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Abstract

Stochastic signaling dynamics expand living cells’ information processing capabilities. An

increasing number of studies report that regulators encode information in their pulsatile

dynamics. The evolutionary mechanisms that lead to complex signaling dynamics remain

uncharacterized, perhaps because key interactions of signaling proteins are encoded in

intrinsically disordered regions (IDRs), whose evolution is difficult to analyze. Here we

focused on the IDR that controls the stochastic pulsing dynamics of Crz1, a transcription fac-

tor in fungi downstream of the widely conserved calcium signaling pathway. We find that

Crz1 IDRs from anciently diverged fungi can all respond transiently to calcium stress; how-

ever, only Crz1 IDRs from the Saccharomyces clade support pulsatility, encode extra infor-

mation, and rescue fitness in competition assays, while the Crz1 IDRs from distantly related

fungi do none of the three. On the other hand, we find that Crz1 pulsing is conserved in the

distantly related fungi, consistent with the evolutionary model of stabilizing selection on the

signaling phenotype. Further, we show that a calcineurin docking site in a specific part of the

IDRs appears to be sufficient for pulsing and show evidence for a beneficial increase in the

relative calcineurin affinity of this docking site. We propose that evolutionary flexibility of

functionally divergent IDRs underlies the conservation of stochastic signaling by stabilizing

selection.

Author summary

During the last decade or so, it has been appreciated that transcription factors sometimes

control gene expression by entering the nucleus in short, stochastic “pulses”, as opposed

to (seemingly simpler) stable nuclear localization. The amino acid sequences that encode

this type of dynamic regulation are found in so-called intrinsically disordered regions that

do not fold into stable 3D conformations. Thusfar, little is known about the evolution of

transcription factor pulsing. Here we studied the rapidly evolving intrinsically disordered

reigons underlying pulsing of the yeast transcription factor, Crz1. We find that the
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intrinsically disordered regions are highly diverged in their amino acid sequences, but for

some species they can still perform the pulsing function when expressed in yeast, while for

more distantly related species they can not. Surprisingly, for these distantly related species,

we found that Crz1 does pulse in the cells of the distantly related species. We propose that

there has been compensatory evolution to preserve pulsing, even though the intrinsically

disordered regions have diverged. This type of evolutionary preservation is called “stabi-

lizing selection,” and we believe that it is working to preserve the functional output of sig-

naling pathways (in this case pulsing) even when the protein components (or at least their

intrinsically disordered regions) are changing.

Introduction

One of the most remarkable features of living cells is their ability to transmit and process infor-

mation about their surroundings. It is now appreciated that the dynamics of molecules con-

nected in regulatory networks and signaling pathways underlie many of these capabilities [1–

3]. But how do peptide sequences underlying this ability evolve? Relative to enzymatic func-

tions whose evolution has been studied for decades [4–7], research on the evolution of cellular

information transmission and signal processing systems is only beginning to emerge [8]. Most

research on signaling evolution has been focused on the specificity of kinases, receptors, and

transcription factors [8], and, to our knowledge, a comparison across species of p53 [9] and

Msn2/4 dynamics (Dr. Yihan Lin, personal communication) are the two lone evolutionary

studies of stochastic signaling dynamics. Although evolutionary rewiring of DNA-protein

interactions in cis-regulatory networks has been described [10], the evolution of the molecular

mechanisms that lead to post-translationally controlled signaling dynamics is much less char-

acterized [11–14]. Part of the difficulty in obtaining a mechanistic understanding of signaling

evolution is that post-translational regulation and transient signaling interactions are often

encoded within rapidly evolving IDRs [15–17], which are largely refractory to ancestral protein

reconstruction approaches [8,18].

Here we consider the evolution of the IDRs controlling the pulsatile dynamics of Crz1, a

transcription factor in budding yeast that responds to rapid fluctuations of cytosolic calcium

concentration (which we refer to as calcium bursts [19]). Pulsatile dynamics are steady state

stochastic fluctuations that encode information via frequency modulation of kinase activity

(e.g., ERK [20]), protein abundance (e.g., p53[21]), and cytoplasm-to-nuclear-translocalization

(e.g., Msn2/4 [22], NFATC1[23,24]). Crz1 has been found to control gene expression through

the frequency modulation of post-translationally controlled nuclear-localization pulses [25]. A

recent study has also found that Crz1 pulsing and continuous Crz1 nuclear localization are dif-

ferently decoded by promoters, providing a causal connection between pulsing dynamics and

differential gene expression [26]. However, to our knowledge, in no case has the fitness benefit

of pulsatile dynamics been established, nor has a mechanism for their evolution been pro-

posed, save for one pioneering study of Msn2/4 pulsing (Dr. Yihan Lin, personal

communication).

Crz1 is widely conserved in fungi [27,28], but, although the subcellular localization of Crz1

orthologues has been studied in the distantly related fungi Schizosaccharomyces pombe [29,30],

Candida albicans [31,32], and Cryptococcus neoformans [33,34], no evidence for pulsing has

been reported. Whether Crz1 pulsing is conserved over evolution or whether it is beneficial to

the cells has, to our knowledge, not been established. Like other stochastically pulsatile tran-

scription factors, e.g., Msn2 [35] and NFATC1 [36] (Fig 1A), Crz1 contains more than 500
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amino acids that are predicted to be intrinsically disordered (Fig 1B, [37]) and contain numer-

ous interaction and post-translational modification sites (e.g., calcineurin docking site, nuclear

export signal (NES), nuclear localization signal (NLS), Fig 1B, [38–41]). As expected for an

intrinsically disordered region [42], this region shows little primary sequence similarity (Fig

1C).

Rapidly evolving IDRs have been shown to support similar functions when expressed in S.

cerevisiae [43]. Those observations led to the model that functional output of the orthologous

IDRs was maintained because a molecular feature (basal net charge) was preserved by stabiliz-

ing selection. Subsequent work showed that preserved molecular features could be used to pre-

dict functions of IDRs and help construct mechanistic hypotheses [44]. However, it is

unknown which molecular features in the Crz1 IDR are necessary for pulsing, or whether

these features are preserved among the highly diverged IDRs found in Crz1 orthologues in

other fungi.

In this study, we show that, when expressed in S. cerevisiae, two orthologous Crz1 IDRs

from the Saccharomyces clade support pulsatility, transmit environmental information, and

Fig 1. The IDRs of Crz1 and other pulsatile transcription factors contain functional elements involved in the mechanism of nuclear-cytoplasmic

translocation. A, B) Schematic representations of three pulsatile transcription factors (NFATC1 and Msn2 in A), Crz1 in B)). The upper half of each representation

shows predicted disorder (D2P2, [81]), and the lower half of each representation shows the known functional regions [82,83]. SRR: serine-rich region. PxIxIT: S.

cerevisiae calcineurin docking site PxIxIT. NLS: nuclear localization signal. RHD: Rel homology domain. TIG: transcription factor immunoglobin. 9aaTAD: nine-

amino-acid transactivation domain. ZF: zinc finger. B) A schematic drawing of the protein-motif interactions on the protein sequence of Crz1 from S. cerevisiae. C)

A schematic representation of the sequence alignment of the Saccharomyces fungi from the Yeast Gene Order Browser (YGOB, [84]). Purple shades represent the

percent identity of each position [85]. Boxes represent the homologous regions of the elements on Crz1 from S. cerevisiae. Orange shadows link the corresponding

regions between B) and C).

https://doi.org/10.1371/journal.pgen.1009629.g001

PLOS GENETICS Conservation of transcription factor pulsing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009629 September 10, 2021 3 / 23

https://doi.org/10.1371/journal.pgen.1009629.g001
https://doi.org/10.1371/journal.pgen.1009629


rescue fitness in growth competition assays, while two orthologous IDRs from more distantly

related fungi do none of the three. Despite the differences observed when expressed in S. cere-
visiae, we show that Crz1 orthologues pulse in the native systems of the two distantly related

fungi, consistent with conservation of the pulsing phenotype over long evolutionary time. The

conservation of phenotype but lack of conservation of IDR function indicates that, within the

disordered region, evolutionary changes in some elements needed for complex signaling

dynamics have compensated for evolutionary changes in others. This pattern of compensatory

evolution in the context of preserved function is a hallmark of stabilizing selection [45]. By

comparing IDR sequences of Crz1 orthologues, we infer that one of these evolutionary changes

is in the calcineurin docking site, PxIxIT, which increased binding strength during evolution.

Remarkably, by experimentally increasing the PxIxIT strength in a distantly related IDR to the

Saccharomyces PxIxIT strength (via three point-mutations), we can rescue pulsing and

improve fitness in a competition assay. Our study demonstrates that stochastic pulsatility is

beneficial and that a position-dependent molecular feature in the IDR plays a role in rewiring

the molecular basis of the stochastic signaling pathway, even though the phenotype is

preserved.

