calcineurin signaling levels will be similar in both
cases.

To discriminate the two possibilities, we created a cdc4-1
renl double mutant and compared its ability to induce CDRE-
lacZ to those of isogenic cdc4-1 and rcnl single mutants and
wild-type cells. Calcineurin signaling levels were equivalent in
both cdc4-1 renl double mutants and cdc4-1 single mutants at
the nonpermissive temperature of 37°C (Fig. 6A). At the semi-
permissive temperature of 30°C, calcineurin signaling was in-
creased by the presence of Renl in these same cdc4-1 mutant
strains as well as in wild-type cells (Fig. 6B). These experiments
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are consistent with the hypothesis that SCF©“* is necessary for
the stimulatory activity of Rcnl, but they do not exclude a
special case where Renl would stimulate calcineurin normally
in cdc4-1 mutants but the stimulation would be exactly coun-
terbalanced by increased inhibition due to Renl overaccumu-
lation in the mutant. Arguing against this possibility, Rcnl was
found to underaccumulate in cdc4 mutants at the nonpermis-
sive temperature (39) and it also underaccumulated in mck!
mutants (30). Furthermore, Renl inhibited calcineurin signal-
ing in mckI mutants only after strong overexpression (Fig. 4C).
The simplest interpretation of all these findings is that the
TxxP motif, the ExxP motif, GSK-3, SCF“**, and the protea-
some all act in a common pathway that specifically stimulates
calcineurin signaling. A model where the binding, phosphory-
lation, and degradation of Renl are necessary for calcineurin
reactivation is discussed more fully below.

Divergent RCANs in yeasts. In the same overexpression
screen used to identify RCNI, a second uncharacterized gene
(YOR220w) was isolated (38). Because of several functional
and structural similarities to Renl and other RCANS, we have
renamed this gene product Ren2. BLAST searches revealed
homologs of Rcn2 in 22 other Hemiascomycetes (budding
yeasts) but no obvious similarity to RCANs or other proteins in
other species. Iterative PSI-BLAST searches of protein se-
quence databanks and PHYRE searches of protein structure
databanks (4, 9) both identified the RRM domain of canonical
RCAN:S as the best hit (data not shown). To study the evolu-
tionary origin of the Ren2 family of proteins, a multiple-se-
quence alignment of all Rcn2 and Rcenl homologs was
generated using CLUSTAL W (74) and analyzed by the neigh-
bor-joining method (see Materials and Methods). The result-
ing phylogenetic tree is consistent with the view that Rcn2
arose via duplication of Rcenl in an ancestral species of yeast
and then rapidly diverged into its present forms in the various
modern yeasts (Fig. 7).

Multiple-sequence alignment of 24 Ren2 orthologs (see Fig.
S2 in the supplemental material) revealed weak conservation
within the putative RRM domains located at their N termini.
At their C termini, a strongly conserved P[ST|IT[IVL]N se-
quence matched the consensus sequence for PxIxIT-like motifs
([PGIX[IV]x[IVL][EDNHT]) derived from canonical RCANS.
PPKSPSITVNEFFH, a synthetic peptide derived from the C
terminus of yeast Rcn2, was able to compete with the PVIVIT
peptide for binding to human calcineurin ~40-fold more ef-
fectively than the corresponding peptide from yeast Renl (Fig.
1C). As with Renl, truncation or substitution mutations that
removed or destroyed the PxIxIT-like motif of Ren2 abolished
its ability to inhibit calcineurin signaling, and conversion to
PVIVIT enhanced its ability to inhibit calcineurin signaling
(Fig. 8A). Also as with Renl, an N-terminal truncation for
removal of the RRM domain of Ren2 had no effect on inhib-
itory activity (Fig. 8A).

