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An analog to digital converter creates nuclear localization pulses in yeast calcium signaling
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Abstract:

Several examples of transcription factors that show stochastic, unsynchronized pulses of nuclear
localization have been described. Here we show that under constant calcium stress, nuclear
localization pulses of the transcription factor Crz1 follow stochastic variations in cytoplasmic
calcium concentration. We find that the size of the stochastic calcium pulses is positively
correlated with the number of subsequent Crz1 pulses. Based on our observations, we propose a
simple stochastic model of how the signaling pathway converts a constant external calcium
concentration into a digital number of Crz1 pulses in the nucleus, due to the time delay from
nuclear transport and the stochastic decoherence of individual Crz1 molecule dynamics. We find
support for several additional predictions of the model and conclude that stochastic input to

nuclear transport may produce digital responses to analog signals in other signaling systems.

Keywords: stochastic pulsing transcription factor, Crz1, time delay model, mathematical

modeling, calcineurin pathway
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Cells transmit information through signaling pathways. Rather than simple “ON” or “OFF”
responses, several key pathways (p53, NF-xB, and others) are now appreciated to encode
information in the dynamics of the signaling response(1-9). Here we focus on the calcium
signaling pathway in yeast, which controls gene transcription through frequency modulation
(FM) of the transcription factor Crz1(9). In this system, the analog external calcium
concentration is converted into the frequency of digital pulses of nuclear localization (discrete

rapid rising and falling of nuclear concentration on the order a few minutes).

Mechanistic models of FM pulsatile transcription factors have relied on negative feedback
coupled with positive feedback(7,8,10,11) or delayed negative feedback(11,12). However,
whether there is a negative feedback loop in calcium signaling pathway that can generate Crz1l
pulses is unclear (discussed further below). Furthermore, in each cell, during each Crz1 nuclear
localization pulse, approximately 500 Crz1 molecules are transported in and out of the nucleus in
a coordinated fashion(13), but these pulses are stochastic (and not synchronized between cells).

To our knowledge, no mechanistic model of this process has yet been proposed.

One possibility is that Crz1 nuclear localization pulses are connected to variation in cytoplasmic
calcium concentration ([Ca2+]cyt) since calcineurin is activated by calcium(14). Calcium pulses
have been observed in many cell types(15-19), but the connections between cytoplasmic calcium
concentration and Crz1 localization have not been analyzed in single cells. Mechanistic models
of Crz1 regulation through calcium signaling do not predict external calcium concentration
([Ca*Jext )-induced oscillation of [Ca®*]ex(20). Further, although average Crz1 nuclear
localization increases when [Ca?*]ex; increases(9), [Ca2+]cyt is known to be under tight
homeostatic control: the average [Ca*"].,« remains similar under a wide range of [Ca*"]ex(21,22).

Variation in [Ca2+]cyt is unlikely to follow the frequency of Crz1 pulsatility, which increases
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when [Ca?*]ex increases(9). Thus, the relationship between calcium and Crz1 pulses remains

unclear.

In this study, we examined the connection between [Ca2+]cyt and Crz1 pulsatile dynamics through
dual fluorescence time-lapse microscopy(23). We found that cytoplasmic calcium concentration
varies stochastically at the single cell level, showing pulses on the timescale of 10-100 seconds.
We observed overshoots of the calcium concentration, strongly implicating calcium channels in
these pulses. We found that Crz1 pulses tend to follow these calcium pulses, but that the
relationship is not simple: multiple Crz1 pulses may follow each calcium pulse, and the number
of Crz1 pulses depends on the size of the calcium pulse. We modulated calcium channel activity
and found much larger calcium pulses, which led to greater numbers of Crz1 pulses. To explain
how [Ca2+]cyt affects Crz1 nuclear localization, we developed a stochastic model of Crz1 nuclear
localization and tested predictions in the experimental data. In general, stochastic pulses in
signaling dynamics may be generated by time-delayed responses to fluctuations in second

messenger concentration.
Results
Calcium pulses are observed when yeast cells are under calcium stress