Results

Evolutionary changes in Crz1 IDRs are associated with changes in Crz1

pulsing

We noted large intrinsically disordered regions in a few well-studied pulsing transcription fac-

tors (Fig 1). Therefore, we asked if pulsing transcription factors contain larger disordered

regions than expected based on all transcription factors in S. cerevisiae. We found that 6 of 9

pulsing TFs in yeast have more than 60% of their sequence predicted to be disordered (see

Methods), which is more than expected for all transcription factors (41/226, P<0.05, Fisher’s

test, S1 Fig). We then sought to confirm that the IDR of Crz1 was responsible for pulsing. To

do so, we designed a passive reporter system in S. cerevisiae that expresses an IDR tagged with

GFP. We found that the S. cerevisiae disordered region alone showed pulsing with similar

dynamics as the endogenous protein, although the expression level of the protein was lower

(S2 Fig). Therefore, we fused a defective Crz1 DNA-binding domain [46] tagged with GFP to

the disordered regions (denoted as Sc-reporter) and found nearly endogenous dynamics and

expression levels, indicating that the disordered region is sufficient for the pulsing dynamics

but that the DNA binding domain is needed for protein stability (see methods for more

details).

Since the calcium/calcineurin signaling pathway is highly conserved [27], we predicted that

functional elements within the disordered regions would be conserved over evolution if the

dynamics of Crz1 are important for signaling function [25]. Consistent with this, some func-

tional elements important for the control of subcellular localization, such as the nuclear locali-

zation signal (NLS), nuclear export signal (NES), and the calcineurin docking site PxIxIT

[38,39] (summarized in Fig 1B), are found in orthologous Crz1 sequences. On the other hand,

overall, the IDRs of Crz1 are highly diverged (little sequence similarity is detected in sequence

alignments, Fig 1C), which leads to an opposite prediction that the dynamics of Crz1 ortholo-

gues would diverge as has been found for p53 [9]. To quantify Crz1 dynamics in response to

the upstream calcium signaling pathway, alongside the GFP-tagged Crz1 IDR reporter

(denoted as “pulsing reporter”), we expressed a calcium sensor GCaMP3 [47,48] in a “double-

reporter strain” (see methods for more details).

We first confirmed that, as expected based on previous reports for S. cerevisiae, C. albicans,
and S. pombe [29–32], every reporter strain showed transient nuclear localization as a response
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to 0.2M calcium induction (Fig 2A). However, only Saccharomyces reporters (S. cerevisiae
(Sc), Zygosaccharomyces rouxii (Zr), and Kluyveromyces lactis (Kl)) showed pulsing dynamics

during steady state (Fig 2B, more examples in S3 Fig). The two distantly related reporters (C.

albicans (Ca) and S. pombe (Sp)) transiently localized to the nucleus after the calcium induc-

tion and then continued with stable nuclear localization during steady state (Fig 2B, more

examples in S3 Fig). To quantify these phenotypic differences at the single-cell level, we mea-

sured the duration and amplitude of reporter dynamics by fitting Gaussian Processes to the

Fig 2. The IDRs of Saccharomyces species rescue both pulsing phenotype and fitness under 0.2 M calcium stress. A) Population averaged localization traces show

nuclear localization in response to 0.2 M calcium stress in every reporter strain, corresponding to the Crz1 IDR from the species indicated (Sc, Zr, Kl, Ca, Sp, indicate S.

cerevisiae, Z. rouxii, K. lactis, C. albicans, and S. pombe, respectively). n> 100 cells for each strain. Shadow areas indicate 1.96 SE. Plots are broken to indicate when

each experiment switched to a different microscope field to avoid laser-induced nuclear localization. B) Representative single-cell trajectories of cytosolic calcium

concentration (blue lines) and nuclear localization (color-coded lines), estimated by Gaussian Process regression on 600 time-points (color-coded dots). Cytosolic

calcium concentration is quantified as cytosolic GFP intensity from the calcium sensor GCaMP3. Plots are broken to indicate when each trajectory composites a

different cell from a different microscope field. The reporter strains (indicated by species names as in A) are ordered according to a phylogenetic tree showing the

Saccharomyces clade (red) and the outgroup (black). C) The distribution of dynamic parameters estimated from single-cell time-lapse data. a determines the average

distance of the trajectory away from its mean, and l determines the length of the fluctuation on the trajectory. D) Pulse-triggered averaging of the trajectories of pulsing

reporters (black lines) around calcium bursts (blue lines). Time is relative to calcium bursts. Shadow areas indicate 1.96 SE. n> 100 bursts for each strain. E) Averaged

mutual information between calcium bursts and dynamics of pulsing reporters (grey bars) and between 0.2M stress and GP parameter values (white bars). n = 1, 3, 3, 3,

1 replicate for Sc, Zr, Kl, Ca, Sp, respectively. F) The selection coefficient measured under 0.2M calcium stress (grey bars) or no stress (white bars). Error bars represent

1.96 SE. P-values indicated are from a two-tail two-sample t-test. n> 10 replicates for each competition assay with at least three cell lines. AU: Arbitrary Units.

https://doi.org/10.1371/journal.pgen.1009629.g002
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single-cell trajectories [49]. The results suggest that, compared to the outgroup, Saccharomyces

reporters have a shorter duration (represented by low ln(l)) and higher amplitude (represented

by high ln(a)) in their dynamics (Fig 2C). Because Crz1 pulses are known to follow calcium

bursts [19], we adapted the technique of pulse-triggered averaging [50] to investigate the aver-

age dynamics of pulsing reporters around calcium bursts. Consistent with the pulsatile dynam-

ics observed in single-cell trajectories, Saccharomyces reporters quickly responded to calcium

bursts on average (Fig 2D). In contrast, the average dynamics of the outgroup reporters are

not affected by calcium bursts (Fig 2D).

Next, we applied two ways to estimate the amount of information encoded in the dynamics

of pulsing reporters. Information-theoretic approaches provide a natural framework to esti-

mate the information transmission capacity of cellular signaling pathways [51,52]. Because

cells show calcium bursts during steady state (where cells still experience calcium stress but

have adapted to it), we estimated the mutual information between the dynamics of cytosolic

calcium concentration and pulsing reporters and defined it as “calcium burst information”

(Fig 2E grey bars). To do so, we categorized each time point of a single-cell calcium trajectory

into “calcium burst” and “not calcium burst” and estimated how much information about the

presence of calcium bursts is encoded in a short period of the Crz1 pulsing dynamics after the

calcium bursts (see Methods for details). We found that the dynamics of the Saccharomyces

reporters encoded more mutual information than that of the distantly related reporters (mean

MI = 0.41 bits vs. 0.04 bits, 2-tails t-test, p = 0.004, n = 9 and 6, respectively). We also estimated

mutual information between the presence or absence of 0.2M external calcium stress and the

dynamics of pulsing reporters and defined it as “calcium stress information” (Fig 2E white

bars). In other words, we estimated how much information about the presence of external

stress is encoded in the Crz1 pulsing dynamics of a population (see Methods for details).

Again, we found more mutual information in the Saccharomyces reporters (mean MI = 0.72

bits vs. 0.13 bits, 2-tails t-test, p<10−3, n = 9 and 6, respectively). Taken together, these results

suggest that pulsing dynamics encode additional information about the environment. Consis-

tent with the model of stabilizing selection on molecular features [43,44], these results also sug-

gest that some functional sequence properties were preserved in the Crz1 IDR of the

Saccharomyces clade. On the other hand, the differences in function observed for the dis-

tantly-related Crz1 IDRs rules out the idea that all the molecular properties of these IDRs were

preserved by stabilizing selection.

IDRs that rescue pulsing also confer a fitness benefit in 0.2M calcium stress

Given that the IDRs from distantly-related fungi do not support pulsing in S. cerevisiae, we

next sought to test whether these IDRs support cell growth. Since all the orthologous IDRs sup-

port calcium-induced transient nuclear localization (Fig 2A and 2B, [29,32]) and contain con-

sensus calcineurin docking sites [53], a serine-rich NES region [29–32], and several conserved

phosphorylation sites [12] (Fig 1C), we wondered if these are sufficient for cell fitness. There-

fore, we sought to directly measure cell fitness under calcium stress in a competition assay (see

Methods). To confirm that Crz1 function is needed for fitness in our assay conditions, we

tested a mutant with CRZ1 deletion as well as a mutant in which conserved phosphorylation

sites in the serine-rich NES region are removed (“mSRR” [39]). As expected, we found a large

fitness defect for the CRZ1 deletion, and a small but significant fitness defect for mSRR strain,

confirming that our assay has the power to detect both large and small effects on fitness (S4

Fig). The fitness defect of the mSRR strain suggests that the dynamics of Crz1 [2] are impor-

tant for fitness (and not the average level of nuclear localization) because it responds to cal-

cium stress by moving to the nucleus but does not pulse (S4 Fig).
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We next compared the fitness of strains where the endogenous IDRs of Crz1 were

replaced with orthologous sequences. Consistent with the idea that pulsing is beneficial to

the cell, we found that IDRs from the Saccharomyces clade, but not from the outgroups,

rescued fitness in this assay (Fig 2F). The observed fitness defects are conditional on the

0.2M calcium stress (Fig 2F) and can be observed on the time-scale of our time-lapse

microscopy experiments (S5 Fig), consistent with the known functions of Crz1[25] and

ruling out misfolding or misexpression effects. Although the IDRs of both distantly related

species C. albicans and S. pombe support transient nuclear localization after calcium expo-

sure (Fig 2A), mutants with the outgroup IDRs showed fitness defects comparable to the

phosphorylation site mutants (S4 Fig), again indicating that constant nuclear localization

in response to calcium stress is not sufficient for full fitness. In addition, since the out-

group IDRs show an average steady-state nuclear localization similar to that of the wild

type IDR (Fig 2A), but different steady-state dynamics (Fig 2B), the difference in stress

survival between mutants with pulsing and non-pulsing IDRs is not due to the average

steady-state Crz1 nuclear localization level. Together, these results are consistent with the

idea that pulsing transmits important extra information when cells are under calcium

stress that is beneficial for cell growth, but we note that we cannot rule out other conse-

quences of the changes in IDR sequences whose effects we have not measured.

