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Summary

To define the first functional network for calcineurin, the conserved Ca2+/calmodulin-regulated

phosphatase, we systematically identified its substrates in S. cerevisiae using phosphoproteomics

and bioinformatics, followed by co-purification and dephosphorylation assays. This study

establishes new calcineurin functions and reveals mechanisms that shape calcineurin network

evolution. Analyses of closely related yeasts show that many proteins were recently recruited to

the network by acquiring a calcineurin-recognition motif. Calcineurin substrates in yeast and

mammals are distinct due to network rewiring but surprisingly are phosphorylated by similar

kinases. We postulate that co-recognition of conserved substrate features, including

phosphorylation and docking motifs, preserves calcineurin-kinase opposition during evolution.

One example we document is a composite docking site that confers substrate recognition by both

calcineurin and MAPK. We propose that conserved kinase-phosphatase pairs define the

architecture of signaling networks and allow other connections between kinases and phosphatases

to develop and establish common regulatory motifs in signaling networks.
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Introduction

Cells respond to environmental changes through a complex network of regulatory circuits

that often rely on the modulation of protein phosphorylation. Although the kinase and

phosphatase cornerstones of these networks are highly conserved, the cues to which they

respond and the targets they modulate change dramatically during evolution to

accommodate new regulatory responses (Bhattacharyya et al., 2006; Moses and Landry,

2010; Sun et al., 2012). Elucidation of kinase signaling pathways and their rewiring has been

greatly aided by global identification of kinase substrates, primarily through large-scale

phosphoproteomic studies (Roux and Thibault, 2013). Because protein kinases

phosphorylate characteristic motifs, their substrates can be predicted to some extent based

on sequences surrounding the phosphorylated residue (Dinkel et al., 2012).

In contrast, less is known about phosphatase signaling due to challenges inherent to

identification of their substrates (Bodenmiller et al., 2010; Breitkreutz et al., 2010; Fiedler et

al., 2009; Hendrickx et al., 2009). First, phosphatases exhibit limited preference for the

amino acids flanking a dephosphorylated residue; hence phosphorylation site sequences

cannot be used to predict their targets (Li et al., 2013). Second, phosphatase substrates must

be appropriately phosphorylated before dephosphorylation events can be detected.

Consequently, both in vivo and in vitro analyses of phosphatase activity are dependent upon

the activity of kinases that phosphorylate specific residues on the targets. We overcame

these hurdles and developed a novel, systematic strategy to identify substrates of calcineurin

(CN), the Ca2+/calmodulin-dependent protein phosphatase. These studies uncovered new

functions for CN in the model organism Saccharomyces cerevisiae and yielded surprising

insights into the evolution of signaling networks.

CN is highly conserved, but regulates distinct processes in fungi and mammals. In

mammals, CN dephosphorylates and activates the NFAT family of transcription factors

during T-cell activation, cardiac hypertrophy, and development, and CN inhibitors are in

wide clinical use as immunosuppressants (Safa et al., 2013). CN substrates also include

components of synaptic vesicle endocytosis, ion channels, cytoskeletal and cell cycle

regulators, and modulators that promote crosstalk between Ca2+/CN and other signaling

pathways. CN is highly abundant in the brain, where it regulates synaptic plasticity, and its

misregulation is associated with Alzheimer's and Huntington's diseases, cancer, Down's

syndrome, and schizophrenia (Cyert and Roy, 2013). In S. cerevisiae and other fungi, CN

regulates a stress response that is essential for survival during a variety of stringent

environmental conditions, including survival in a host for human fungal pathogens

(Steinbach et al., 2007). A handful of CN substrates have been identified in yeast, including

the CN-activated transcription factor, Crz1, and proteins that function in sphingolipid

biosynthesis, protein trafficking and calcium homeostasis (reviewed in (Cyert and Philpott,

2013). To date, the CN regulator Rcn1/RCAN1 is the only orthologous CN substrate

identified in both yeast and mammals (Kingsbury and Cunningham, 2000), suggesting that

turnover in CN targets has allowed functional divergence of the enzyme in fungal and

animal lineages.
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CN, a heterodimer of a regulatory (CNB) and a catalytic (CNA) subunit, is activated when

Ca2+/calmodulin binds to CNA and disrupts an autoinhibitory domain – active site

interaction (Cyert and Roy, 2013). Like other phosphatases, CN is highly selective for its

targets but dephosphorylates sites with little sequence similarity (Donella-Deana et al., 1994;

Li et al., 2013). Instead, CN primarily recognizes short, degenerate docking motifs, PxIxIT

and LxVP, in its substrates that are distinct from sites of dephosphorylation (Roy and Cyert,

2009). Substrate engagement via these sites is critical for dephosphorylation and small

molecules, FK506 and cyclosporine A, and the viral A238L protein effectively inhibit CN

by preventing substrate binding rather than occluding the CN active site (Grigoriu et al.,

2013; Rodriguez et al., 2009). During dephosphorylation, PxIxIT and LxVP motifs serve

different functions: PxIxIT sites tether substrates to CN by extending a β-sheet in CNA (Li

et al., 2007) and increase local substrate concentration, but are not essential for

dephosphorylation (Aramburu et al., 1998; Aramburu et al., 1999). PxIxIT–CN interactions

are low-affinity (15-250 μM), and changing this affinity alters the Ca2+-dependence of

substrate dephosphorylation in vivo (Roy et al., 2007). LxVP sites are thought to orient

substrates during dephosphorylation (Grigoriu et al., 2013; Roy and Cyert, 2009). Both

PxIxIT and LxVP motifs are difficult to identify due to degeneracy in their sequences and

variable orientation and spacing relative to each other and sites of dephosphorylation. Thus,

developing algorithms that effectively identify these sequences would greatly facilitate de

novo identification of CN substrates.