In order to study the relationship between the dynamics of [Ca2+]cyt and Crz1 nuclear
localization, we constructed a dual Crz1-Calcium reporter strain and measured dynamics using
time-lapse microscopy. We tagged Crz1 with the mCherry fluorescent protein in a strain with a
cytoplasmicly expressed calcium sensor GCaMP3(16), and recorded movies on a confocal
fluorescence microscope (see Methods). As in previous studies(9), we observed stochastic and

rapid increases and decreases of [Ca2+]cyt when yeast are under calcium stress (Figure 1 A,
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supplementary video 1). We noticed that these “calcium pulses” (defined by a threshold ratio
above background, see Methods) are followed by an overshoot of calcium concentration below
the resting level (average of 50 largest calcium local maxima in a representative time lapse
movie is shown in Figure 1B left panel), whose depth is positively correlated to the height of the
pulse (Figure 1B, right panel, R?= 0.37). This overshoot cannot fit an exponential curve and
suggests negative feedback on [Ca2+]cyt, which is consistent with the predictions of calcium

models constructed in previous studies of homeostasis(24,25).
Quantification of calcium pulses and Crz1 pulses suggests an analog to digital converter

Individual cell trajectories do not show a simple relationship between [Ca2+]cyt and Crz1 nuclear
localization (Figure 1A), so we next sought to understand how Crz1 pulses (see Methods for
definition of Crz1 pulses) are affected by calcium pulses. We analyzed the distribution of the
time differences between a calcium pulse and following Crz1 pulse(s) (using so-called pulse-
triggered averaging(23)). The coherence of the first and second pulses suggested to us that one or
more Crz1 pulses follows a single calcium pulse (Figure 2A). We therefore compared the time
until the first Crz1 pulse within 10 minutes of a calcium pulse to the time until the first Crz1
pulse within 10 minutes from a randomly chosen cell that may or may not contain a calcium
pulse. Consistent with our hypothesis, we found that the time until the first Crz1 pulses after
calcium pulses shows reduced standard deviation (122.47 seconds vs. 161.25 seconds, F-test,
p<0.005, n = 168) and occurs sooner than observed in randomly chosen cells (83.01+-9.58
seconds vs. 210.62+-28.89 for random, two-tailed t-test, p <10™, n = 193). A similar range of
time differences is also observed in cross correlation analysis (supplementary figure 1).
Furthermore, the distributions of time differences disperse when the order of Crz1 pulses

increases (Figure 2A, e.g., 122.47 seconds, n = 81 for first pulses vs. 181.66 seconds, n = 45 for
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88  second pulses, F-test, p<0.005), suggesting that the effect of the calcium pulse on Crz1 dynamics
89  decreases over time. These results suggest that one calcium pulse can lead to multiple Crz1

90  pulses.

91  We sought to identify factors that determine the number of Crz1 pulses that follow each calcium
92  pulse. We found that the number of Crz1 pulses after a calcium pulse is positively correlated to
93 the height of that calcium pulse (Figure 2B, generalized linear model regression with Poisson
94  distribution, slope = 0.16+-0.10). To test whether a calcium pulse causes Crz1 pulses, we tested
95  whether there is a correlation between calcium pulse height and the number of Crz1 pulses
96 before a calcium pulse. If an (unmeasured) third factor affects both the height of a calcium pulse
97 and the number of the Crz1 pulses in a cell, we expect more Crz1 pulses both before and after
98 large calcium pulses. We found that the number before is not correlated with calcium pulse size
99  (slope =-0.10+-0.13, generalized linear model regression with Poisson distribution). This result
100 s consistent with the idea that calcium pulses can cause more than one Crz1 pulse, and suggests

101  that calcium pulse heights are converted into digital numbers of Crz1 pulses.

102  Artificially increased calcium pulse height supports the analog to digital converter model

103  The hypothesis of an analog to digital converter between calcium pulse height and Crz1 pulse
104  number predicts that the average number of Crz1 pulses following calcium pulses could be made
105 larger by artificially inducing larger calcium pulses. To test this prediction, we treated cells with
106  nifedipine (See Methods). By doing so, we reliably induced synchronized calcium pulses

107  (supplementary video 2) that were on average twice as large as the stochastic pulses observed at
108  steady state in 0.2M calcium treatment alone (Figure 3A, compared to Figure 1B). The majority
109  of these large calcium pulses are followed by at least 4 Crz1 pulses that disperse over time