All the Ren2 orthologs lack the C-terminal TxxP motif of
canonical RCANs that was required for calcineurin stimula-
tion. The SP domain of canonical RCANs appears to have
degenerated in Ren2 and its orthologs, as no conserved LxxP
motif, GSK-3 phosphorylation site, or ExxP motif could be
identified. Nevertheless, Ren2 can be phosphorylated in vivo at
two serine residues within the degenerated SP domain (22). To
test if Ren2 retains any ability to stimulate calcineurin, CDRE-
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lacZ expression in rcn2 knockout strains with and without ren!
knockout mutations was monitored. Ren2 failed to alter the
calcineurin-dependent induction of CDRE-lacZ in these exper-
iments (Fig. 8C). Additionally, expression of Ren2 at a variety
of different levels from the methionine-repressible promoter
(Fig. 2C) failed to stimulate calcineurin signaling in rcn2 mu-
tants or renl ren2 double mutants (Fig. 8D). The loss of Ren2
also had no effect on the growth of pmcI mutants and rcnl
pmcl double mutants in high-calcium-concentration environ-
ments (data not shown). Therefore, Ren2 lacked the ability to
stimulate calcineurin signaling but appeared to retain an ability
to compete with other substrates when overexpressed.

DNA microarray experiments showed that expression of the
RCN2 genes in S. cerevisiae (30, 81) and C. albicans (37) was
strongly induced by Ca®*-, calcineurin-, and Crzl-dependent
processes. To confirm that calcineurin signaling regulates Ren2
protein levels, a PCR fragment encoding a triple-HA epitope
tag was integrated at the 3’ end of the chromosomal RCN2
gene and the product was examined by Western blotting under
a variety of conditions. In wild-type cells, the tagged Rcn2
protein migrated as three discrete bands, corresponding to
molecular masses of approximately 44 kDa, 38 kDa, and 36
kDa (Fig. 8B). Incubation in a high-calcium-concentration en-
vironment strongly induced all three bands in wild-type cells
(Fig. 2C and 8B), but this effect was completely absent in
mutants lacking calmodulin, calcineurin, or Crz1 (Fig. 8B). In
the mutant strains, the intensity and mobility of each band was
unaffected by the presence or absence of calcium, suggesting
little or no modification by calcineurin or other calcium-de-
pendent enzymes. Interestingly, the loss of either A or B sub-
units of calcineurin resulted in a selective loss of the fastest-
migrating band, independent of calcium and calmodulin (Fig.
8B). A similar effect was noted previously for Renl (38). The
simplest model for explaining these phenomena is one where
inactive calcineurin A/B heterodimers bind and stabilize a pool
of Ren2 molecules under nonsignaling conditions and acti-
vated calcineurin induces Ren2 accumulation, which might in-
terfere with the docking of substrates onto calcineurin, as well
as having other, unknown consequences.

Human RCANI1 function in yeast. Previous studies have
demonstrated that human RCANI can stimulate calcineurin
signaling in yeast by a process that depends on GSK-3 and the
GSK-3 phosphorylation site (serine-108 of RCAN1) (30). A
structure-function analysis similar to the one described above
for Renl was performed on RCANI to determine if the two
proteins operate by similar mechanisms. As with Rcnl, we
found that a truncation removing the RRM domain of RCAN1
had no effect on stimulatory activity but that a truncation
removing the TxxP motif abolished the stimulatory activity
(Fig. 9A). Similarly, alanine substitutions in the ExxP motif,
the LxxP motif, or the PxIxIT-like motif of RCANI1 also re-
sulted in the loss of stimulatory activity (Fig. 9B). Therefore,
human RCANT largely employs the same conserved motifs as
yeast Renl to stimulate calcineurin signaling.