There is growing appreciation for the importance of docking sequences and other short

linear motifs (SLiMs), typically located in rapidly evolving, disordered protein domains, for

determining both selectivity and modularity in signaling networks (Bhaduri and Pryciak,

2011; Davey et al., 2012; Won et al., 2011). Docking motifs mediate interaction of some

kinases with substrates and regulators, and facilitate rewiring of these signaling pathways

through their gain and loss (Bhattacharyya et al., 2006). In this study, we systematically

identify CN substrates in yeast and show that gain and loss of PxIxIT docking sites drives

evolutionary change in CN targets. We also demonstrate that a conserved group of protein

kinases regulate CN substrates in fungi and mammals despite divergence in target identity.

CN-kinase opposition may be preserved through recognition of phosphorylation site motifs

and/or docking sites in substrates by both regulators, and contribute to the evolution of direct

regulatory connections between kinases and phosphatases, which ultimately establish feed

forward circuits and other common network regulatory motifs.

Results and Discussion

Strategy for identification of CN substrates

We developed a workflow to identify substrates for CN in the budding yeast S. cerevisiae by

integrating in vivo, in silico, and in vitro analyses (Figure 1A). High confidence candidates

were selected from the yeast proteome based on two criteria: 1) hyperphosphorylation in the

absence of CN activity in vivo and 2) presence of putative PxIxIT docking sites based on

sequence analysis in silico. Physical interaction with CN in vivo was assessed for each

candidate to verify the presence of a CN docking site, and specific PxIxIT interaction was
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confirmed in some cases. Finally, direct dephosphorylation by CN in vitro established

substrates among the interacting proteins.

Characterization of the CN-dependent phosphoproteome

CN-dependent dephosphorylation events were identified by analyzing phosphorylated

peptides in extracts of CN-deficient and CN-proficient yeast using quantitative, label-free

mass spectrometry (refer to Experimental Procedures, Table S1). Strains chronically devoid

of CN through deletion of the catalytic or regulatory subunits (cna1Δ cna2Δ and cnb1Δ,

respectively) (Cyert and Philpott, 2013) were compared to WT and changes in WT cells

induced by acute inactivation of CN with FK506 were also studied. Ca2+/CN signaling was

activated in all cases with extracellular CaCl2 treatment.

In total, these three screens identified approximately 25% of yeast proteins as being

phosphorylated; 4524 distinct phosphorylated peptides from 1350 proteins were detected in

triplicate (4.8% FDR, Table S1). 660 phosphorylated peptides were significantly more

abundant in extracts of CN-proficient cells, representing signaling events that CN impacts

indirectly, e.g. by directly or indirectly activating kinases or inhibiting other phosphatases.

More importantly, 699 phosphorylated peptides, representing 387 proteins, were

significantly more abundant in a CN-deficient extract (Figure 1B, Figure S1A). Many of the

same phosphorylated peptides were enriched in cna1Δ cna2Δ and cnb1Δ extracts, while

phosphorylated peptides enriched in extracts of FK506-treated cells were largely distinct –

perhaps due to differences between acute and chronic inactivation of CN (Figure 1B). This

group of peptides represented many established CN substrates, including Crz1, Hph1, Rcn1,

Slm1, and Aly1 (Figure 1B, Table S1) (Cyert and Philpott, 2013; O'Donnell et al., 2013).

We used a second criterion to identify CN substrates more selectively by reasoning that

most substrates would also contain a PxIxIT sequence. All previously characterized yeast

substrates contain this docking motif, and a Cna1 mutant defective for PxIxIT binding fails

to function in vivo (Roy et al., 2007). Therefore, we next determined which candidates also

contained a putative PxIxIT site.

In silico identification of PxIxIT motifs

A consensus PxIxIT motif was derived by aligning 18 verified PxIxIT sites. The consensus

excludes Pro and Gly, which may disrupt the extended conformation required for PxIxIT

binding, from the degenerate 2nd and 4th positions, and accepts any hydrophilic residue in

the sixth position (Figure 1C) (Bodmer et al., 2011; Minor and Kim, 1994; O'Donnell et al.,

2013; Roy and Cyert, 2009). Like other SLiMs, PxIxIT sites must be surface accessible to

mediate interaction with CN (Davey et al., 2012). Therefore, we identified PxIxIT sequences

in the yeast proteome that were excluded from predicted globular and transmembrane

domains, which distinguished many bona fide PxIxIT sites from other consensus matches

(Table S2). Overall, 6% of yeast proteins (363/6000) contained one or more accessible

PxIxIT sites (Table S2); however, 65 of 387 proteins with phosphorylated peptides that were

more abundant in a CN-deficient extract contained these motifs (Figure 1D). This ~3-fold

enrichment (17% vs. 6%) suggests that the presence of a PxIxIT motif has predictive power

for identifying CN substrates. These 65 proteins, which include known CN substrates (Crz1,

Aly1, Rcn1, Slm1) and interactors (Rcn2) (Mehta et al., 2009), were further analyzed.
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Co-purification with CN in vivo

PxIxIT-mediated CN-substrate interactions are low-affinity. Therefore, to increase the

sensitivity of our protein-interaction assay, GST fusions of each candidate substrate were

expressed from a strong promoter in yeast that contained endogenously tagged catalytic

subunit isoforms, Cna1 (Cna1-GFP) and Cna2 (Cna2-S-ZZ), and examined for co-

purification with CN. Both isoforms co-purified with known CN substrates and interacting

candidates but not with GST alone (Figure 2A). 33 of 42 candidates tested co-purified with

one or both CNA isoforms (Figure 2A-B), 29 of which were newly identified as CN-

interacting proteins (Table S3).