110  (Figure 3B). As predicted by the model, the number of Crz1 pulses after a calcium pulse is
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111 positively correlated to calcium pulse height, and the range is larger than untreated range (Figure
112 3C, compared to Figure 2B, generalized linear model regression with Poisson distribution, slope
113 =0.37+-0.11). In individual cells, nuclear Crz1 now clearly appears to oscillate while no

114  oscillations are observed in cytoplasmic calcium concentration (supplementary figure 2). These
115  results confirm that single calcium pulses are followed by multiple Crz1 pulses, and support the
116  idea that an analog-to-digital converter in the calmodulin/calcineurin signaling pathway converts

117  calcium pulse height into Crz1 pulse number.

118 A simple time delay model can reproduce the properties of Crz1 pulses after a calcium pulse

119  To explain the mechanism of the analog to digital converter, we considered a two-step process in
120  single cells (Figure 4A). The first step is that external calcium concentration leads to cytoplasmic
121 calcium pulses (4A, blue trace) through stochastic channel opening, and the second step is that a

122 calcium pulse leads to nuclear Crz1 pulses (4A, red trace) through the calcineurin pathway.

123 A negative feedback loop in the calcineurin pathway could lead to oscillation of calcineurin
124  activity and drive Crz1 pulses, but we decided not to include one in our model for two reasons.
125  First, the known negative feedback loop in the calcineurin pathway through Rcnl does not

126  appear to affect Crz1 pulsatility. Renl is an inhibitor of calcineurin that is degraded when

127  phosphorylated and is dephosphorylated by activated calcineurin (26,27), thus leading to

128  negative feedback. However, the negative feedback loop is thought to be controlled by the

129  protein abundance of Rcnl, as phosphorylation does not prevent Renl’s inhibition of

130  calcineurin(26). Since Crz1 pulsatility occurs when protein synthesis is inhibited by

131 cycloheximide (supplementary figure 3) we consider it unlikely that Rcnl provides negative

132 feedback through changes in protein abundance. Second, models with feedback mechanisms
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133 seem incompatible with the observation that the frequency but not the amplitude of Crz1 pulses
134  increases when the affinity of calcineurin docking site on Crz1 is enhanced(9). This is opposite
135  to the expectation if Crz1 nucleocytoplasmic transition were driven by a feedback mechanism.

136  Therefore, we worked toward models that do not include a feedback mechanism.

137 Previously, Crz1 nuclear localization dynamics were explained with a conformational switch

138  model(22). This model assumes that the large number of phosphorylation sites on Crz1 leads to a
139  sigmoid function relating calcineurin activity to Crz1 nuclear localization, so when calcineurin
140  activity swings above and below a threshold, Crz1 sensitively reads out the perturbation in

141 calcineurin activity and switches fully nuclear or cytoplasmic (22,28). This model would predict
142  that calcium concentration crosses a threshold before each Crz1 pulse, and pulses stop once

143  calcium oscillations decay below the threshold. However, calcium is not observed to pass a

144 threshold before each Crz1 pulse in our data (supplementary figure 2D for examples).

145  We therefore considered another single cell model. Inspired by the observations on the

146  population level that Crz1 pulses tend to occur within 100 seconds after calcium pulses and then
147  disperse over time, and that larger calcium pulses lead to more Crz1 pulses, we constructed a
148  discrete-time stochastic model that explains single cell Crz1 nuclear localization based on time
149  delays during nuclear import and export with variation among Crz1 molecules. Time delay

150  models have been constructed through different approaches, including deterministic and

151  stochastic delay differential equations with a fixed or variable delay periods(12,29-31). We used
152  adiscrete-time Markov chain because it is simple to simulate trajectories. In the model, Crz1
153  molecules transit between the nucleus and the cytoplasm in a coordinated manner (show pulsing

154  dynamics on average) only when calcineurin activity is very high due to a recent calcium pulse.
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155  As calcineurin activity slowly returns to its basal level, the coordinated transport of 500 Crz1

156 molecules in a single cell decoheres.

157  We model Crz1 nuclear signal by aggregating the states of individual Crz1 molecules after an
158 increase in cytoplasmic calcium concentration of a single cell. As the input to the model, we
159  provide calcium concentration, Ca, as a function of time, t, which can be obtained from

160  experimental data (using GCaMP reporter fluorescence as a proxy).