Similar to Renl1-S113A, the RCAN1-S108A mutant inhib-
ited calcineurin signaling even at low levels of expression, and
this effect depended on the PxIxIT-like motif and the RRM
domain but not the TxxP motif (Fig. 10A). Wild-type RCAN1
expressed at low levels also exhibited a low but detectable level
of inhibitory activity that depended on the RRM domain (Fig.
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FIG. 7. Evolutionary relationship of canonical and noncanonical RCANs. A multiple-sequence alignment of Rcn2, Renl, RCAN1 and
homologs in fungi and animals was generated using CLUSTALW and analyzed using the neighbor-joining method (see Materials and Methods).
The resulting phylogenetic tree supports the hypothesis that Ren2s (red box) arose from the duplication of Renl in an ancestor of budding yeasts
and subsequently diverged. Orange, yellow, green, and blue boxes depict the average sequence distances of canonical RCANSs from budding yeasts

(orange box), filamentous fungi and fission yeasts (yellow box), nonascomycetes fungi (green box), and animals (blue box), relative to the level for
the hypothetical ancestral RCAN.
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with or without 100 mM CaCl, added. WT, wild type. (C and D) Calcineurin signaling is not stimulated by yeast Rcn2. (C) Expression of the
CDRE-lacZ reporter gene in wild-type, renl (RBY255), ren2 (RBY19), and renl ren2 (RBY257) knockout mutant strains was measured after 4
hours of growth in medium containing or lacking 100 mM CacCl, and 0.3 pM FK506, as indicated. Bars show the averages for three replicates (*
SD). (D) Expression of the CDRE-lacZ reporter gene in strain SM005 (rcnl ren2 vexl triple knockout mutant) bearing Renl and Ren2 expression
plasmids was measured after 4 hours of growth in medium containing 100 mM CaCl, and various concentrations of L-methionine as described in

the legend to Fig. 4.

10B). Therefore, the RRM domain may stabilize RCANI,
similar to its role in Rcenl. With this in mind, the truncated
RCANI1 and RCANI1-S108A proteins lacking their RRM do-
mains still inhibited calcineurin signaling, similar to the trun-
cated Renl and Ren2 proteins (Fig. 10). The inhibitory activ-
ities of RCANI1-S108A and RCAN1 were blocked by
substitutions that destroyed the PxIxIT-like motif (Fig. 10).
However, substitutions that destroyed the LxxP motif had little
or no effect on inhibitory activity in either case. The higher
affinity of the PxIxIT-like motif in RCANT1 (Fig. 2) may obviate
the LxxP motif in inhibitory interactions with calcineurin. Con-
sistent with this view, replacing the PxIxIT-like motif with the
very-high-affinity PVIVIT sequence did not detectably increase
inhibitory activity under these conditions. In summary, human
RCANTI1 appeared to stimulate and inhibit calcineurin signal-
ing in yeast in much the same way as Renl. Therefore, canon-
ical RCANs may also function in humans primarily as stimu-
lators of calcineurin signaling and secondarily as inhibitors of
calcineurin signaling.

DISCUSSION

Inhibition of calcineurin by RCANs. The structure-function
experiments described above indicate that overexpressed
RCAN:S inhibit signaling by docking onto calcineurin and in-
terfering with the docking of other substrates. After RCAN
sequences from many fungal and animal species were aligned,
a conserved motif that resembled the PxIXIT motifs of NFAT,
Crzl, and other substrates of calcineurin was found (5, 11, 20,
28, 63). Synthetic peptides from Renl and RCANI containing
these PxIxIT-like motifs can bind the substrate-docking cleft
on the surface of calcineurin. Mutations known to increase and
decrease the affinity of PxIXIT motifs for calcineurin were
found to increase and decrease the inhibition of calcineurin
signaling in yeast when introduced into Renl or RCANI.
Therefore, overexpressed RCANs likely compete with other
substrates that utilize PxIXIT motifs for productive binding to
calcineurin.