Direct dephosphorylation by CN in vitro identifies 15 new substrates

Finally, candidates were tested in vitro for their ability to be directly dephosphorylated by

CN. Since phosphorylating kinases for these proteins were unknown, each protein was

isolated from yeast extracts and hyperphosphorylated using co-purifying kinases prior to

treatment with CN. 18 proteins, including established substrates, were significantly

dephosphorylated by CN in vitro (Figure 3A) with many demonstrating a CN-dependent

change in electrophoretic mobility (Figure 3B). However, the magnitude of

dephosphorylation varied from 13-88%, reflecting differences either in the proportion of

total phosphorylated residues that were susceptible to CN, and/or the extent to which CN-

dependent sites on each substrate was dephosphorylated. Six proteins, including Rcn2, were

not dephosphorylated by CN (non-substrates in Table S3), and nine others could not be

tested due to insufficient incorporation of phosphate prior to incubation with CN (Table S3).

To confirm that PxIxIT docking was required for dephosphorylation of these new substrates,

PVIVIT, a high affinity inhibitor of PxIxIT-mediated binding to CN, was included during

dephosphorylation of a subset of candidates (Aramburu et al., 1999). Addition of this

inhibitor attenuated CN-dependent dephosphorylation of Crz1, which has a verified PxIxIT

site, as well as newly identified substrates Ubx7, Rod1, and Tda1 (Figure 3C-D, Figure S1)

(Roy and Cyert, 2009). Thus, as predicted, these substrates require PxIxIT docking for

dephosphorylation by CN.

These experiments identified 15 new CN substrates, more than doubling those identified

previously (Figure 4A). The remaining novel CN-interacting proteins may represent

regulators, scaffolds, or substrates that were not appropriately phosphorylated in vitro prior

to their dephosphorylation (Figure 4A, Table S3 and references therein). Together, these 39

proteins establish the yeast CN signaling network, and represent the most comprehensive

collection of CN-related signaling components yet identified.

Signaling network reveals new functions for CN

The CN signaling network is highly connected, (Figure S2) and enriched for several gene

ontology categories, which surprisingly implicate CN in cell polarity – a function that has

not been identified before (Figures 4A and 4B). Overall, this network augments our

understanding of CN's established function in stress responses and suggests new regulatory

roles for Ca2+/CN signaling in polarized growth, autophagy, translation, ubiquitin signaling,

Goldman et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 August 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and Zn2+ homeostasis. We demonstrated the importance of protein regulation by CN in

these processes by further characterizing the newly identified substrates Elm1 and Dig2.

CN inhibits Elm1 kinase activity

The Elm1 protein kinase regulates downstream kinases in several signaling pathways, but

mechanisms governing its activity are unknown. Elm1 was hyperphosphorylated in CN-

deficient cells as indicated by its reduced electrophoretic mobility, and deletion of the

putative PxIxIT site (Elm1ΔPSIHID) abrogated CN-dependent dephosphorylation of Elm1 in

vivo and in vitro (Figures 5A and 5B). Thus, Elm1 is regulated by CN in a PxIxIT-

dependent manner.

To determine if Elm1 catalytic activity is regulated by CN, in vitro kinase assays were

performed with Elm1 purified from cnb1Δ yeast in its phosphorylated or WT yeast in its

dephosphorylated form. Phosphorylated Elm1 was significantly more active, and

dephosphorylation by CN in vitro decreased the activity of both preparations to comparable

levels (Figure 5E). We identified four sites in Elm1's C-terminal inhibitory domain

(Sutherland et al., 2003) that were dephosphorylated by CN, by analyzing yeast extracts

(S562, Table S1) and GST-Elm1 purified from CN-proficient or deficient cells (S516, S519,

S581) (Figure 5C and Table S1). Substitution of Asp at these sites created Elm1-4D, a

phosphomimetic mutant that showed decreased electrophoretic mobility and kinase activity

that was resistant to CN (Figures 5D and 5E). These findings establish that CN negatively

regulates Elm1 activity by dephosphorylating its C-terminal domain.

CN-dependent regulation of Elm1 in vivo was examined during alkaline stress, when yeast

cells require Elm1-dependent activation of Snf1, the yeast AMP-activated kinase (AMPK),

and CN-dependent activation of the Crz1 transcription factor (Casamayor et al., 2012). Snf1

and Crz1 co-regulate a set of genes, including HXT2 and ENA1 (Ruiz et al., 2008); thus,

expression of these genes may be increased by CN via Crz1 and decreased by CN via

inhibition of Elm1/Snf1. Indeed, under high pH conditions, sak1Δ tos3Δ crz1Δ cells, which

lack Crz1 and depend solely on Elm1 to activate Snf1 (Sutherland et al., 2003), showed

increased expression of HXT2-lacZ when CN was inhibited with FK506 (Figure 5F); similar

results were obtained for ENA1-lacZ (data not shown). In contrast, during glucose

starvation, which activates Snf1 but not CN, expression of HXT2-lacZ was unaltered by

FK506 (Figure S3A). Thus, CN inhibits Elm1 during alkaline stress (Figure 5H). Although

this repression seems paradoxical for genes that are also induced by CN/ Crz1, published

data shows that 52 Crz1-independent genes are repressed by CN during alkaline stress; thus,

attenuation of gene expression by CN is a distinct feature of this response (Table S4)

(Viladevall et al., 2004). Furthermore, repression of this pathway by CN may be conserved;

in rat hippocampus, CN inhibitors activate LKB1 and TAK1, AMPK-activating kinases that

have sequence similarity to Elm1 (Park et al., 2011).