161  We assume that calcineurin activity at time t, Cn(t), has an activation rate proportional to

162  calcium concentration and a constant rate of decay. The discrete time dynamics of Cn(t) is

163  described by

164 ACn = Cn(t + 1) — Cn(t) = (Cnpase — Cn(t)) D + max[0, Ca(t)] 4,

165  where Cny4, IS the basal activity of calcineurin, D is the decay rate of calcineurin activity, and
166 A is the activation rate by cytoplasmic calcium. Although calcium concentration can never be
167  negative, our GCaMP reporter data is normalized such that baseline fluorescence level is defined
168  as 0. When calcium pulses overshoot, we obtain negative values, and hence include

169  max[0, Ca(t)] in the equation above. The probability of a Crz1 molecule being imported is Cn(t)
170  multiplied by the probability of dephosphorylation by an active calcineurin molecule (see

171 Methods for details). Thus, when calcineurin activity increases, the probability of a Crz1l

172 molecular being imported increases.

173 Once a Crz1 molecule is imported into the nucleus, it returns to the cytoplasm after it is
174  phosphorylated in the nucleus, which we assume occurs at a constant rate. These chemical

175  reactions can be formulated using a standard biochemical rate approach as

a b
Xc= Xy, Xy = Xc,
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176  where X and X are cytoplasmic and nuclear Crz1 molecules, respectively, and a and b are the
177  rates of delayed transports (denoted as thick arrows). In our Markov chain framework, we

178  assume that transports are multistage, so the delay time follows a Gamma distribution with the
179  two parameters related to the number of states and the transition probability (see Supplementary

180 text for details).

181  This model can qualitatively reproduce Crz1 pulses after a calcium pulse (Figure 4B). The
182 number of Crz1 pulses after a calcium pulse is positively correlated to the height of that calcium
183  pulse (Figure 4C, generalized linear model regression with Poisson distribution, slope = 0.29+-

184  0.13), while the number of that before a calcium pulse is not (slope = 0.02+-0.16).
185  Other predictions of the model are found in the experimental data

186  The time delay model also predicts other properties of Crz1 pulsatility. A first prediction is that
187  the periodicity of a Crz1 trajectory is correlated with calcium pulse size, such that a Crz1

188  trajectory after a larger calcium pulse keeps oscillating longer. To test this prediction, we

189  quantified the periodicity of Crz1 dynamics after the largest calcium pulse of each cell using a
190  Gaussian Process model (see Methods), which computes the log-likelihood ratio (LLR)

191  comparing a periodic to an aperiodic kernel. The LLR of post-calcium-pulse trajectories is

192  correlated to the height of calcium pulses (Figure 5A). Calcium pulses larger than 0.11 show
193  LLR significantly larger than that of the rest (two tailed t-test, sample sizes are 92 and 95, p < 10°
194 ), which means larger calcium pulses lead to Crz1 dynamics that can be better described by a
195  periodic Gaussian process. As a control, we also computed the LLR for pre-calcium-pulse

196  trajectories, and found that the pre-calcium-pulse trajectories of for calcium pulse height above

197  0.11 are not statistically more periodic (p >0.1). Periodic dynamics after large calcium pulses
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198  would also be predicted by conformational switch model, where, after a larger calcium pulse,
199  calcium oscillates longer and has more peaks crossing a threshold to trigger Crz1 pulse

200  (supplementary figure 4).

201  Additional predictions of the time delay model are that, after a calcium pulse that is followed by
202  at least two Crz1 pulses, the second Crz1 pulse is shorter and wider than the first Crz1 pulse

203  because the coordinated transport of Crz1 molecules disperses across time. Although both the
204  conformational switch model and the time delay model predict shorter second Crz1 pulses, the
205  conformational switch model would predict a narrower second Crz1 pulse as the calcium

206  oscillations decay (Figure 5C). To test these predictions, we identified the calcium pulses that are
207  followed by two Crzl pulses, and fit them to a “logistic pulse model” (Figure 5B, median R? =
208  0.85, mean R? = 0.79, See Methods) to estimate pulse height and narrowness. We found that the
209  height of the second pulse is significantly smaller (Figure 5D, paired t-test, p < 0.005, n =42),
210 and that the mean narrowness of the second pulses is significantly smaller than that of the first
211 pulses (Figure 5D, paired t-test, p < 10%, n = 42), supporting the time delay model to the

212 exclusion of the conformational switch model.