Truncation analysis showed that the PxIxIT-like motifs of
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Renl and RCAN1 were not sufficient to inhibit calcineurin
signaling in yeast at the levels of expression achieved and that
the SP domain was also required. Within this domain, a con-
served LxxP motif also proved necessary for the inhibitory
effects of even the full-length proteins, except when the PxIxIT-
like motif of Renl or RCANI1 was mutated to have higher
affinity for calcineurin. A peptide containing the LxxP motif of
RCANI (residues 95 to 118) was able to inhibit both the RII
phosphatase and the pNP phosphatase activities of calcineurin
(H. Li and P. G. Hogan, unpublished), whereas a smaller
peptide lacking this motif (residues 103 to 120) could inhibit
the former activity but not the latter (27). Therefore, the LxxP
motif may interact with the active site in this context. Interest-
ingly, peptides containing an LxVP motif derived from NFAT
proteins have been shown to bind an unknown site on cal-
cineurin and inhibit its RII phosphatase activity and to inhibit
calcineurin signaling when overexpressed in cultured cells (45,
51, 57). It is not yet clear whether LxVP motifs are important
for NFAT recognition or docking by calcineurin. The LxxP
motifs of Renl and RCAN1 seemed to be important for both
stimulatory and inhibitory effects on calcineurin signaling in
yeast, so they may function in conjunction with the PxIxIT-like
motifs at an early step in the interaction with calcineurin.
Truncations that eliminate both the RRM and the SP do-
mains were sometimes inhibitory when overexpressed in mam-
malian cell lines (8, 12, 15, 25, 61, 76) though not when over-
expressed in yeast. Several factors may contribute to this
difference. First, the truncated proteins may be better ex-
pressed in mammalian cells than in yeast. Truncated Renl was
expressed at lower levels in yeast than in other derivatives due
to the apparent acquisition of a degron that did not depend on
the GSK-3 phosphorylation site. Second, the PxIxIT-like motif
of RCAN1 may bind more tightly to human calcineurin than to
yeast calcineurin. The dissociation constant measured for a
synthetic peptide containing the PVIVIT motif was approxi-
mately fourfold higher with yeast calcineurin than with human
calcineurin (5, 11, 20, 28, 63). Third, the calcineurin-RCAN
interactions in mammals may involve additional sites of inter-
action that are not present in yeast. In support of this view, a
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FIG. 10. Calcineurin inhibition by human RCANI. The growth of strain DDY156 (pmcI crz1 double knockout mutant) expressing low and high
levels of nonphosphorylatable human RCAN1-S108A (A) and wild-type human RCANT1 (B) and their derivatives on high-calcium-concentration

medium is shown as in Fig. 3.
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C-terminal fragment of RCANI (residues 141 to 197) contain-
ing the PxIxIT-like motif and the TxxP motif could competi-
tively inhibit the pNP phosphatase activity of recombinant cal-
cineurin (12) whereas the PxIxIT-like motif alone could not
(residues 150 to 163; H. Li and P. G. Hogan, unpublished). The
conserved TxxP motif (residues 186 to 189) or a poorly con-
served ELHA motif (residues 143 to 155) (8) may contribute to
these in vitro effects. More work will be necessary to identify all
the motifs in RCANSs that make contacts with calcineurin.

Several hypotheses have been proposed to explain how
phosphorylation of RCANs by GSK-3 might mitigate their
inhibitory effects on calcineurin signaling. Phospho-RCANs
may possess decreased binding affinity for calcineurin, dimin-
ished stability and expression, or some combination of these or
other attributes (1, 26, 30, 39, 76). Interestingly, the inhibitory
activities of RCANSs in yeast did not correlate well with expres-
sion. The S-to-A substitutions at the GSK-3 phosphorylation
site strongly increased the potency of full-length and ATxxP
RCAN:Ss, while only mildly increasing stability and expression
(Fig. 3 and 10). The unstable and poorly expressed ARRM
RCANSs were not detectably modulated by the S-to-A substi-
tution, suggesting that the RRM domain plays a role in the
inhibitory effects of nonphosphorylatable RCANs that goes
beyond its role in stabilizing the proteins. Indeed, the isolated
RRM domain of human RCANT1 interacted with calcineurin
and inhibited its signaling in a mammalian cell line (76),
though this behavior was not observed in other situations (8).
The nonphosphorylatable RCANs may possess a novel manner
of interaction with calcineurin, because they were more inhib-
itory than wild-type RCANS, even in GSK-3-deficient mutants
(Fig. 4) where both proteins are stabilized (39). The finding
that S-to-A RCANS require functional LxxP motifs and PxIXIT-
like motifs for high potency inhibition is consistent with the
view that the nonphosphorylatable RCANs engage calcineurin
quite normally, perhaps as part of the normal cycle of
calcineurin stimulation, but fail to disengage and thereby seq
uester calcineurin from all its signaling roles. Despite the
unresolved status of these possibilities, the dramatically incre
ased inhibitory activity and stability of S-to-A RCANS, coupled
with higher affinity PVIVIT substitutions, may prove useful in
gene therapies for limiting calcineurin signaling under condi-
tions such as cardiac hypertrophy (62).