We further examined CN-dependent regulation of Elm1 during progression through the G1

phase of the cell cycle. elm1Δ is lethal when combined with deletions of the redundant G1

cyclins, and as expected, the growth rate of a cln1Δ cln2Δ strain expressing an analog-

sensitive allele (elm1-as) was reduced in the presence of low amounts of the 1-NM-

PP1inhibitor (Figure 5G) (Sreenivasan et al., 2003). Growth of this strain significantly
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improved upon inhibition of CN with FK506, consistent with an increase in Elm1 activity

(Figure 5G). Neither 1-NM-PP1 nor FK506 treatment altered the growth rate of a wild type

or cln1Δ cln2Δ strain, or CLN1 CLN2 cells expressing Elm1-as (Figure S3B, data not

shown). Thus, CN inhibits progression through G1 via Elm1 and may contribute to growth

attenuation during stress (Figure 5I). CN may similarly restrict other cell cycle processes

that depend on Elm1, including septin organization and cytokinesis (Asano et al., 2006), the

G2/M morphogenesis checkpoint (Szkotnicki et al., 2008), and the spindle position

checkpoint (Moore et al., 2010).

CN negatively regulates pheromone signaling via Dig2

The identification of Dig2 as a CN substrate provides a possible mechanism for CN-

dependent inhibition of the yeast mating response (reviewed in (Cyert and Philpott, 2013).

Dig2 and its paralog, Dig1, form an inhibitory complex with the Ste12 transcriptional

activator (Bardwell, 2005). Upon pheromone addition, the Fus3 MAPK phosphorylates Dig1

and Dig2 to relieve this inhibition, and directly phosphorylates and activates Ste12.

To investigate the regulation of Dig2 by CN, we first demonstrated that yeast CN co-

purified with the predicted PxIxIT sequence in Dig2 (GST-Dig295-116) and that mutation of

critical residues decreased this binding (GST-Dig295-116, Mut) (Figures 6A and 6D). In vivo,

pheromone-induced expression of FUS1-lacZ, a Ste12-dependent transcriptional reporter,

was significantly higher in dig1Δ cells that expressed Dig2Mut rather than Dig2 (Figure 6B).

Furthermore, in the presence or absence of pheromone, expression of low levels of

constitutively active CN (CN*) significantly reduced FUS1-lacZ activity in Dig2-expressing

cells, but not in Dig2Mut cells. (Figures 6B and S4). This effect required CN catalytic

activity, and was abrogated by FK506 or expression of CN*mut that was catalytically

inactive (Figures 6B and S4). Consistent with its effect on Dig2 function, CN* decreased the

phosphorylation of GST-Dig2, but not GST-Dig2Mut (Figure 6C). Thus, CN negatively

regulates Ste12-mediated transcription in vivo by dephosphorylating Dig2, and this

inhibition is disrupted in Dig2Mut.

Surprisingly, the overall phosphorylation of GST-Dig2Mut was decreased relative to GST-

Dig2 (Figure 6C), which was unexpected given its reduced interaction with CN. We

discovered that the Dig2 PxIxIT sequence overlaps with a previously identified MAPK

docking site, or D-site, which binds to both Fus3 and Kss1 MAPKs (Kusari et al., 2004)

(Figure 6D). D-sites contain a cluster of basic residues located 3-5 residues upstream of two

hydrophobic residues, and an overlapping PxIxIT/D-site is formed when these hydrophobic

residues contribute to both motifs. Therefore, GST-Dig2Mut was tested for decreased

interaction with Fus3. GST-Dig295-116 but not GST-Dig295-116, Mut co-purified with Fus3 in

vitro and CN directly competed with Fus3 for binding to GSTDig295-116 (Figures 6D and

6E). Thus, the increased signaling mediated by Dig2Mut in vivo is the result of reduced

interactions with both CN and Fus3, which may act on different sets of phosphorylation

sites. Together, our findings show that CN inhibits the pheromone response both by

dephosphorylating Dig2 and by displacing Fus3 (Figure 6F). This competition may

contribute to switch-like behavior during pheromone response, as was shown for
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competitive binding between Fus3 and the Ptc1 phosphatase to Ste5, a scaffold that

organizes mating pathway kinases (Malleshaiah et al., 2010).

Moreover, overlapping PxIxIT/D-sites were broadly identified. CN network components,

Aly1 and Kic1, were among the yeast proteins predicted to contain such motifs (Table S2).

In mammals, a PxIxIT consensus match overlapped a verified D-site in the JunB

transcription factor, which binds to JNK family MAPKs (Whisenant et al., 2010). We

demonstrated that human CN did co-purify with this region, GST-JunB31-48, in vitro and

that mutation of the predicted PxIxIT site decreased binding (GST-JunB31-48 Mut, Figures

6G and 6H). Therefore, CN and JNK likely compete for JunB in vivo, and multiple

examples of such composite PxIxIT/D-sites occur in a set of predicted JNK-binding D-sites

(Table S5) (Whisenant et al., 2010). Our study is thus the first to demonstrate direct

competition between CN and MAPKs for substrates and establish a new regulatory feature

of eukaryotic signaling pathways.

The majority of PxIxIT sites in the CN signaling network evolved recently

Next, we considered how CN signaling networks evolve and examined a role for PxIxIT

sites in determining network identity. Using protein alignments of fungal species that span

600 million years of divergence, we examined the conservation of predicted PxIxIT

consensus matches in CN network proteins relative to control scrambled PxIxIT sequences

in the same protein (Figures 7A and S5B) (Wapinski et al., 2007). The conservation of

PxIxIT matches that were located in inaccessible protein domains, thus judged to be non-

functional, was strongly correlated with that of scrambled sequences, suggesting that they

evolve under similar constraints (Figure S5B). Functional motifs, i.e. those demonstrated to

bind CN, or located within accessible protein domains, included some that were broadly

conserved (Rcn1, Rcn2, Crz1) but others that showed no evidence of increased conservation

relative to scrambled sequences (Elm1, Aly1, Dig2) (Figure 7A). In fact, 70% of PxIxIT

motifs in CN network proteins were found only within the Saccharomyces sensu stricto

clade, which radiated from a common ancestor ~20 million years ago (Figures 7B and S5A)

(Wapinski et al., 2007). Thus, these relatively young sites either reflect rapid turnover of

PxIxIT sequences via neutral gains and losses, or were fixed only recently by natural

selection.