Pulsing is conserved, but the underlying mechanisms have changed

We next asked if Crz1 pulsing can be found in the native systems of the distantly related

fungi. Based on the results above and the lack of previous reports of pulsing in the other

species [29–32], we hypothesized that pulsing evolved along the lineage leading to the Sac-

charomyces from a non-pulsing ancestor, and we did not expect the distantly related spe-

cies to show Crz1 pulsing. On the other hand, if selection preserved the pulsing

phenotype, we would expect to find pulsing in the other species. Under the model where

selection has preserved pulsing, our finding that the IDRs from distantly related fungi do

not pulse in S. cerevisiae implies that there must be compensatory changes that maintain

pulsing in those species [45]. To distinguish between these models, we obtained strains

([30] and methods) of the two distantly related fungi (C. albicans and S. pombe) that

express endogenous GFP-tagged Crz1 orthologues (CaCrz1 and Prz1) and measured puls-

ing under 0.2M calcium stress. Remarkably, both CaCrz1 (Fig 3A and 3B, S1 Movie, more

examples in S6 Fig) and Prz1 (Fig 3C and 3D, S2 Movie, more examples in S6 Fig.) pulse

in C. albicans and S. pombe, respectively, ruling out our hypothesis that pulsing evolved

only along the lineage leading to the Saccharomyces.

Pulsing of Crz1 in S. cerevisiae shows frequency modulation [25], where the rate (per unit

time) of pulsing increases with greater calcium stress. Therefore, we measured pulsing in the

outgroup species at several calcium concentrations, and, consistent with conservation of fre-

quency modulation, we also found a correlation between CaCrz1 and Prz1 pulse frequency

and the strength of calcium stress (Fig 3E). We note that this observation also rules out the

possibility that our observations of pulsing in these other strains are an artifact of microscopy

or laser stress [54]. The results are consistent with the model that Crz1 pulsatility (and fre-

quency modulation) has been conserved by natural selection for a long evolutionary time,

which is also consistent with our observation of a fitness benefit for pulsing in S. cerevisiae.
However, the lack of pulsing of more distantly related IDRs (and failure to rescue fitness under

calcium stress) when expressed in S. cerevisiae implies that protein-protein interactions

between the IDRs and the calcium signaling pathway have changed in some way, while the

output of the regulatory network has remained the same.
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PxIxIT strength in a specific part of the Crz1 IDR increased in the

Saccharomycetacea clade

We next sought to identify signaling interaction sites in the Crz1 IDRs that had changed during

evolution. Previous research showed that increasing the affinity of one of the calcineurin docking

sites, PxIxIT, leads to a higher pulsing frequency [25]. Therefore, we hypothesized that the PxIxIT

strength of the Saccharomyces clade is higher than its sister clade that includes C. albicans and

that this increased strength is needed for pulsing. To test this, we used a Position Specific Scoring

Matrix (PSSM [55,56], see methods) to predict PxIxIT strength (S7A Fig, R2 = 0.74 between the

measured affinity (Kd) and the predicted PxIxIT strength of experimentally confirmed PxIxITs

[56]) to predict the PxIxIT strength of Crz1 IDRs from 40 fungi of the Saccharomyces clade and

the sister clade that contains C. albicans. Consistent with the conservation of calcineurin regula-

tion of Crz1, most fungi contain at least one strong PxIxIT site somewhere in their IDRs (Maxi-

mum PxIxIT strength>7, Fig 4), indicating the PxIxIT strength alone cannot explain the

functional difference between the IDRs from the Saccharomyces and C. albicans.
Previous research also showed a connection between the position of the calcineurin docking

site and dephosphorylation rate [57]. When we aligned the 40 Crz1 IDRs [58], we found that

three of the key residues in the S. cerevisiae PxIxIT site are mostly conserved in the alignment (IS

[IV], Fig 4B) but the proline is not. The PxIxIT binding pocket of calcineurin buries the proline of

the PxIxITs in hydrophobic residues [15,53,57], and as expected, the PSSM shows that proline is

highly conserved in confirmed PxIxITs (Fig 4). We inferred a V-to-P substitution on the lineage

leading to the Saccharomyces clade, which increases the predicted PxIxIT strength by ~4 bits (Fig

4), corresponding to a predicted reduction in Kd by ~400μM (S7A Fig). Therefore, we hypothe-

sized that the increased strength of the S. cerevisiae PxIxIT leads to pulsing and the associated fit-

ness benefit. Because rapidly evolving disordered regions are difficult to align, to rule out the

possibility that species outside of the Saccharomyces actually do have a strong homologous PxIxIT

Fig 3. C. albicans and S. pombe show pulsing and frequency modulation. Filmstrips are showing C. albicans (A) and S. pombe (C) with GFP-tagged Crz1 orthologues

(CaCrz1 and Prz1, respectively) during steady state after the addition of 0.2 M extracellular calcium. Yeast cells are outlined in each frame and indicated through the

arrows in the first frame, which are colored accordingly to the single-cell trajectories in B) and D). A) Frames are separated by 30 seconds, and the actual time

resolution in B) is the same. C) Frames are separated by 45 seconds, but the actual time resolution in D) is 6 seconds per frame. Image acquisitions of each species were

performed through different microscopes. E) Populational average of pulse frequency increases with calcium concentration for both Crz1 orthologues. Error bars

represent 1.96 SE. n> 30 in each experiment. AU: Arbitrary Units.

https://doi.org/10.1371/journal.pgen.1009629.g003
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site, we repeated this analysis using a 100-residue window around the S. cerevisiae docking site

and found similar results: in this region of the IDR, only the Saccharomyces showed PxIxIT sites

comparable in strength to S. cerevisiae (S7B Fig)

Increasing PxIxIT strength in the homologous region of S. cerevisiae IDR is

sufficient to rescue pulsing phenotype and fitness

We next tested if the increased PxIxIT strength in the homologous region of S. cerevisiae IDR

is required for pulsing. We used time-lapse microscopy to investigate if the S. cerevisiae PxIxIT

Fig 4. PxIxIT strength in the region homologous to the S. cerevisiae docking site is predicted to increase in the

lineage leading to the Saccharomyces. The left heatmap represents the strength of the strongest PxIxIT site identified

in the whole IDR. The right heatmap shows the predicted strength in the homologous region of the S. cerevisiae PxIxIT

(shown in the alignment). The branch lengths of the phylogenetic tree are estimated by maximum likelihood based on

alignments of the entire Crz1 protein. The label V4P indicates the branch where the inferred V4P substitution

occurred. The alignment shows the 12 residues of 40 fungi. The logo represents the PSSM used.

https://doi.org/10.1371/journal.pgen.1009629.g004
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can introduce pulsatility into an outgroup IDR. First, we designed a chimeric IDR with the S.

cerevisiae PxIxIT and C-terminal sequences but the N-terminal region of the C. albicans IDR

(Fig 5A, denoted as Ca:PxIxIT:Sc). We note that, consistent with the analysis of PxIxIT

strength above (Fig 4), the C. albicans IDR contains an additional strong PxIxIT in the N-ter-

minal (PSIVIR, a.a.# 23~28), so this chimera actually contains two strong docking sites. Next,

we made a chimera where we swapped the C-terminal portion of the S. cerevisiae IDR without

the S. cerevisiae PxIxIT site. This chimera still retains the N-terminal C. albicans PxIxIT site

(denoted as Ca:Sc, Fig 5A). Finally, we simply increased the predicted PxIxIT strength in the

homologous region to the S. cerevisiae level via three point-mutations (Q445T, I446P, N451Q,

denoted as CaHigh, Fig 5A). This construct also contains two strong docking sites.