Stimulation of calcineurin by RCANs. Previous studies
showed that the GSK-3 protein kinase Mck1, the E3 ubiquitin
ligase SCF©“*, and the proteasome were all required for max-
imal calcineurin signaling in yeast and that their contributions
were not additive, suggesting that they function interdepen-
dently in a common regulatory pathway (39). GSK-3 phosphor-
ylates a site in Renl that is conserved in all canonical RCANs
(30), and this modification was later shown to produce a bind-
ing site for Cdc4, which triggers polyubiquitylation and degra-
dation by the proteasome (39). Because residual calcineurin
signaling levels were similar in mckl cdc4-1 double mutants
and the single mutants, potentially redundant protein kinases,
ubiquitin ligases, and proteases seem to be insignificant under
the conditions used. However, unexpected side effects of mck1
and cdc4-1 mutations on this system have not been ruled out.
The idea that Renl overaccumulates in mck! and cdc4 mutants
and directly interferes with calcineurin signaling is inconsistent
with earlier experimental data showing that Renl levels are
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lower in mckl and cdc4 mutants than in wild-type yeast cells
under both nonsignaling and signaling conditions (30, 39). Also
inconsistent with this idea are the observations that the com-
plete loss of Renl did not increase calcineurin signaling in
either mckl mutants (30) or cdc4-1 mutants (Fig. 6) and that
strong overexpression of Renl was necessary to inhibit cal-
cineurin signaling in mckl mutants (Fig. 4). Therefore, the
idea that GSK-3 and SCF““* limit the inhibitory effects of
Renl on calcineurin in vivo currently has little experimental
support. On the other hand, all these findings are compatible
with the model in which GSK-3, SCF““*4, and the proteasome
increase calcineurin signaling by increasing a stimulatory ac-
tivity of Renl.

Renl and other RCANSs may stimulate calcineurin signaling
through a variety of mechanisms. For instance, phospho-
RCANI can bind 14-3-3 proteins (1) and potentially diminish
a buffering effect of 14-3-3 proteins on phospho-NFAT (16,
44). Several findings reported here argue against a similar
mechanism in yeast. First, the structure-function analysis of
Renl is difficult to reconcile with this model. Many derivatives
of Renl that lacked inhibitory and/or stimulatory functions
were efficiently phosphorylated by GSK-3, so they apparently
altered calcineurin signaling independent of the potential in-
teraction with 14-3-3 proteins. The 14-3-3 titration mechanism
also incorrectly predicts the roles of SCF““* and the protea-
some as inhibitors of calcineurin signaling. Several other pos-
sible mechanisms of calcineurin stimulation by Renl, such as
enzyme allostery and enzyme-substrate scaffolding, are also
difficult to reconcile with the requirement for Renl proteolysis.
The findings that a low expression level of Renl stimulates
calcineurin signaling in a docking-dependent and proteolysis-
dependent fashion strongly suggest that calcineurin signaling
somehow benefits from a transient interaction with Renl.