To demonstrate that acquisition of a PxIxIT site during evolution confers CN-dependent

regulation, we expressed Elm1 orthologs from the sensu stricto species in S. cerevisiae.

Each ortholog was more than 75% identical to S. cerevisiae Elm1 and contained at least 3 of

4 CN-dependent phosphorylation sites. Elm1 from S. paradoxus, but not S. mikatae or S.

bayanus, was predicted to contain a functional PxIxIT motif (Figure 7C). Consistent with

this prediction, both S. cerevisiae and S. paradoxus Elm1 displayed reduced electrophoretic

mobility in cells treated with the CN inhibitor, FK506, and all phosphorylated forms of these

proteins collapsed to a single fast-migrating band upon incubation with λ phosphatase

(Figure 7D). In contrast, S. mikatae and S. bayanus Elm1 displayed no FK506-dependent

change in electrophoretic mobility, but did migrate faster after dephosphorylation with λ

phosphatase (Figure 7D), indicating that, although phosphorylated, their phosphorylation

status was not regulated by CN. These data strongly suggest that Elm1 joined the CN
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signaling network recently through its acquisition of a PxIxIT site. Similarly, analyses of

Tda1 homologs from S. paradoxus and S. mikatae, which contain PxIxIT matches, and S.

bayanus, which does not (Figure S5C), suggested that CN regulated the phosphorylation

status of all but S. bayanus Tda1 (Figure S5D). In contrast, all sensu stricto Crz1 homologs

contained a conserved PxIxIT site and displayed a CN-dependent shift in electrophoretic

mobility (Figure S5E).

To test directly if acquisition of a PxIxIT sequence could recruit a new protein to the CN

signaling network, we modified S. mikatae Elm1 to introduce the PxIxIT sequence from its

S. cerevisiae homolog (VSSHTD changed to PSIHID, Figure 7C). In contrast to S. mikatae

Elm1, S. mikatae Elm1PSIHID was dephosphorylated by CN in vitro, resulting in increased

electrophoretic mobility (Figure 7E). As expected, the ability of CN to dephosphorylate S.

cerevisiae Elm1 in vitro was abrogated when the PxIxIT sequence was deleted

(Elm1ΔPSIHID, Figures 7E, 5A and 5B). Together, these analyses indicate that PxIxIT motifs

are a primary determinant of CN network identity, and that their gains and losses drive

evolution of the network.

The predominance of recently acquired PxIxIT sites in the yeast CN network predicts poor

conservation of CN-regulated proteins over long evolutionary time, i.e. between yeast and

mammals, which diverged ~1.2 billion years ago. We identified 37 high confidence

mammalian CN substrates from the literature (Table S7) (Li et al., 2013) and found that only

RCAN1 and Synaptojanin-1 were homologous to yeast CN network proteins (Figures 7F

and 7G). This rewiring of the CN signaling network may be facilitated by rapid change in

phosphorylation sites, many of which localize to disordered regions (Levy et al., 2012), and

in PxIxIT motifs, which confer CN-dependent regulation. This mode of rewiring is

reminiscent of other networks that rely on SLiMs, such as SH3 interaction networks that are

driven by rapid change in SH3 binding sites (Sun et al., 2012).

Similar kinase families phosphorylate divergent CN substrates in yeast and mammals

Our results with MAPKs suggest that kinases and phosphatases are functionally coupled

through recognition of common binding sites in their substrates. Thus, although the targets

of phosphorylation networks turnover rapidly, particular kinase-phosphatase pairs may

persist as conserved network motifs. Consistent with this model, we noted that CN opposes

PKA signaling in both yeast and mammals, despite extensive divergence in targets (Cyert

and Roy, 2013). In yeast, antagonistic CN-PKA signaling corresponds to the opposing

processes they regulate, i.e. stress responses vs. growth (Kafadar and Cyert, 2004), and in

this study, we noted that phosphorylated peptides containing PKA consensus motifs were

significantly enriched in CN-deficient yeast extracts (Figure S1B).

Therefore, we used bioinformatic tools and high-confidence interaction data to identify

protein kinases that were associated with yeast and mammalian CN substrates. The yeast CN

signaling network was significantly enriched for substrates of 21 distinct protein kinase

families (p ≤ 0.03, see supplemental methods) (Figure 7F, Table S5) (Sharifpoor et al.,

2011), which included cyclin-dependent kinases (CDKs) in addition to PKA and MAPK,

consistent with the alleviating genetic interaction observed between and cdc28-DAmP

(Fiedler et al., 2009). Substrates of 15 kinase families were significantly overrepresented
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among mammalian CN targets (p ≤ 0.03) (Figure 7G, Table S6) (Lachmann and Ma'ayan,

2009). Most importantly, the kinases associated with CN-regulated proteins in yeast and

mammals were highly similar, with 9 kinase families strongly associating with both

networks (p ≤ 2.8×10−5) (Figures 7F and 7G, Tables S5 and S6). These include both

basophilic (PKA, PKC, AKT, CAMKL) and proline-directed (GSK3, CDK, MAPK) kinases

(Hanks and Hunter, 1995). Thus, during network evolution, the conservation of CN-kinase

regulatory modules transcends rapid turnover in substrates.