To determine if chimeric IDRs support pulsatility by responding to calcium bursts, we esti-

mated the mutual information about the presence of calcium bursts from the dynamics of

pulsing reporters (Fig 5B and 5C, more exemplary traces in S8 Fig). We found that the dynam-

ics of both constructs with the S. cerevisiae docking site (CaHigh and Ca:PxIxIT:Sc) encoded

more mutual information than that of the outgroup IDRs (mean MI = 0.21 bits and 0.26 bits,

2-tails t-test, p = 0.00577 and 0.00157, n = 3 and 3, respectively). In contrast, we did not find

any evidence for the mutual information encoded in the dynamics of Ca:Sc (MI = -0.003 bits,

n = 1). These results indicate that the S. cerevisiae PxIxIT strength is sufficient for the C. albi-
cans IDR to support Crz1 pulsatility.

Motivated by our finding that Saccharomyces IDRs rescue fitness in growth competition

assays, we wondered whether the pulsatile dynamics of the CaHigh-IDR improves fitness.

Therefore, we performed the fitness assay with and without 0.2 M calcium stress and

Fig 5. The S. cerevisiae PxIxIT strength in the specific part of IDR is sufficient for the C. albicans IDR to show a pulsing phenotype and improve fitness under 0.2M

calcium stress. A) A schematic diagram of the PxIxIT sites on orthologous and chimeric IDRs. Sc: S. cerevisiae IDR; Ca: C. albicans IDR; Ca:PxIxIT:Sc: chimeric IDR of

the N-terminal region of the C. albicans IDR (a.a. #1 to 444) and the C-terminal region of the S. cerevisiae IDR including PxIxIT site (a.a. #330 to 568); Ca:Sc: chimeric

IDR of the N-terminal region of the C. albicans IDR (a.a. #1 to 451) and the C-terminal region of the S. cerevisiae IDR excluding PxIxIT site (a.a. #337 to 568); CaHigh: C.

albicans IDR with three point-mutations (Q445T, I446P, N451Q). B) Representative single-cell trajectories of cytosolic calcium concentration (blue lines) and nuclear

localization (black lines), which are the Gaussian Process regression based on 600 time-points (black dots). Plots are broken to indicate when each trajectory composites a

different cell from a different microscope field. C) Averaged mutual information between the calcium burst and the dynamics of pulsing reporters. P-values indicated are

from a two-tail two-sample t-test. n = 7, 4, 3, 3, 1 experiments. Error bars represent 1.96 SE. D) The selection coefficient calculated from the competition assays under no

stress or 0.2M calcium stress. n = 6 replicates for Ca and 16 replicates for CaHigh with three cell lines. Error bars represent 1.96 SE. P-values indicated are from a two-tail

two-sample t-test. AU: Arbitrary Units.

https://doi.org/10.1371/journal.pgen.1009629.g005
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compared the relative fitness by CaHigh- IDR and the C. albicans IDR. Previous research

showed that Crz1 from C. albicans increased the growth rate of the S. cerevisiae CRZ1 deletion

strain [31]. Consistent with this, we found that cells expressing the C. albicans IDR showed a

positive selection coefficient relative to CRZ1 deletion strains (Fig 5D). Remarkably, the selec-

tion coefficient of CaHigh-IDR expressing cells, relative to the same CRZ1 deletion strains, was

significantly higher than that of the cells expressing the C. albicans IDR (mean s = 0.057 vs.

0.031, 2-tails t-test, p = 0.0031, n = 16 and 6). In contrast, we did not find a significant differ-

ence between the selection coefficients in the absence of stress. These results support our

hypothesis that the extra information encoded in the pulsatile dynamics improves fitness.

Taken together, our experimental data suggest that the increase in the PxIxIT strength of Sac-
charomyces IDRs is one aspect of the signaling mechanisms that have changed, despite conser-

vation of Crz1 pulsing (Fig 6).

Discussion

Together, our results suggest that Crz1 pulsatility can be realized by highly divergent and func-

tionally different IDRs. Our data are consistent with the idea that PxIxIT strength changes

were one of the functionally compensatory changes in the calcium/Crz1 signaling pathway

under stabilizing selection (Fig 6) [45]. Within the Saccharomyces, our results support the idea

that highly diverged IDR sequences can support the same molecular function, consistent with

the current model of stabilizing selection on molecular features preserving IDR function

despite sequence divergence [43,44]. However, our results for more distantly related fungi go

further: we found that for the distantly related fungi, the function of the IDRs is not preserved,

even though the pulsing phenotype is preserved. This is consistent with an even broader view

of stabilizing selection where compensatory changes between components of a conserved

Fig 6. A schematic representation of the evolutionary model that Crz1 pulsing is conserved by stabilizing selection while the underlying mechanism of pulsing

has been rewired. Identified components on the signaling pathway (i.e., calcineurin, karyopherin, represented by circles of different colors) are likely to interact with

both Ca- and Sc-IDRs, and unidentified components (cyan and red shapes) are likely to interact specifically with each IDR.

https://doi.org/10.1371/journal.pgen.1009629.g006
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pathway occur to preserve a dynamic signaling phenotype. Furthermore, our observations

illustrate how small evolutionary changes in IDRs can lead to (at least one) functional differ-

ence in the mechanism underlying stochastic signaling, ruling out the idea that the rapid

sequence divergence is simply due to changes in non-functional residues. As one possible

mechanism for compensatory change, we note that the regulatory domain of calcineurin sub-

unit A (Cna1) is highly diverged (S9 Fig), intrinsically disordered, and interacts with calmodu-

lin [59]. If these differences in the regulatory domain affect the probability of calcineurin

activation by calmodulin, then Crz1 orthologues with a weak PxIxIT strength could still be

dephosphorylated effectively and pulse. Under this scenario, the IDRs in distantly related

fungi could exhibit pulsing dynamics that are not observed in our reporter system. More gen-

erally, our results are consistent with the idea that IDR sequences encode important functional

information and are not “junk proteins” that evolve entirely randomly [44], but instead evolve

under stabilizing selection [45,60] and accumulate rapid divergence at the sequence level due

to the weak constraints relative to folded protein domains [42].

Our results also suggest Crz1 pulsatility transmits information beneficial for cell growth under

0.2M calcium stress. Although in principle, other effects on Crz1 function could lead to the fitness

differences we observed when highly diverged IDRs are expressed in S. cerevisiae, the increase in

both pulsing and fitness observed when we made three point mutations in the weak PxIxIT in the

C. albicans Crz1 IDR suggests that pulsing is responsible for the fitness differences we observed. If

Crz1 pulsing is indeed beneficial to cells under calcium stress, Crz1 pulsing is expected to be

widely conserved, consistent with our observations of pulsatility in distantly related fungi.

Although we cannot rule out a convergent evolution model, where Crz1 pulsing emerged inde-

pendently in the lineages leading to S. cerevisiae, C. albicans, and S. pombe, to us, this is much less

parsimonious than preservation of the phenotype by stabilizing selection.

Although the C. albicans IDR contains a PxIxIT consensus site in the N-terminal region,

pulsing is only supported in S. cerevisiae when the PxIxIT strength of the homologous region

to the S. cerevisiae PxIxIT (a.a.# 445 to 451) is increased, suggesting that calcineurin-dependent

pulsatility depends on the position of PxIxIT. Effective dephosphorylation could be necessary

for calcineurin-dependent pulsatility[19,23], and previous research has shown instances that

the efficiency of dephosphorylation by calcineurin was affected by the distances between calci-

neurin docking sites and phosphorylated residues [57]. Hence, we suggest that evolution has

fine-tuned signaling dynamics through the poorly understood position dependency of short

linear motifs in this case.

Previous quantitative studies on dynamic signal processing focused on the information

encoded by synchronous, transient dynamics [51,52,61]. Because all five IDRs in our study

show transient nuclear localization after calcium induction (Fig 2A), we could measure the

effect of steady state stochastic pulsing while minimizing the effects of differences in the tran-

sient dynamics. We not only show that the stochastic dynamics during steady state encode

environmental information but also that information is transmitted between two stochastic

components on the same pathway: the bursting dynamics of cytosolic calcium concentration

and the pulsatile dynamics of Crz1 nuclear localization. Thus, we applied information theory

to show information transmission between two unsynchronous and stochastic cellular

dynamics.

Methods

Statistical analysis of disorder in pulsing transcription factors

We obtained a list of all transcription factors in S. cerevisiae from YeTFaSCo (de Boer, C.G.,

Hughes, T.R. (2011) and a list of all pulsing transcription factors in S. cerevisiae from a
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systematic microscopy screen (Dalal et al 2014). The proportion of residues in long intrinsi-

cally disordered regions in transcription factors was calculated based on DISOPRED3 [62]

predictions after filtering out predicted sequences shorter than 30 amino acids. Transcription

factors with no predicted IDRs were not included in the analysis.