213 Thus, the data support three additional predictions of a simple stochastic model of Crz1 nuclear
214 import and export. Together with the explanation of the analog to digital converter, our results
215  support the idea that coordination of Crz1 localization (and thus pulsatility) is the result of a

216  time-delay in nuclear import and export (see Discussion).
217  Discussion

218  Our results show that [Ca2+]cyt is linked to Crz1 pulsatility through an analog to digital

219  conversion: larger calcium pulses lead to more Crz1 pulses. Through this model, we can explain

10
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220  Crz1 pulses found after calcium pulses and provide a possible link between irregular Ca?*

221 oscillation and transcription(17). However, in our cells, Crz1 fluctuations are also found without
222 preceding calcium pulses. These Crz1 fluctuations are aperiodic and do not show correlations
223 between number of pulses and calcium size. We recorded movies at four different [Ca®]ex;, and
224  found that, although the frequency of calcium pulses is correlated with external calcium

225  concentration, the increase in calcium pulsing frequency is not comparable to the increase in
226 Crzl pulsing frequency, and the average size of calcium pulses does not increase significantly.
227  Therefore, our model cannot fully explain the calcium concentration dependence of Crz1

228  fluctuations. However, cross-correlation analysis shows that these Crz1 dynamics have only a
229  small correlation with [Ca2+]cyt dynamics (supplementary figure 1). We suggest that other

230 intrinsic environmental fluctuations that affect Crz1 localization, such as light-(32), osmotic
231 pressure-(33), or glucose-(34,35) induced Crz1 regulation might be involved in producing these

232 fluctuations.

233 One of the interesting properties of pulsatile dynamics is that the pulses in individual cells are
234 not synchronized, despite cells experiencing the same environmental stress(36). The analog-
235  digital converter model explains this aspect of Crz1 pulsatility by arguing that the [Ca2+]cyt

236 among individual cells at a given time point is stochastic, perhaps due to spontaneous Ca?*

237  transients(37). This model predicts that, if calcium pulses among cells could be synchronized in
238  time, then Crz1 pulsatility should be synchronized immediately after, and that this induced

239 synchrony would gradually decay. Consistent with this, in our nifedipine treated cells where
240 large calcium pulses were induced in every cell immediately after calcium was added to the

241  media, the Crz1 pulses following these synchronized calcium pulses are also synchronized, and

242  this synchrony decays with time (Figure 3B). However, by simulating Crz1 dynamic many times

11
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243  with identical parameter values (Table 1), we found that our stochastic time delay model does
244 not predict this loss of synchrony at the population level. This suggests that additional sources of

245  cell-to-cell variability are likely missing from the stochastic time delay model.

246 Nevertheless, our stochastic time delay model has several advantages over a conformational

247  switch model that assumes Crz1 nuclear localization sensitively reads out [Ca2+]cyt when [Ca2+]cyt
248  passes through a threshold(22). Once a damped calcium oscillation is present, the conformational
249  switch model can generate Crz1 pulses as a readout of [Ca2+]cyt passing through a threshold

250  (supplementary figure 4). Although we do not observe calcium oscillations passing a threshold in
251  our movies, it is possible that our calcium sensor is not sensitive enough to distinguish these

252 dynamics from background noise. Both our model and the conformational switch model require
253  no negative feedback in the calmodulin/calcineurin signaling pathway. However, our model

254  predicts the width of the second Crz1 pulse to be wider than the first, while the conformational
255  switch model predicts the opposite: a narrower second Crz1 pulse because it is reading out a

256 smaller fluctuation in [Ca2+]cyt. The comparison of pulse widths (Figure 5D) supports the time
257  delay model. We also note that the stochastic model is simpler (fewer parameters needed to

258  generate pulses and no assumption a sensitive threshold), and can directly explain the

259  coordination of the subcellular localization of the ~500 Crz1 molecules in the cell through time-

260  delay in nuclear transport.