We propose that conserved structural features of targets maintain CN-kinase opposition

during evolution. CN and particular kinases recognize similar phosphorylation motifs: CN

tolerates Pro in the +1 position, which defines the specificity of proline-directed kinases, and

slightly favors sites with a basic residue in the -3 position, a motif recognized by basophilic

kinases (Dinkel et al., 2012; Donella-Deana et al., 1994; Grigoriu et al., 2013; Li et al.,

2013). However, the broad range of sequences acted upon by CN and other phosphatases

suggests that simple recognition of phosphorylation motifs is insufficient to preserve kinase-

phosphatase opposition in networks (Li et al., 2013). Significantly, like phosphatases, many

kinases rely on docking sequences to recognize their substrates, and, as we show here for

CN and MAPK, recognition of similar docking sequences by a kinase and phosphatase

reinforces substrate co-regulation. Other examples of such overlapping docking sites have

been described, and will likely emerge as a common feature of phosphorylation networks

(Bhaduri and Pryciak, 2011; Hirschi et al., 2010). Together, both factors reinforce the

identity of kinase-phosphatase modules in evolving networks.

Significance

Phosphorylation-based signaling networks regulate the vast majority of cellular processes

and evolve to acquire new regulatory outputs. Many factors, including the modularity of

protein interactions, contribute to evolvability (Bhattacharyya et al., 2006). Our findings

reveal a new design principle of phosphorylation networks, namely the functional coupling

of a kinase and phosphatase, which preserves network architecture as regulatory targets

change. Such higher-order conservation has been reported for other types of networks:

during evolution of transcriptional networks, the DNA binding specificity of regulators is

conserved, but the gene sets they modulate may diverge (Li and Johnson, 2010).

Alternatively, groups of genes may maintain their co-regulation during evolution while the

identity of their transcriptional regulator changes (Tanay et al., 2005). Kinase-phosphatase

linkage offers several advantages for network rewiring. First, the ability of targets to acquire

co-regulation by a kinase and phosphatase would mitigate possible negative consequences of

unopposed phosphorylation sites; this argument has also been applied to the evolution of

phosphotyrosine signaling, where the emergence of protein tyrosine phosphatases preceded

the expansion of tyrosine kinases (Lim and Pawson, 2010). Second, studies of

transcriptional networks show that evolution of secondary regulatory features, such as feed

forward loops, is favored when two regulators share a common target (Ward and Thornton,

2007). There are multiple examples of such motifs in CN signaling networks. Mammalian

CN dephosphorylates CK1ε, GSK3β, and the RII regulatory subunit of PKA, which in turn,

phosphorylate CN substrates (Table S6). Furthermore, the scaffold protein AKAP79/150 co-

localizes CN and PKA with key substrates (Welch et al., 2010).
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Our study demonstrates that systematic identification of phosphatase substrates is feasible

and critical to understand signaling networks. Modeling of kinase signaling has already

yielded insights into disease and sponsored new therapeutic treatments (Logue and

Morrison, 2012). However, information about phosphatases has lagged behind.

Combinatorial therapies, which require lower drug levels and reduce harmful side effects,

may be possible once both the kinase and phosphatase regulators of critical disease proteins

are known. CN inhibitors are currently widely prescribed but are also associated with

toxicities that result from reduction of CN activity in multiple tissues (Safa et al., 2013).

Furthermore, perturbation in CN signaling is associated with a broad spectrum of disorders,

including neurodegenerative diseases, cardiac hypertrophy, cancer, and diabetes (Cyert and

Roy, 2013). Thorough elucidation of CN signaling networks not only provides new insights

into the functions of this regulator but may also unveil new strategies to selectively

modulate its targets.

Experimental Procedures

Growth media and general methods

S. cerevisiae strains were grown in YPD or synthetic complete (SC) media and transformed

as previously described (Roy et al., 2007). Where noted, FK506 (LC Laboratories, Woburn,

MA) was used at 1 μg/mL (from a 10 mg/mL stock in ET buffer -90% ethanol, 10%

Tween-20), 1-NM-PP1 (Cayman Chemical, Ann Arbor, MI) was used at 1 μM (from a 250

μM stock in DMSO), CaCl2 (Sigma-Aldrich, St. Louis, MO) was used at 200 mM (from a

3M stock in water), andα-factor (GenScript, Piscataway, NJ) was used at 1-2 μg/mL.

Yeast strains and plasmids

Yeast strains and plasmids used in this study are listed in Tables S7 and S8. See

supplemental experimental procedures for details of strain origin and construction.

Analysis of the CN-dependent phosphoproteome by mass spectrometry

Growth conditions, sample preparation, label-free LC-MS/MS measurements, and

downstream bioinformatics analysis of detected peptides were carried out as described

previously (Bodenmiller et al., 2010) except for modifications detailed in the supplement.

For all preparations, CaCl2 was added 10 minutes prior to cell harvesting to activate CN.

Criteria for designating phosphorylated peptides as CN-dependent are detailed in the

supplement.

Identification of putative docking motifs in silico

Verified PxIxIT motifs were aligned using WebLogo (Crooks et al., 2004). Biopython (Cock

et al., 2009) was used to query the PxIxIT consensus (P[^PG][IVLF][^PG][IVLF]

[TSHEDQNKR]) against S288C ORF translations (Cherry et al., 2012). Globular domain

prediction was performed using GlobPlot with default web settings (Linding et al., 2003).

Transmembrane domain prediction was performed using HMMTOP with default settings

(Tusnady and Simon, 2001).
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Co-purification assays

JRY11 cells expressing GST-tagged proteins were grown in SC −URA 2% Raf at 30°C to

OD600 0.6-0.8, induced with 2% Gal for 4 hours, treated with CaCl2 for 10 minutes prior to

harvesting, and extracted by glass bead lysis in low salt RIPA buffer. GST-tagged proteins

were purified using glutathione-Sepharose beads from 5 mg of protein extract for normal

expressors, or 12-17 mg for low expressors, and subjected to immunoblot analysis. Methods

are further detailed in the supplement.