Another mechanism that seems compatible with both the
binding and the degradation requirements is one where
RCANSs function as suicidal molecular chaperones that some-
how activate or reactivate calcineurin but require phosphory-
lation, polyubiquitylation, and degradation to release a fully
functional enzyme that is capable of productive interactions
with substrates. A similar model was proposed previously for
the related type-1 protein phosphatase (PP1) and its regulator
known as inhibitor-2 (I-2). In that case, recombinant PP1 was
converted to a native-like enzyme after recombinant I-2 was
bound, phosphorylated in vitro by GSK-3, and degraded with
exogenous proteases (3). Structure-function studies and a re-
cent X-ray crystal structure of I-2-PP1 complexes have sug-
gested that multiple segments of I-2 make independent con-
tacts on the surface of PP1 (see reference 35 and references
therein). Remarkably, one conserved motif of I-2 bound to the
substrate-docking cleft of PP1 that is homologous to the PxIx
IT-binding cleft of calcineurin. Another conserved motif inter-
acted with the active site of PP1, but the GSK-3 phosphoryla-
tion site was not located near the active site. Though I-2s and
RCANSs exhibit no obvious sequence or structural similarity,
they both may interact transiently with their respective
“clients” in vivo and promote the acquisition of higher activity
states through transient intermediates where the client enzyme
is sequestered.

Our structure-function analysis of yeast and human RCANs
revealed several conserved motifs that were necessary for stim-
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ulation of calcineurin signaling in yeast. The PxIxIT-like motif
and the LxxP motif within the SP domain appeared to be very
important for stimulation at low expression levels, in addition
to their important roles in inhibition at high expression levels.
Interestingly, the ExxP motif within the SP domains and the
TxxP motif near the C termini were not necessary for cal-
cineurin inhibition, but they functioned in the same pathway as
GSK-3 for calcineurin stimulation. None of these stimulatory
motifs appeared to be necessary for efficient phosphorylation
by GSK-3 and subsequent degradation in the absence of cal-
cineurin (Fig. 5), which rules out one possible model of their
function. Another possibility is that the TxxP motif promotes
signaling by interacting with another site on calcineurin. A
38-residue fragment of RCANI containing the TxxP motif
without the PxIxIT-like motif (residues 160 to 197) was able to
bind calcineurin without inhibiting its signaling when overex-
pressed in a mammalian cell line (8). Other studies also suggest
that the TxxP motif may interact directly with calcineurin (12).
The ability of endogenous RCANs to stimulate calcineurin
signaling in yeast and mammals (68) may therefore involve
multisite interactions similar to that of I-2 and PP1, though the
precise modifications of PP1 and calcineurin promoted by I-2
and RCANSs have not been elucidated.

Evidence from neurons suggests that calcineurin may nor-
mally undergo activity-dependent inactivation (10). Though
that phenomenon is not yet understood, it is possible that
RCANES facilitate reactivation of the enzyme during prolonged
signaling events, such as those employed as described above.
Cells may induce RCAN expression in response to calcineurin
signaling in order to avoid consumption by the intrinsic phos-
phorylation-degradation system. The dual phosphorylation of
RCANs by GSK-3 and priming kinases that act on a nearby site
may link calcineurin function to protein kinase signaling net-
works (1). Phosphorylation of RCANs may also couple con-
formational changes to an energy source to help drive modi-
fications of calcineurin. Evidence from yeast suggests that
HSP90-type molecular chaperones may also contribute to cal-
cineurin recycling or biogenesis under similar conditions (36),
though another study found no role for HSP90 in other cal-
cineurin-dependent processes (21). Finally, mathematical
modeling of the calcineurin-RCAN signaling network in car-
diac myocytes was consistent with experimental observations
only when it was assumed that RCANSs increase calcineurin
abundance or activity twofold or more (71). Calcineurin abun-
dance in yeast was not affected by the complete loss of Renl
(38), and calcineurin abundance in mouse heart, muscle, thy-
mus, and brain was unaltered by the loss of RCAN1 (32, 59,
75) or the further loss of RCAN2 (68). Taken together, these
findings indicate a potential need for calcineurin chaperones
that could be fulfilled, at least in part, by RCANS.