Yeast strains

Lasers used during fluorescence microscopy are known to induce nuclear localization of Crz1

and can affect the dynamics of the pulsing reporters [54]. To minimize these effects but still

measure dynamics of both cytosolic calcium concentration and Crz1 nuclear localization, we

designed double-reporter strains expressing the pulsing reporters described in the text (IDRs

followed by yEGFP-tagged defective zinc finger, IDR-dZF-yEGFP) and the calcium reporter

GCaMP3 [47]. Plasmids expressing the pulsing reporters were constructed using Gibson

assembly protocol [63]. The pulsing reporter genes were assembled between the promoter of

CRZ1 and the ADH1 terminator (pCRZ1-IDR-dZF-yEGFP-tADH1) and integrated at the

URA3 locus of reference strain BY4741 using a selectable marker (URA3). The fragments of

orthologous IDRs were amplified from the genomic DNA of the corresponding species and

corrected the CUG codon usage [64]. The IDR with the mSRR mutations was constructed by

modifying the Sc-pulsing reporter plasmid (URA3::pCRZ1-ScIDR-dZF-yEGFP-URA3MX).

The chimeric IDRs were constructed through two-fragment transformations, with each frag-

ment amplified from the Sc-pulsing reporter plasmid (URA3::pCRZ1-ScIDR-dZF-yEGF-

P-URA3MX) or Ca-pulsing reporter plasmid (URA3::pCRZ1-CaIDR-dZF-

yEGFP-URA3MX). In the same strains, we integrated a previously constructed

pRPL39-GCaMP3-tADH1 at the HO locus using a selectable marker (LEU2) [19]. All transfor-

mations were performed using the standard lithium acetate procedure [65].

Compared to the previously constructed dual-color strains [19], the S. cerevisiae double-

reporter strain required ~90% lower laser intensity (no observable nuclear localization induced

by laser stress [54]) to record both the dynamics of cytosolic calcium concentration and Crz1

nuclear localization. Because of the spatial differences in the patterns (nuclear Crz1-GFP vs.

cytoplasmic GCaMP3), the two signals can be distinguished using a two-component mixture

model (described in the methods section of Reporter intensity quantification).

Each fitness assay strain was constructed by integrating an IDR and a wild type zinc finger

at the endogenous locus of CRZ1 through two-fragment transformation using a selectable

marker (HIS3). The zinc finger was tagged with yEGFP to report expression level. The IDR

fragments were amplified from the existing plasmids expressing the corresponding pulsing

reporters and zinc fingers or amplified from the genomic DNA of the corresponding double-

reporter reporter strains. For the competition assay on plates (see below), each fitness assay

strain was labeled with red by genomic integration of pRPL39-yemCherry-tADH1 at the pro-

moter region of CAN1 using a selectable marker (LEU2).

The GFP-expressing S. pombe strain is a gift from Dr. Gordon Chua [30].

The C. albicans strain CaLC7415 with both copies of CRZ1 C-terminally tagged with GFP

was made using a transient CRISPR approach adapted from Min et al. [66]. The GFP-NAT

cassette was PCR amplified from pLC389 using oLC9367 and oLC9368 (see tables below for

plasmids and oligos). The CaCAS9 cassette was amplified from pLC963 using oLC6924 and

oLC6925. The sgRNA fusion cassette was PCR amplified from pLC963 with oLC5978 (S1

Table for plasmids) and oLC9371 (fragment A) and oLC5980 and oLC9372 (fragment B) (S2

Table for pligos), and fusion PCR was performed on fragments A and B using the nested prim-

ers oLC5979 and oLC5981. The GFP-NAT cassette, sgRNA, and Cas9 DNA were transformed

into SN95. Upstream integration was PCR tested using oLC600 and oLC9369, and
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downstream integration was tested using oLC274 and oLC9370. Lack of a wild-type allele was

PCR tested using oLC9369 and oLC9373.

Spinning-disk confocal microscopy and image analysis

A Nikon CSU-X1 was utilized for time-lapse imaging at room temperature (22˚C) for S. cerevi-
siae and S. pombe strains. 488 nm laser was applied with time resolutions of 6 sec/frame, expo-

sure time of 50 msec, and 25% laser intensity. Bright-field images with out-of-focus black cell

edge were acquired every minute for cell segmentation and tracking. The growth conditions

were based on a standard protocol [19,30]. A Zeiss Axio Observer was utilized for time-lapse

imaging at room temperature (22˚C) for C. albicans strain. 488 nm laser was applied with time

resolutions of 30 sec/frame, exposure time of 100 msec, and 100% laser intensity. All the time-

lapse imaging experiments were started when cells were in log-phase. Cells were cultured in

YPD with a carbon source of 2% glucose overnight and immobilized via ConA in SC during

time-lapse imaging. 35 mm glass bottom chambers and a stage chamber were applied for

imaging and were covered with lids to prevent evaporation of the media and temperature fluc-

tuation. Calcium stress was applied through a syringe. Time-lapse movies of every strain had

been replicated on different days to control day-to-day variation and showed reproducible

results.

Segmentation was automatically performed by YeastSpotter [67]. Cell tracking was per-

formed by identifying 90% of overlapping cell areas between two frames. Mis-segmented and

miss-tracked objects were manually removed. 100–300 cells were identified in each time-lapse

movie. Single-cell photobleaching correction was conducted after single-cell reporter intensi-

ties were quantified (see below) using bi-exponential regression [68] with the baseline of the

calcium reporter.

Reporter intensity quantification

The cytosolic calcium concentration and transcription factor nuclear localization are defined

as fold change relative to their basal levels (set as 0 arbitrary unit (AU)) and are quantified

from single-cell time-lapse images. For each time point, The cytosolic intensity of the calcium

reporter and the nuclear intensity of the pulsing reporter was quantified by fitting a mixture of

a Gaussian distribution and a uniform distribution to the pixel intensities of each segmented

cell area, and the parameters of distributions were estimated using expectation-maximization

(see the supplementary text of [19] for more details and derivation of the algorithm). Once the

parameters were estimated, the estimate of the calcium reporter at a time point is the mean of

the Gaussian distribution, and the estimate of nuclear localization is the difference between

the means of the uniform distribution and the Gaussian distribution. The algorithm can repro-

duce previous observations from time-lapse movies where Crz1-RFP and GCaMP3 are merged

into one channel S10 Fig.).

Competition fitness assay on plates

Previous research showed that competition assays could be robustly performed through plate

readers [69], which provides both the sensitivity of competition assays [43,70] and the high

performance of growth assay on plates [71]. We followed this approach and recorded competi-

tion of fitness strains with a plate reader. Cells were grown in SC media at 30˚C for ~48 hours

and then serially diluted to 1/1024 of the initial concentration on a flat-bottom 96-well plate.

The plate reader Tecan M1000 was automatically run by the application Tecan i-Control.

OD600 and RFP intensity were measured every 15 minutes for 24 hours at 30˚C, and the plates

were constantly shaken through the whole experiment. Similar to the protocol of competition-
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based fitness assay on plates [69], the wells on the plates were either monoculture or mixed-

culture. The mono-cultural wells contained only the RFP-labeled strain and were for the cali-

bration between RFP intensity and OD600 absorbance through linear regression. The mixed-

cultural wells contained both the RFP-labeled strain and the colorless strain. The absorbance

of the colorless strains in the mixed-culture wells was estimated by subtracting the measured

absorbance by the absorbance inferred from the RFP intensity, so the growth curves of both

competing strains in each mixed-culture well can be obtained. The time point when the

growth curves reached the 10th generation was identified and kept consistent throughout each

experiment. The relative selection coefficients were calculated with the formula [72,73]

ln EXPt
WTt
� ln EXPt

WTt

t
¼ ln ð1þ sÞ;

where t means the number of generations and s is the selection coefficient.

We found that this approach provides a resolution of the selection coefficient to 10−3 and

successfully reproduced a previously reported small fitness defect (S11 Fig).

Single-cell trajectory quantification with Gaussian Process

In the previous studies of pulsatile transcription factors, pulses were identified before quantifi-

cation and statistical analysis, e.g., pulse frequency[20,25] and pulse triggered averaging [50].

This approach presumes that the dynamics are pulsatile. However, in our case, whether a puls-

ing reporter pulse or not was to be determined. Therefore, we needed a more general approach

to quantify single-cell trajectories.

We used a Gaussian Process regression model [19,49,74] with the squared exponential ker-

nel to summarize each single-cell trajectory. The kernel can be expressed as

kðx1; x2Þ ¼ a2exp ð�
ðx1 � x2Þ

2

2l2
Þ

where x1, x2 indicate a pair of nuclear localization scores at different time points, a determines

the average distance of the trajectory away from its mean, and l determines the length of the

fluctuation on the trajectory. We used the default MATLAB (Mathworks) function for the

Gaussian process, fitrgp. Estimation was considered numerically unstable if ln(a)<−6, and cell

trajectories were removed if their estimates were below this value.