In vitro phosphatase assay

GST-tagged ORFs (expressed in BY4741::cnb1Δ, no CaCl2 addition) were purified from

2-25 mg of extract as described above, washed 2X in low salt RIPA, 1X in kinase buffer

(KB: 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM DTT), resuspended in KB

supplemented with 1 mM ATP (pH 7.5) and 1 μL ATP, [γ-32P] (3000 Ci/mmol) (Perkin

Elmer Cetus), incubated at 32°C for 30 min, and washed 3X with KB to remove

unincorporated ATP. For Figures 3A and 5E, each sample was split and incubated at 32°C

for 45 min with either no CN (mock) or 0.5 μg recombinant, constitutively active, yeast CN

(purified as described in supplement). For Figure 3C, samples were divided into three parts

and incubated with KB containing no CN, 0.5 μg CN, or 0.5 μg CN with 200 μM PVIVIT

(GPHPVIVITGPHEE) peptide (Aramburu et al., 1999). Samples were analyzed using SDS-

PAGE and Gelcode Blue (GE Life Sciences, Little Chalfont, Buckinghamshire, United

Kingdom). 32P content was quantified using a Typhoon Scanner (GE Healthcare) and

normalized to protein level, as determined by ImageJ analysis of stained protein bands

(Schneider et al., 2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• First systematic identification of substrates for a phosphatase

• Calcineurin network rewiring is mediated by docking site gain and loss

• Select docking sites confer dual regulation by a kinase and phosphatase

• Calcineurin substrates diverge but are phosphorylated by a conserved group of

kinases
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Figure 1. Characterization of the CN-dependent phosphoproteome
(A) Strategy used to identify CN substrates. (B) Overlap between the 699 phosphorylated

peptides enriched in CN-deficient samples identified in distinct screens. Phosphorylated

peptides from verified CN substrates are labeled. See also Figure S1A,C and Table S1. (C)

Logo of 18 verified PxIxIT motifs used to generate the consensus motif: P[^PG][IVLF]

[^PG][IVLF][TSHEDQNKR]. See also Figure S1B and Table S2. (D) Overlap between 363

proteins with a predicted accessible PxIxIT motif and 387 proteins with one or more

calcineurin-regulated phosphorylated peptide. See also Table S3.
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Figure 2. Interaction of candidates with CN
(A) High- or (B) low-expressing GST-candidate fusions were purified from strain JRY11 to

assay co-purification with Cna2-STEV-ZZ (αS) and Cna1-GFP (αGFP). Candidates

classified as interactors (+), noninteractors (-), or ambiguous (*). See also Table S3.
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Figure 3. Identification of new CN substrates
(A) In vitro dephosphorylation of GST candidate fusions by CN. “% Phosphorylation

retained after CN treatment”: Normalized 32P content of each CN-treated sample was

compared to its paired mock-treated sample, which was set to 100%; for each protein,

experimental replicates were averaged. Established (green) and new (blue) substrates and

non-substrates (red) are shown (n = 2 for Aly1, Rcn1, and Atg13, n ≥ 3 for all others). Error

bars represent 1 SD. Data were analyzed by Student's T-test. * p < 0.05, ** p < 0.01, *** p <

0.001, and **** p < 0.0001. See also Table S3. (B) Substrates that showed electrophoretic

mobility changes in CN-treated (+) vs. mock-treated (-) samples. (C) Dephosphorylation of

Crz1, Rod1, Tda1 and Ubx7 is inhibited by high-affinity PVIVIT peptide. “%

Phosphorylation retained after treatment”: Normalized 32P contents of mock-treated, CN-

treated, and CN + PVIVIT-treated samples were determined for each experimental replicate

and averaged, with the average of mock-treated set to 100%. Error bars represent 1 SD (n =

6 for Crz1, Rod1 and Ubx7, n = 4 for Tda1). (D) Electrophoretic mobility changes in mock-

treated (-), CN-treated (+) or CN + PVIVIT treated (P).

Goldman et al. Page 19

Mol Cell. Author manuscript; available in PMC 2015 August 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Characterization of the CN signaling network
(A) Gene products in CN signaling network grouped by associated cellular processes (see

Table S3 and Supplemental Experimental Procedures). CN substrates (rectangles) and

interacting proteins (octagons) are shown. Orange lines depict interaction with CN; line

width indicates the amount of evidence supporting the interaction (see Table S3). Physical

and genetic interactions between network members shown with dotted blue lines. Node size

is proportional to connection number. Symbols with thick outlines designate gene products

whose interaction with CN is newly identified in this study. (B) GO terms significantly

enriched in the network relative to the yeast proteome. P-values of enrichment from

hypergeometric distribution are shown. See also Figure S2 and Table S3.
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Figure 5. CN negatively regulates Elm1 activity
(A) Immunoblot analysis of extracts from CN-proficient (mock-treated, -FK) or CN-

deficient (FK506-treated, +FK) yeast overexpressing GST-Elm1 or GST-Elm1ΔPSIHID. (B)

Analysis of GST-Elm1 purified from CN-deficient yeast extracts and treated with buffer

(NT), CN, or λ phosphatase (λ) in vitro. (C) Schematic of phosphorylation sites identified in

Elm1 (see Table S1). CN-dependent dephosphorylation sites in the C-terminal domain

(CTD) are shown (red) as well as the PxIxIT motif (PSIHID) (D) Immunoblot analysis of

GST-Elm1 or GST-Elm1-4D (S516D, S519D, S562D, S581D) purified from WT or

BY4741::cnb1Δ (Δ) yeast. (E) Kinase activity of GST-Elm1 or GST-Elm1-4D purified from

WT or BY4741::cnb1Δ yeast and subsequently treated with (+CN) or without CN (-

CN). 32P incorporation into Snf1 substrate shown in arbitrary units (AU). Error bars are 1