261 One crucial assumption in our model for the coordination among Crz1 molecules is the

262  deactivation rate of calcineurin. Previous studies show that calcineurin has a deactivation rate in
263  vitro of 0.08 fold change per minute while both calcium ions and calmodulin are presented, and
264  has an even slower deactivation rate when either of them is not presented(38-40). The

265  deactivation rate is slow enough to maintain the synchronous translocation of each Crz1

12
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266 molecule in our model, which only requires calcineurin to return to baseline activity around 5
267  minutes after a calcium pulse, a length of time that has been reported in vitro(38-40). A
268  conclusive test of our model would be a mutation in calcineurin that solely affects the

269  deactivation rate, but no such mutant is available to our knowledge.

270  Previous work on Crz1 pulsatility suggested that Crz1 pulses are actively generated rather than
271 passively reading out the fluctuation in [Ca2+]cyt(9). If our model is correct, then it suggests a
272 third possibility: individual Crz1 molecules read out [Ca2+]cyt with a time delay. This possibility
273 can explain the observation that higher affinity of calcineurin docking site on Crz1 leads to

274  higher pulsing frequency(9), because higher affinity allows Crz1 to be dephosphorylated by a
275  lower fraction of activated calcineurin and, therefore, oscillate longer after a calcium pulse. The
276  time delay is assumed to be created by the transport between cytoplasm and nucleus, which

277  because it requires a complicated series of steps, leads to a transport rate in the order of

278  minutes(41). This model can be generalized to relocalization of other pulsatile transcription

279  factors and macromolecules that have dynamics on the order of minutes, and can explain how
280  signals that are short and fluctuating are converted into the frequency of pulses without a

281  negative feedback loop.

282
283  Materials and methods
284  Yeast cell strain and growth conditions

285  BYA4741 was used to construct the dual Crz1-Calcium reporter strain. Plasmids expressing

286  GCaMP3 calcium reporter were constructed using Gibson assembly protocol(42) and gel

13
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287  purification. The calcium reporter gene was assembled between the promoter of ribosomal

288  protein L39, RPL39, and the ADH1 terminator. pPRPL39-GCaMP3-tADH1 was integrated at the
289  HO locus using a selectable marker (LEU2) and confirmed by Sanger sequencing. Four

290  replicates were performed and all showed expected GCaMP3 expression(15,16). To tag Crz1
291 with mCherry at the C terminus, genomic integration of pCrz1-ymCherry was done at the CRZ1
292 locus using a selectable marker (URAS3) and confirmed by PCR. All transformations were

293  performed using the standard lithium acetate procedure(43).

294  All the time-lapse imaging experiments were started when cells were in log-phase (4 hours after
295  being diluted from overnight liquid culture). Cells were grown in synthetic complete (SC) media
296 lacking leucine and uracil to maintain section of markers. Carbon source was 2% glucose. For
297 artificially increased calcium pulse experiments, 200um Nifedipine were added during the 4 hour

298 inoculation.

299  Spinning-disk Confocal Microscopy and image analysis

300 Nikon CSU-X1 was utilized for time-lapse imaging at room temperature (22° C). For GCaMP3,
301 488 nm laser was applied with time resolutions of 6 sec/frame, exposure time of 100 msec, and
302 25% laser intensity; for mCherry, 561 nm laser was applied with time resolution 30 sec/frame,
303  exposure time of 700 msec, and 50% laser intensity. Bright field images with out-of-focus black

304  cell edge were acquired every minute for cell segmentation and tracking.

305  Cells were attached to glass-bottom dishes with 0.1 mg/ml Concanavalin-A as a binding agent
306  using a standard protocol(44,45). For each experiment, a time-lapse image series without

307  calcium stress induction was recorded as a negative control. At the beginning of each time-lapse
308  image series, an area of the dish that had not been exposed to laser was recorded in order to

14
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309 avoid blue light stress, which is known to induce Crz1 nuclear localization(32). Calcium chloride
310 solution was added to the dish to a final concentration of 0.2M through a syringe within 20

311  seconds. To record the dynamics during steady state, time-lapse movies of 30 min or 1 hour were
312  recorded after more than 1 hour of calcium stress induction for two to four time-lapse movies in
313  each experiment. 27 replicates of time-lapse movies (18 hours in total) were recorded. Every

314  analysis was done in both 1 hour and 30 minute time-lapse experiments.