Estimation of mutual information and pulse-triggered averaging

Information theory provides a natural framework[75] to quantify information transmission in

cells as mutual information (MI). Previous studies estimated MI encoded in signaling path-

ways [51,52] with decoding methodology (e.g., an SVM classifier [52]). Here we adopted a

widely used kNN estimator (k = 4, [51,76]) for the advantage of its simplicity. Two different

parametric forms of trajectories (described below) were applied to estimate the MI between

the calcium stress and the dynamics of pulsing reporters and the MI between the calcium

bursts and the dynamics of pulsing reporters.

To estimate MI between the calcium stress and the dynamics of pulsing reporters, single-

cell trajectories of pulsing reporters from one experimental replicate were parameterized with

the Gaussian process regression model described above. Gaussian Processes normalizes the

trajectories to their mean amplitudes, excluding information about the absolute level of

nuclear localization. For each environmental condition (no stress or 0.2 M calcium stress), an

equal number of trajectories were randomly selected and parameterized. The selected data

were processed into D = {(x1, y1), (x2, y2),. . .,(xn, yn)} that consist of i = 1,. . .,n pairs of
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parameter values, xi = {ai, li}, and their corresponding environmental labels of 2 discrete val-

ues, yi�{c0, c1} (no stress or 0.2 M calcium stress). x was jittered to avoid identical samples. The

estimated MI (x; y) of one experimental replicate was bootstrapping 60 times for the average

value.

To estimate MI between calcium bursts and the dynamics of pulsing reporters, we first catego-

rize time points on each calcium trajectory into two groups. A typical trajectory of calcium

reporter contains two types of fluctuations: a baseline of slow fluctuation and calcium bursts as

rapid and large fluctuation. Our previous research showed that only calcium bursts lead to Crz1

pulses [19]; hence, the information about the presence of calcium bursts should be encoded in a

short period of the pulsing dynamics after the bursts. Precisely, let a trajectory of pulsing reporter

x = {x1, x2,. . .,xp} consist of t = 1,. . .,p nuclear localization scores, a block of the trajectory X = {xt
+1, xt+2,. . .,xt+τ} should encode the information about the states of preceding calcium trajectory at

time t (calcium burst or basal fluctuation) with the mean score hXi and the mean velocity of the

score h _Xi. Our goal is to process data extract from j = 1,. . .,m blocks (Xj = {xt+1+τ(j−1), xt+2+τ(j−-

1),. . .,xt+τj}) such that Dj = {(x1j, y01), (x2j, y02),. . .,(xnj, y0n)} consist of i = 1,. . .,n pairs of statistic

summaries, xij ¼ fhXjii; h
_Xjiig, and their corresponding burst labels of 2 discrete values,

y0i�{c00c01} (no calcium burst or calcium burst). We then estimate MIj(xj, y0) as the information

encoded in the jth block of pulsing trajectory after a calcium fluctuation. The details of the pipe-

line are provided in S1 Text. We found that the estimation from the first block, MI1, is representa-

tive of each experimental replicate and reported MI1 in the results section.

We use a similar pipeline to adapt pulse-triggered averaging by simply averaging all the tra-

jectories of pulsing reporters in a 20-min window centered around every labeled calcium

burst.

Sequence analyses

To predict the calcineurin docking strength of a sequence, we used a Position Specific Scoring

Matrix (PSSM). PSSM is a standard statistical model widely used for predicting transcription

factor binding strength of a DNA motif [77] or protein binding strength of a short linear motif

in an IDR [55,56,78]. In this study, a PSSM was constructed with 86 experimentally confirmed

calcineurin binding sites (so-called PxIxIT sites) collected from the ELM database [79] and

other sources [27,46,56,80]. The calcineurin docking site of Crz1 was excluded to avoid circu-

larity. The docking strength S of a sequence X with sequence length w was calculated as

S ¼
Xw

i¼1

X

b

Xiblog ð
fib
gb
Þ;

Where b2A. A indicates the 20 amino acids, Xib = 1 if the sequence is amino acid b at posi-

tion i and 0 otherwise, fib is the probability of observing amino acid b at position i in a calci-

neurin docking site (from the PSSM), and gb is the probability of observing amino acid b in the

genomic background distribution and was assumed to 1/20. To test how well this simple

model predicts measured calcineurin binding affinity, we compared the predicted strength, S,

to the affinity of 10 characterized PxIxIT sites [56] and found that a linear model where a

change of 1 unit of S (which is measured in bits) corresponds to 74.4 unit of Kd (measured

in μM, SE = 15.4, p = 0.001).

Supporting information

S1 Fig. The proportion of predicted intrinsic disorder in pulsing transcription factors is

significantly more than that of non-pulsing transcription factors. n = 216 vs 9 (non-pulsing
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vs pulsing). Dashed line represents the 0.6 threshold that we used to define “highly disor-

dered”. According to this, 6 out of 9 pulsing transcription factors and 41 out of 216 non-puls-

ing transcription factors are highly disordered.

(PDF)

S2 Fig. The IDR of Crz1 is sufficient for pulsing. A) Representative images of GFP channel

and bright-field channel of three strains expressing endogenous Crz1 tagged with GFP

(Crz1-GFP), a passive reporter of the IDR tagged with GFP (zinc fingered removed, ΔZF-

reporter), and a passive reporter of S. cerevisiae Crz1 with defective zinc fingers (Sc-reporter),

respectively. B) Representative trajectories of each strain. The trajectories of nuclear localiza-

tion (black lines) are the Gaussian process regression based on nuclear localization score of

600 time-points (cyan dots).

(PDF)

S3 Fig. Example traces single-cell trajectories of cytosolic calcium concentration (blue

lines) and steady state nuclear localization in the passive reporter system (color-coded

lines), estimated by Gaussian Process regression on 600 time-points (color-coded dots).

(PDF)

S4 Fig. Mutations in the conserved phosphorylation sites in the serine-rich region led to

constant nuclear localization after 0.2M calcium induction and fitness defect under 0.2M

calcium stress. A) Upper panels show the population average of nuclear localization score.

Shadow indicates SD with n > 100 for each strain. Lower panels show representative single-

cell trajectories of cytosolic calcium concentration (blue lines) and nuclear localization (black

lines), which are the Gaussian Process regression based on 600 time-points (red dots). Plots

are broken to indicate when each experiment switched to a different microscope field to avoid

laser-induced nuclear localization. B) The selection coefficient obtained from the competition

assays under 0.2M calcium stress (grey bars) or no stress (white bars). Error bars represent

1.96 SE. n> 10 replicates for each competition assay with at least three cell lines.

(PDF)

S5 Fig. Example growth curves from a competition assay. Reference strain (Sc) and the

strain expressing Ca-IDR (Ca) were cultured in 24 wells on a 96-well plate for 24 hours, where

12 wells contain normal media (no stress) and 12 wells contain media of 0.2 calcium stress. In

this competition assay, Sc was tagged with RFP for estimating OD of the reference strain, and

the OD of Ca was calculated by subtracting the total OD by OD of the reference strain. Lines

represent each strain’s OD for the first 50000 sec from each well. Box represents the time

period when time-lapse microscopy was performed (3 hours of inoculation from overnight

culture followed by 3 hours of microscopy).

(PDF)

S6 Fig. Example traces of CaCrz1 (A) and Prz1 (B) dynamics in the native systems during

steady state before and after the addition of 0.2 M extracellular calcium. Dynamics of Prz1 are

recorded from two nuclei of the same cell (orange and yellow lines) or form the only nucleus

of a cell (brown line).

(PDF)

S7 Fig. Calculate PxIxIT strength with PSSM. A) Predicted PxIxIT strength plotted against

the measured PxIxIT affinity of the same sequences from the database of ref [56]. Linear

regression model: y ~ 779–74.4x, R2 = 0.74. B) Heatmaps represent the maximum PxIxIT

strength calculated from the sub-sequences of the whole IDR or the 100-residue homologous
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region around the S. cerevisiae PxIxIT.

(PDF)

S8 Fig. Example traces of cytosolic calcium concentration (blue lines) and nuclear localization

of chimeric IDRs (black lines), which are the Gaussian Process regression based on 600 time-

points (black dots).

(PDF)

S9 Fig. The regulatory domain is one of the diverged regions on calcineurin. Calcineurin

contains two subunits, calcineurin A (Cna1, A) and calcineurin B (Cnb1, B). Boxes on Cna1

alignment label the homologous regions of known domains.

(PDF)

S10 Fig. Two dynamics recorded with two-color images and merged into one-color images

can be distinguished via a mixture model. A) An example of single-cell trajectories before

(upper plot) and after (lower plot) merging for Crz1 (dots) and calcium (blue trace). Black

traces are Crz1 trajectories smoothed with Sacitzky-Golay filtering. Black circles indicate Crz1

pulses. B) Calcium bursts (left plot) and Crz1 pulses (right plot) identified in the experiments

sorted from large to small. C) The distributions of the change in the number of identified Crz1

pulses after merging. D) The probability of first, second, third, and fourth Crz1 pulses plotted

as a function of the time they occur relative to calcium bursts from the same cells. The left and

the right stacked histograms are data from the separate images and the merged images, respec-

tively. E) Data are divided into three groups based on calcium burst sizes and aligned to each

group’s mean calcium burst size. The dots’ size represents the probability of finding a number

of Crz1 pulses in a group (summed up to 1 in each column).