The ability of RCANS to stimulate calcineurin signaling may
not be universal to all cell types or species. For example,
RCAN deficiencies in a fruit fly and a nematode did not pro-
duce calcineurin-deficient phenotypes and instead resulted in
animals with calcineurin-enhanced phenotypes in certain be-
havioral assays (14, 34, 42, 73). In Drosophila melanogaster, the
RCAN ortholog was targeted to mitochondria, where it altered
a variety of mitochondrial functions independent of cal-
cineurin-interacting motifs (13). In mouse, the loss of RCANI1
increased calcineurin signaling in T lymphocytes and endothe-
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lial cells (65, 66). However, the simultaneous loss of RCAN1
and RCAN2 in mouse decreased calcineurin signaling in T
lymphocytes and many other cell types (68). In mammals,
where RCANs are expressed from three alternatively spliced
genes and where GSK-3 can be strongly inhibited by upstream
regulators, RCANs may also sequester calcineurin at interme-
diate stages of stimulation or interfere with the binding of
other substrates in certain cell types. Additional work may
reveal new functions of RCANs that may or may not depend
on calcineurin.

Evolution of RCANs and the noncanonical RCANSs in yeasts.
By use of PSI-BLAST and other approaches, RCAN orthologs
can be found in the genomes of all animals and fungi except for
Encephalitozoon cuniculi, which also lacks calcineurin or-
thologs. Most vertebrates, including humans, possess three
RCANSs that appear to have originated from ancestral gene
duplications. As mentioned earlier, RCANs from several
yeasts and Dictyostelium discoideum appear to be truncated
after the PxIxIT-like motif and therefore lack the otherwise
well-conserved TxxP motif. These natural truncations reflect
several independent evolutionary events, which might alter
their abilities to stimulate calcineurin signaling.

Surprisingly, we identified a noncanonical RCAN from Sac-
charomyces cerevisiae in a genetic screen for overexpressed
factors that inhibit calcineurin signaling. Though lacking the
TxxP motif and containing a highly diverged SP domain, Rcn2
and its orthologs in other budding yeasts retained the RRM
domain and a functional PxIxIT-like motif. As expected from
our structure-function studies of canonical RCANs, Rcn2 was
shown to lack detectable stimulatory activity and to inhibit
calcineurin signaling when overexpressed. A phylogenetic tree
suggests that Rcn2s may have originated from a gene duplica-
tion event in an ancestral species of yeast, followed by rapid
subfunctionalization or neofunctionalization in descendant
species. After a whole-genome duplication event ~100 million
years ago (79), most descendant species lost the duplicates of
Renl and Ren2, though one species, Kluyveromyces polysporus,
retained both Ren2 paralogs, one of which became extremely
diverged in sequence (69). Because calcineurin-dependent in-
duction of Ren2s has been observed in both Saccharomyces
cerevisiae (Fig. 5B) and Candida albicans (37), the noncanoni-
cal RCANs may simply serve as competitive feedback inhibi-
tors or effectors of calcineurin signaling.

In summary, the findings reported here suggest that canon-
ical RCANSs primarily stimulate calcineurin signaling and sec-
ondarily interfere with the interactions between calcineurin
and other substrates and with its enzymatic activity. Derivatives
of RCANSs that trap calcineurin during the stimulatory cycle
may be significantly more potent as calcineurin inhibitors. A
better understanding of how RCANSs regulate calcineurin may
be useful for development of tissue-specific inhibitors and ac-
tivators of calcineurin signaling in pathological conditions.
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ADDENDUM IN PROOF

While this article was in press, several of its conclusions were con-

firmed in two new articles. Mulero et al. (J. Biol. Chem. 284:9394—
9401, 2009) confirmed that synthetic peptides spanning the PxIxIT-like
motifs of human RCAN1 and RCAN3 directly bind to the PVIVIT-
binding site of calcineurin and not the LxxP-binding site. Additionally,
Rodriguez et. al. (Mol. Cell 33:616-626, 2009) identified a distinct site
on calcineurin that binds either the LxxP-containing peptides of hu-
man NFAT and yeast Renl or FK506/FKBP-12 complexes, but not
simultaneously to both. The earlier finding that FK506 destabilized
Renl in nonsignalling yeast cells (38) can now be explained by com-
petition between FK506/FKBP-12 complexes and Renl for the same
(LxxP-binding) site.
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