315  Segmentation was automatically performed by identifying the area within cell edge through
316 MATLAB Image Segmentation Toolbox, and cell tracking was performed by identifying 90%
317  overlapping cell areas between two time frames. Mis-segmented and mis-stracked objects were
318  manually removed. 23-87 cells were identified in each time-lapse movie. Single cell

319  photobleaching correction was conducted after single cell reporter intensities were quantified
320  (see below) using bi-exponential regression(46): for GCaMP3 intensity, correction was

321 performed according to baseline intensity; for Crz1 expected nuclear signal, correction was
322  performed according to Crz1 expected cytoplasmic signal. Baseline was normalized to 0 after

323  photobleaching correction.

324  Osmotic shock reduction

325  Crzl localizes into the nucleus for 10 to 15 minutes after an osmotic shock (33). In the

326 experiments where we artificially increased calcium pulses (nifedipine treatment), the effect

327  from osmotic shock was undesirable because the calcium pulses occur immediately after addition
328 of calcium. Change in osmotic pressure due to 0.2M calcium chloride is around 3.4 Pa, so prior
329  to the experiment, sodium chloride solution was added (to reach 0.4M) to increase osmotic

330  pressure to 6.1 Pa. When calcium chloride solution was added (so final concentrations of both
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331 sodium chloride and calcium chloride were 0.2M), the final osmotic pressure was now around
332 6.5 Pa, reducing the change in osmotic pressure before and after addition of calcium to around

333 0.5 Pa.

334  Reporter intensity quantification

335  GCaMP3 intensity for each time point was estimated as average pixel intensity for all pixels in

336 the cell.

337  Nuclear localization for each time point was quantified by fitting a mixture of a Gaussian
338  distribution and a uniform distribution, and the parameters of distributions were estimated using
339  expectation-maximization on the pixel data from each cell (see supplementary text for more

340  details and derivation of the algorithm).

341  Peak finding, pulse analyses and periodicity

342  Local maxima/minima were identified with Matlab function findpeaks. To smooth fluctuations
343  shorter than 4 time points, Savitzky-Golay filtering was applied on each trajectory before
344  defining the Crz1 pulse threshold, identifying Crz1 pulses, and quantifying calcium overshoot

345  depth

346  To define the threshold for pulses, every local maximum in all cells growing in standard liquid
347  culture (no additional calcium) was identified with a minimum distance of 60 seconds.

348  Thresholds were then chosen to filter out most of the background noise: we chose the top 0.5%
349  of the peak height (0.09) for calcium pulses, and the top 5% of both the peak height (0.30) and

350  prominence (0.15) for Crz1 pulses.
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351  For the analysis of the relationship between calcium pulse height and number of Crz1 pulses, the
352 Crzl pulses following a calcium pulse were counted until the next calcium pulse or the end of
353 the time series, and the Crz1 pulses before a calcium pulse were counted until the previous

354  calcium pulse or the beginning of the time series.

355  For every cell that has its largest calcium pulse after 5 minutes from the beginning or before 5
356  minutes from the end of the time-lapse experiments, its Crz1 trajectory was separated into pre-
357  calcium-pulse and post-calcium-pulse trajectories. Each part was quantified if a trajectory prefers
358  an aperiodic Gaussian process model or a periodic Gaussian process model with log likelihood

359  ratio (LLR) using established method and MATLAB scripts(47).

360  Logistic pulse fitting

361 A least squares method is developed to quantify Crz1 pulse height and width based on the

362  analytic solution of logistic curve (see supplementary text for more details and derivation).
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500  Figure legends:

501

502  Figure 1. Calcium pulses with overshoots are found in yeast cells under calcium stress. A) Left
503  panel shows examples of single cell trajectories for Crz1 (red trace) and calcium (blue trace) and
504  snapshots at representative time points from two cells close to each other in the original field of
505  view. Numbers along the red trace indicate the Crz1 pulses identified following a calcium pulse
506  (black arrow below blue trace). Blue arrow indicates the local minimum (so-called overshoot)

507  following the calcium pulse. Images in the right panel show the mCherry channel and GCaMP3
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508 channel at points indicated in the left panel. B) Left panel shows the average trace of 50 calcium
509  pulses. Shaded area shows 95% CI of the average trace. Maxima of calcium pulses are aligned to
510 time = 0 sec (Relative time). An overshoot can be found around time = 100 sec. In the right
511  panel, each dot represents a single calcium pulse. The x-axis is in natural log of peak height,

512 while the y-axis is the depth of the overshoot. Blue line shows a linear fit (R = 0.37).