SD from triplicate experiments; data analyzed by two-way ANOVA with Bonferroni post-

tests. ** p < 0.01, *** p < 0.001, and **** p < 0.0001. (F) β-galactosidase activity of

extracts from sak1Δ tos3Δ crz1Δ cells expressing HXT2-lacZ at indicated times following

transfer to YPD, pH 8.0. Error bars are 1 SD from triplicate samples; data analyzed by

paired, two-way ANOVA. **** p < 0.0001. See also Figure S3A. (G) Growth rate of elm1-

as cln1Δ cln2Δ treated with 1-NM-PP1 and/or FK506. Error bars are 1 SD from triplicate

samples; data analyzed by one-way ANOVA. ** p < 0.05. See also Figure S3B. (H) Model

for dual regulation of genes by CN through Elm1 and Crz1 during alkaline stress. See also

Table S4. (I) Model for regulation of Elm1 by Ca2+/CN signaling during G1.
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Figure 6. CN inhibits pheromone signaling by dephosphorylating Dig2 and competes with
MAPK for substrate binding via overlapping docking sites
(A) Co-purification of GST or GST-Dig295-116 (WT or Mut, see D) with recombinant His-

tagged CN (bait). (B) β-galactosidase activity of extracts from pheromone-treated dig1Δ

cells containing FUS1-lacZ and DIG2 (JRY16) or DIG2Mut (JRY17) and expressing vector

(pRS316) or constitutively active Cna1 (CN*, pCNA1trunc-316, encoding a stop codon at

Ser417 to remove the calmodulin binding and autoinhibitory domains of Cna1). Cells were

treated with FK506 where indicated. Error bars are 1 SD in triplicate experiments. Data

analyzed by Student's T-test. * p < 0.01 and *** p < 0.001. See also Figure S4. (C)

Immunoblot analysis of GST-Dig2 or GST-Dig2Mut purified from extracts of pheromone-

treated JRY11 cells expressing either pRS314-CNA1trunc (+CN*, constitutively active

Cna1) or pRS314-CNA1 (-CN*), with α-phospho-Ser/Thr (αSpTp) and αGST antisera.

Relative phosphorylation was quantified by comparing αSpTp to αGST signal and

normalized to lane 1. (D) Overlapping PxIxIT/D-site in Dig2. Consensus residues in PxIxIT

(*) and D-site (underlined) are shown. Key: Φ, hydrophobic residue; ζ, hydrophilic residue;

Ψ, basic residue. (E) Co-purification of recombinant MBP-Fus3 with GST-Dig295-116 (WT

or Mut, bait). CN was included in increasing amounts where indicated. (F) Model of CN-

dependent regulation of Ste12-activated transcription during mating via Dig2; Ca2+ activates

CN, which dephosphorylates Dig2 to inhibit Ste12 activity. Fus3 and CN bind competitively

to Dig2 via overlapping PxIxIT/D-site (green box). (G) Overlapping PxIxIT/D-site in human

JunB. (H) Co-purification of GST-tagged PVIVIT, Jun B31-48, or Jun B31-48 Mut with His-

tagged human CN (bait). See also Table S2.
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Figure 7. A Conserved set of kinase families act antagonistically to CN in yeast and mammals
(A) Conservation of PxIxIT sites in yeast CN network proteins and sequences that match the

scrambled PxIxIT consensus is compared; all sites are predicted to occur in accessible

protein domains. Each point represents a single protein. For proteins that contain multiple

sites, the average result from all sites is plotted. Proteins with verified PxIxIT sites are

labeled. Red line represents equivalent PxIxIT vs. scrambled conservation. Analysis of Rcn1

non-canonical PxIxIT site is described in supplemental experimental procedures. See also

Figure S5B. (B) Tally and percentages of confirmed and putative PxIxIT sites from S.

cerevisiae that are conserved in other fungal species. Unweighted phylogenetic tree for

fungal species is shown to the left. See also Figure S5A. (C) Alignment of Elm1 PxIxIT site

with corresponding regions of the homologous proteins from sensu stricto species. Positions

that diverge from the PxIxIT consensus sequence are highlighted. See also Figure S5C. (D)

Immunoblot analyses with αGST antisera of GST-tagged sensu stricto Elm1 proteins (Elm1-

pEGH, pMMC-6, pMMC-7, pJR172), expressed in Ca2+-treated BY4741 with or without

FK506 treatment. Each protein was purified, then incubated in vitro with λ phosphatase

either in the presence (λ+PPI) or absence (λ) of phosphatase inhibitors. See also Figure

S5D-E. (E) In vitro dephosphorylation of GST-Elm1 orthologs purified from

BY4741::cnb1Δ and processed as in Figure 3A. S. cer Elm1 and Elm1ΔPSIHID are S.

cerevisiae proteins containing or lacking the CN docking site. S. mik Elm1 and Elm1PSIHID

are S. mikatae proteins containing either residues VSSHTD or PSIHID at positions 468-473.

“% Phosphorylation retained after treatment”: Normalized 32P contents of CN-treated
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samples were compared to their paired mock-treated samples and averaged, with the average

of mock-treated set to 100%. Error bars represent 1 SD (n =3). Data were analyzed by

Student's T-test. * p < 0.01 and **** p < 0.0001. Electrophoretic mobility changes of

representative samples are depicted on the right. (F-G) Conserved kinases, grouped by

family, that were significantly associated both with (F) yeast CN signaling network and (G)

mammalian CN substrates. Kinase node size is proportional to its connectivity with CN

substrates and interacting proteins. Nodes: CN phosphatase (orange), kinases (blue),

conserved substrates (green), CN substrates and interacting proteins (rectangles). Edges:

dephosphorylation (orange), phosphorylation (blue), CN targets (dot), kinase targets (arrow).

See also Tables S5 and S6 for description of kinase family members and listing of specific

interactions.
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