(PDF)

S11 Fig. The competition fitness assay on 96-well plates can reproduce the significant

growth defect of a mutant (noted as ‘5A’) reported by Zarin et al., 2017. A) Fluorescent

intensity of the monoculture. Each marker represents the fluorescent intensity and OD of a

well at each time-point. B) Mean selection coefficient calculated from the fluorescent data of

mixed culture. Error bars represent 1.96 SE. Dashed line indicates the selection coefficient of

5A mutant reported by Zarin et al., 2017 (-0.038) C) The growth curves of WT and 5A strains

in the mixed cultures predicted by the algorithm of Ram et al., 2019. The selection coefficient

is -0.05, which is calculated with the first and the last time point of the predicted growth

curves.

(PDF)

S1 Text. Detailed pipeline of MI estimation and species included for PxIxIT strength calcu-

lation.

(DOCX)

S1 Table. Plasmids used for constructing CaCrz1-GFP strain.

(DOCX)

S2 Table. Oligos used for constructing CaCrz1-GFP strain.

(DOCX)

S1 Movie. An example of CaCrz1 pulsing in C. albicans.
(GIF)

S2 Movie. An example of Prz1 pulsing in S. pombe.

(GIF)
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42. Pritišanac I, Vernon RM, Moses AM, Forman Kay JD. Entropy and Information within Intrinsically Disor-

dered Protein Regions. Entropy. 2019; 21: 662. https://doi.org/10.3390/e21070662 PMID: 33267376

43. Zarin T, Tsai CN, Nguyen Ba AN, Moses AM. Selection maintains signaling function of a highly diverged

intrinsically disordered region. Proc Natl Acad Sci U S A. 2017; 114: E1450–E1459. https://doi.org/10.

1073/pnas.1614787114 PMID: 28167781

44. Zarin T, Strome B, Nguyen Ba AN, Alberti S, Forman-Kay JD, Moses AM. Proteome-wide signatures of

function in highly diverged intrinsically disordered regions. eLife. 2019; 8. https://doi.org/10.7554/eLife.

46883 PMID: 31264965

45. Ludwig MZ, Bergman C, Patel NH, Kreitman M. Evidence for stabilizing selection in a eukaryotic

enhancer element. Nature. 2000; 403: 564–567. https://doi.org/10.1038/35000615 PMID: 10676967

46. Roy J, Li H, Hogan PG, Cyert MS. A Conserved Docking Site Modulates Substrate Affinity for Calci-

neurin, Signaling Output, and In Vivo Function. Mol Cell. 2007; 25: 889–901. https://doi.org/10.1016/j.

molcel.2007.02.014 PMID: 17386265

47. Tian L, Hires SA, Mao T, Huber D, Chiappe ME, Chalasani SH, et al. Imaging neural activity in worms,

flies and mice with improved GCaMP calcium indicators. Nat Methods. 2009; 6: 875–881. https://doi.

org/10.1038/nmeth.1398 PMID: 19898485

48. Carbó N, Tarkowski N, Ipiña EP, Dawson SP, Aguilar PS. Sexual pheromone modulates the frequency

of cytosolic Ca2+bursts inSaccharomyces cerevisiae. Mol Biol Cell. 2017; 28: 501–510. https://doi.org/

10.1091/mbc.E16-07-0481 PMID: 28031257

49. Phillips NE, Manning C, Papalopulu N, Rattray M. Identifying stochastic oscillations in single-cell live

imaging time series using Gaussian processes. PLoS Comput Biol. 2017; 13: e1005479. https://doi.org/

10.1371/journal.pcbi.1005479 PMID: 28493880

PLOS GENETICS Conservation of transcription factor pulsing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009629 September 10, 2021 21 / 23

https://doi.org/10.1534/genetics.115.184218
https://doi.org/10.1534/genetics.115.184218
http://www.ncbi.nlm.nih.gov/pubmed/26896331
https://doi.org/10.1007/s00294-005-0003-8
https://doi.org/10.1007/s00294-005-0003-8
http://www.ncbi.nlm.nih.gov/pubmed/16044281
https://doi.org/10.1111/j.1365-2958.2005.05037.x
http://www.ncbi.nlm.nih.gov/pubmed/16468987
https://doi.org/10.1371/journal.pone.0051403
http://www.ncbi.nlm.nih.gov/pubmed/23251520
https://doi.org/10.1371/journal.pgen.1006667
http://www.ncbi.nlm.nih.gov/pubmed/28376087
https://doi.org/10.1242/jcs.096446
https://doi.org/10.1242/jcs.096446
http://www.ncbi.nlm.nih.gov/pubmed/22505609
https://doi.org/10.1073/pnas.1717560115
https://doi.org/10.1073/pnas.1717560115
http://www.ncbi.nlm.nih.gov/pubmed/29432148
https://doi.org/10.1016/j.cels.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31054809
https://doi.org/10.1083/jcb.200104078
http://www.ncbi.nlm.nih.gov/pubmed/11535618
https://doi.org/10.1101/gad.967602
http://www.ncbi.nlm.nih.gov/pubmed/11877380
https://doi.org/10.1093/nar/gkz890
https://doi.org/10.1093/nar/gkz890
http://www.ncbi.nlm.nih.gov/pubmed/31598706
https://doi.org/10.1093/nar/gky1079
http://www.ncbi.nlm.nih.gov/pubmed/30476227
https://doi.org/10.3390/e21070662
http://www.ncbi.nlm.nih.gov/pubmed/33267376
https://doi.org/10.1073/pnas.1614787114
https://doi.org/10.1073/pnas.1614787114
http://www.ncbi.nlm.nih.gov/pubmed/28167781
https://doi.org/10.7554/eLife.46883
https://doi.org/10.7554/eLife.46883
http://www.ncbi.nlm.nih.gov/pubmed/31264965
https://doi.org/10.1038/35000615
http://www.ncbi.nlm.nih.gov/pubmed/10676967
https://doi.org/10.1016/j.molcel.2007.02.014
https://doi.org/10.1016/j.molcel.2007.02.014
http://www.ncbi.nlm.nih.gov/pubmed/17386265
https://doi.org/10.1038/nmeth.1398
https://doi.org/10.1038/nmeth.1398
http://www.ncbi.nlm.nih.gov/pubmed/19898485
https://doi.org/10.1091/mbc.E16-07-0481
https://doi.org/10.1091/mbc.E16-07-0481
http://www.ncbi.nlm.nih.gov/pubmed/28031257
https://doi.org/10.1371/journal.pcbi.1005479
https://doi.org/10.1371/journal.pcbi.1005479
http://www.ncbi.nlm.nih.gov/pubmed/28493880
https://doi.org/10.1371/journal.pgen.1009629


50. Lin Y, Sohn CH, Dalal CK, Cai L, Elowitz MB. Combinatorial gene regulation by modulation of relative

pulse timing. Nature. 2015; 527: 54–58. https://doi.org/10.1038/nature15710 PMID: 26466562

51. Selimkhanov J, Taylor B, Yao J, Pilko A, Albeck J, Hoffmann A, et al. Accurate information transmission

through dynamic biochemical signaling networks. Science. 2014; 346: 1370–1373. https://doi.org/10.

1126/science.1254933 PMID: 25504722

52. Granados AA, Pietsch JMJ, Cepeda-Humerez SA, Farquhar IL, Tkačik G, Swain PS. Distributed and

dynamic intracellular organization of extracellular information. Proc Natl Acad Sci. 2018; 201716659.

https://doi.org/10.1073/pnas.1716659115 PMID: 29784812

53. Li H, Rao A, Hogan PG. Interaction of calcineurin with substrates and targeting proteins. Trends Cell

Biol. 2011; 21: 91–103. https://doi.org/10.1016/j.tcb.2010.09.011 PMID: 21115349

54. Bodvard K, Jörhov A, Blomberg A, Molin M, Käll M. The Yeast Transcription Factor Crz1 Is Activated by

Light in a Ca2+/Calcineurin-Dependent and PKA-Independent Manner. Bassilana M, editor. PLoS

ONE. 2013; 8: e53404. https://doi.org/10.1371/journal.pone.0053404 PMID: 23335962

55. Krystkowiak I, Manguy J, Davey NE. PSSMSearch: a server for modeling, visualization, proteome-wide

discovery and annotation of protein motif specificity determinants. Nucleic Acids Res. 2018; 46: W235–

W241. https://doi.org/10.1093/nar/gky426 PMID: 29873773

56. Wigington CP, Roy J, Damle NP, Yadav VK, Blikstad C, Resch E, et al. Systematic discovery of Short

Linear Motifs decodes calcineurin phosphatase signaling. bioRxiv. 2020; 632547. https://doi.org/10.