513

23


https://doi.org/10.1101/357939

514

515

516

517

518

519

520

521

522

bioRxiv preprint doi: https://doi.org/10.1101/357939; this version posted June 28, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 2. A calcium pulse is followed by multiple Crz1 pulses, and the number of Crz1 pulses is
positively correlated to the height of the calcium pulse. A) The density of first, second third and
fourth Crz1 pulses (purple, yellow, cyan and green, respectively) is plotted as a function of the
time they occur after the calcium pulse (blue). B) Sample sizes of each number of Crz1 pulses
are 29 for 0, 73 for 1, 43 for 2, 21 for 3, 16 for >3. Blue boxes indicate the 25% - 75% range,
large circles represent the mean, lines represent the range of the data, and individual points show

the locations of two outliers.
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Figure 3. Artificially induced calcium pulses with large average height are followed by more
Crz1 pulses. A) Average single cell trajectory (without aligning the maxima) after calcium
addition shows synchronized calcium pulses in cells treated with nifedipine (solid line is mean
GCaMP3 signal), not in untreated cells (broken line is the mean GCaMP3 from untreated cells.
Shaded areas show the 95% CI of mean. B) The density of first, second third and fourth Crz1
pulses (purple, yellow, cyan and green, respectively) is plotted as a function of the time they
occur after the calcium pulse (blue). C) Sample sizes of each number of Crz1 pulses are 16 for 0,
36 for 1, 36 for 2, 30 for 3, 48 for 4, 14 for >4. Blue boxes indicate the 25% - 75% range, large
circles represent the mean, lines represent the range of the data, and individual points show the

locations of outliers.
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534

535  Figure 4. A time delay model for Crz1 nuclear pulsing can qualitatively reproduce Crzl

536 dynamics after calcium pulses. A) In this single cell model, Ca** in the cytoplasm (yellow

537  shaded area) is controlled through a two-channel system (dotted arrows crossing from outside the
538  cell to inside, and crossing from yellow shaded area to orange shaded area representing the

539  vacuole). Calcineurin is activated (Cnjn, to Cnyer) by cytoplasmic calcium, and leads to Crzl

540  dephosphorylation (Crz1p to Crz1). Dephosphorylated Crz1 is imported (dotted arrow) from

541  cytoplasm (yellow shaded area) to nucleus (grey shaded area) and phosphorylated Crz1 is

542  exported (dotted arrow from nucleus to cytoplasm). B) The Crz1 pulses produced by the model
543  (red trace) following calcium pulses (blue trace). Gold trace shows the calcineurin activity

544  predicted by the model. C) Blue boxes indicate the 25% - 75% range, large circles represent the
545  mean, lines represent the range of the data, and individual points show the locations of outliers.
546  Sample sizes of each number of Crz1 pulses are 68 for 0, 72 for 1, 31 for 2, 9 for 3, 2 for 4, O for

547 >4,
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548

549  Figure 5. Predictions of the time delay model are confirmed by experimental data. A) Log

550 likelihood ratio between a periodic and an aperiodic Gaussian process model shows an

551 increasing preference towards the periodic process when calcium pulse height increases (blue
552 line shows a linear fit, R? = 0.07). Each dot represents the Crs1 trajectory following a calcium
553  pulse. B) shows an example of logistic pulse fit (dotted trace) to experimental data (red trace) for
554  estimating the narrowness (r; and r,) and the heights (h; and hy) of the first and second Crz1

555  pulses after a calcium pulse. C) Conformational switch model (CSM) predicts that the second
556  Crz1 pulse is shorter and narrower than the first Crz1 pulse, while the time delay model (TDM)
557  predicts that the second Crz1 pulse is shorter and less narrow than the first. D) Unfilled circles
558 indicate the mean height and narrowness of Crz1 pulses. The first and second Crz1 pulses are
559  purple and yellow, respectively. Each dot corresponds to a single Crz1 pulse identified following

560 a calcium pulse.
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