1016/j.molcel.2020.06.029 PMID: 32645368

57. Grigoriu S, Bond R, Cossio P, Chen JA, Ly N, Hummer G, et al. The Molecular Mechanism of Substrate

Engagement and Immunosuppressant Inhibition of Calcineurin. Petsko GA, editor. PLoS Biol. 2013; 11:

e1001492. https://doi.org/10.1371/journal.pbio.1001492 PMID: 23468591

58. Katoh K, Rozewicki J, Yamada KD. MAFFT online service: multiple sequence alignment, interactive

sequence choice and visualization. Brief Bioinform. 2019; 20: 1160–1166. https://doi.org/10.1093/bib/

bbx108 PMID: 28968734

59. Creamer TP. Transient disorder: Calcineurin as an example. Intrinsically Disord Proteins. 2013; 1:

e26412. https://doi.org/10.4161/idp.26412 PMID: 28516023

60. Landry CR, Freschi L, Zarin T, Moses AM. Turnover of protein phosphorylation evolving under stabiliz-

ing selection. Front Genet. 2014; 5. https://doi.org/10.3389/fgene.2014.00245 PMID: 25101120

61. Hansen AS, O’Shea EK. Limits on information transduction through amplitude and frequency regulation

of transcription factor activity. eLife. 2015; 4: e06559. https://doi.org/10.7554/eLife.06559 PMID:

25985085

62. Jones DT, Cozzetto D. DISOPRED3: precise disordered region predictions with annotated protein-bind-

ing activity. Bioinformatics. 2015; 31: 857–863. https://doi.org/10.1093/bioinformatics/btu744 PMID:

25391399

63. Gibson DG. Enzymatic assembly of overlapping DNA fragments. Methods Enzymol. 2011; 498: 349–

361. https://doi.org/10.1016/B978-0-12-385120-8.00015-2 PMID: 21601685

64. Santos MA, Tuite MF. The CUG codon is decoded in vivo as serine and not leucine in Candida albicans.

Nucleic Acids Res. 1995; 23: 1481–1486. https://doi.org/10.1093/nar/23.9.1481 PMID: 7784200

65. Schiestl RH, Gietz RD. High efficiency transformation of intact yeast cells using single stranded nucleic

acids as a carrier. Curr Genet. 1989; 16: 339–346. https://doi.org/10.1007/BF00340712 PMID:

2692852

66. Min K, Ichikawa Y, Woolford CA, Mitchell AP. Candida albicans Gene Deletion with a Transient

CRISPR-Cas9 System. mSphere. 2016; 1. https://doi.org/10.1128/mSphere.00130-16 PMID:

27340698

67. Lu AX, Zarin T, Hsu IS, Moses AM. YeastSpotter: accurate and parameter-free web segmentation for

microscopy images of yeast cells. Bioinformatics. 2019; 35: 4525–4527. https://doi.org/10.1093/

bioinformatics/btz402 PMID: 31095270

68. Vicente NB, Zamboni JED, Adur JF, Paravani EV, Casco VH. Photobleaching correction in fluores-

cence microscopy images. J Phys Conf Ser. 2007; 90: 012068. https://doi.org/10.1088/1742-6596/90/

1/012068

69. Ram Y, Dellus-Gur E, Bibi M, Karkare K, Obolski U, Feldman MW, et al. Predicting microbial growth in a

mixed culture from growth curve data. Proc Natl Acad Sci U S A. 2019; 116: 14698–14707. https://doi.

org/10.1073/pnas.1902217116 PMID: 31253703

70. Breslow DK, Cameron DM, Collins SR, Schuldiner M, Stewart-Ornstein J, Newman HW, et al. A com-

prehensive strategy enabling high-resolution functional analysis of the yeast genome. Nat Methods.

2008; 5: 711–718. https://doi.org/10.1038/nmeth.1234 PMID: 18622397

PLOS GENETICS Conservation of transcription factor pulsing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009629 September 10, 2021 22 / 23

https://doi.org/10.1038/nature15710
http://www.ncbi.nlm.nih.gov/pubmed/26466562
https://doi.org/10.1126/science.1254933
https://doi.org/10.1126/science.1254933
http://www.ncbi.nlm.nih.gov/pubmed/25504722
https://doi.org/10.1073/pnas.1716659115
http://www.ncbi.nlm.nih.gov/pubmed/29784812
https://doi.org/10.1016/j.tcb.2010.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21115349
https://doi.org/10.1371/journal.pone.0053404
http://www.ncbi.nlm.nih.gov/pubmed/23335962
https://doi.org/10.1093/nar/gky426
http://www.ncbi.nlm.nih.gov/pubmed/29873773
https://doi.org/10.1016/j.molcel.2020.06.029
https://doi.org/10.1016/j.molcel.2020.06.029
http://www.ncbi.nlm.nih.gov/pubmed/32645368
https://doi.org/10.1371/journal.pbio.1001492
http://www.ncbi.nlm.nih.gov/pubmed/23468591
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/bib/bbx108
http://www.ncbi.nlm.nih.gov/pubmed/28968734
https://doi.org/10.4161/idp.26412
http://www.ncbi.nlm.nih.gov/pubmed/28516023
https://doi.org/10.3389/fgene.2014.00245
http://www.ncbi.nlm.nih.gov/pubmed/25101120
https://doi.org/10.7554/eLife.06559
http://www.ncbi.nlm.nih.gov/pubmed/25985085
https://doi.org/10.1093/bioinformatics/btu744
http://www.ncbi.nlm.nih.gov/pubmed/25391399
https://doi.org/10.1016/B978-0-12-385120-8.00015-2
http://www.ncbi.nlm.nih.gov/pubmed/21601685
https://doi.org/10.1093/nar/23.9.1481
http://www.ncbi.nlm.nih.gov/pubmed/7784200
https://doi.org/10.1007/BF00340712
http://www.ncbi.nlm.nih.gov/pubmed/2692852
https://doi.org/10.1128/mSphere.00130-16
http://www.ncbi.nlm.nih.gov/pubmed/27340698
https://doi.org/10.1093/bioinformatics/btz402
https://doi.org/10.1093/bioinformatics/btz402
http://www.ncbi.nlm.nih.gov/pubmed/31095270
https://doi.org/10.1088/1742-6596/90/1/012068
https://doi.org/10.1088/1742-6596/90/1/012068
https://doi.org/10.1073/pnas.1902217116
https://doi.org/10.1073/pnas.1902217116
http://www.ncbi.nlm.nih.gov/pubmed/31253703
https://doi.org/10.1038/nmeth.1234
http://www.ncbi.nlm.nih.gov/pubmed/18622397
https://doi.org/10.1371/journal.pgen.1009629


71. Swain PS, Stevenson K, Leary A, Montano-Gutierrez LF, Clark IBN, Vogel J, et al. Inferring time deriva-

tives including cell growth rates using Gaussian processes. Nat Commun. 2016; 7: 13766. https://doi.

org/10.1038/ncomms13766 PMID: 27941811

72. Hietpas RT, Jensen JD, Bolon DNA. Experimental illumination of a fitness landscape. Proc Natl Acad

Sci U S A. 2011; 108: 7896–7901. https://doi.org/10.1073/pnas.1016024108 PMID: 21464309

73. Hegreness M, Shoresh N, Hartl D, Kishony R. An equivalence principle for the incorporation of favorable

mutations in asexual populations. Science. 2006; 311: 1615–1617. https://doi.org/10.1126/science.

1122469 PMID: 16543462

74. Manning CS, Biga V, Boyd J, Kursawe J, Ymisson B, Spiller DG, et al. Quantitative single-cell live imag-

ing links HES5 dynamics with cell-state and fate in murine neurogenesis. Nat Commun. 2019; 10: 2835.

https://doi.org/10.1038/s41467-019-10734-8 PMID: 31249377

75. Cover TM, Thomas JA. Elements of information theory. 2nd ed. Hoboken, N.J: Wiley-Interscience;

2006.

76. Kraskov A, Stoegbauer H, Grassberger P. Estimating Mutual Information. Phys Rev E. 2004; 69:

066138. https://doi.org/10.1103/PhysRevE.69.066138 PMID: 15244698

77. Stormo GD. DNA binding sites: representation and discovery. Bioinformatics. 2000; 16: 16–23. https://

doi.org/10.1093/bioinformatics/16.1.16 PMID: 10812473

78. Li Y, Maleki M, Carruthers NJ, Stemmer PM, Ngom A, Rueda L. The predictive performance of short-lin-

ear motif features in the prediction of calmodulin-binding proteins. BMC Bioinformatics. 2018; 19: 410.

https://doi.org/10.1186/s12859-018-2378-9 PMID: 30453876
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