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20 Highlights
21 e The time when PER protein arrives at the perinucleus is wide and keeps changing.
22 e A bistable phosphoswitch enables precise nuclear entry of PER protein.
23 e This leads to robust circadian rhythms when cell congestion level and size change.
24 e This describes how the circadian clock compensates for spatiotemporal noise.
25
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Summary
The mammalian circadian (~24h) clock is based on a self-sustaining
transcriptional-translational negative feedback loop (TTFL) centered around the PERIOD

protein (PER), which is translated in the cytoplasm and then enters the nucleus to repress
its own transcription at the right time of day. How such precise nucleus entry, critical for
generating circadian rhythms, occurs is mysterious because thousands of PER molecules
transit through crowded cytoplasm and arrive at the perinucleus across several hours.
Here, we investigate this by developing a mathematical model that effectively describes
the complex spatiotemporal dynamics of PER as a single random time delay. We find that
the spatially coordinated bistable phosphoswitch of PER, which triggers the
phosphorylation of accumulated PER at the perinucleus, can lead to the synchronous and
precise nuclear entry of PER, and thus to precise transcriptional repression despite the
heterogenous PER arrival times at the perinucleus. In particular, even when cell
crowdedness, cell size, and transcriptional activator level change, and thus PER arrival
times at the perinucleus are greatly perturbed, the bistable phosphoswitch allows the
TTFL to maintain robust circadian rhythms. These results provide fundamental insight
into how the circadian clock compensates for spatiotemporal noise from various

intracellular sources.

Introduction

The mammalian circadian (~24h) clock is a self-sustained endogenous oscillator
that relies on a transcriptional-translational negative feedback loop (TTFL), where the

activator complex, BMAL1:CLOCK, promotes the transcription of Per1/2 and Cry1/2
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genes, and the PER:CRY complex inhibits BMAL1:CLOCK to close the loop™®. In the
TTFL, precise transcriptional repression (i.e., transcription being repressed at the right
time of the day) of BMAL1:CLOCK by the PER complex is essential to generate circadian
rhythms’-10,

However, obtaining such precise transcriptional repression is challenging because
individual PER molecules are expected to arrive at the perinucleus at different times.
Specifically, thousands of PER molecules transit through the crowded intracellular
environment with organelles and macromolecules, leading to different travel times for
each PER molecule. Moreover, since the cell size keeps changing due to cell growth and
cell division, the travel distance of PER molecules to the perinucleus also keeps changing.
The heterogeneity in the PER arrival time is further amplified as PER molecules are
translated across several hours at different places®'"-'2. Furthermore, the amount of
activator proteins of the transcription (e.g., BMAL1), which promotes the production of
PER protein, also exhibits a noisy fluctuation with daily changes'®'4. As a result, the
arrival time of PER molecules largely varies during a single day and exhibits daily
variations. Interestingly, although thousands of PER molecules arrive at the perinucleus
across several hours, they enter the nucleus during a narrow time window at the right
time every day®, leading to transcriptional repression with precise timing, and thus to
robust circadian rhythms. This indicates the existence of some mechanism that filters the
heterogeneity in the protein arrival time.

This filtering mechanism has barely been investigated. Even the widely used
mathematical models of the circadian clock assume that PER is homogenously

distributed in the cytoplasm, and thus they are not able to capture the cytoplasmic
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trafficking of PER'5-3'. Notably, it has been shown that when the cytoplasmic trafficking
of Hes1 molecules is incorporated into a mathematical model, the period of Hes1
oscillation greatly changes (~three-fold)®?. This indicates that the variability in the protein
arrival time distribution should be filtered to generate stable rhythms. Previously, a
potential filtering mechanism was proposed: If traveling molecules degrade quickly
enough, molecules that spend a long time during cytoplasmic trafficking are degraded
before they arrive at the perinucleus®3, and thus only molecules traveling along optimal
paths enter the nucleus without being degraded. Although this results in a narrow
distribution of nuclear entry time, it requires an unrealistically short half-life of proteins (on
the order of 1ms)34. Recently, a biologically feasible filtering mechanism, the spatially
coordinated bistable phosphoswitch of PER, was suggested®. That is, when enough PER
molecules are accumulated in the perinucleus, the bistable switch-like phosphorylation of
PER is triggered. As a result, PER molecules at the perinucleus are synchronously
phosphorylated, which is necessary for their nuclear entry, and enter the nucleus together.
This allows thousands of PER molecules that arrive at the perinucleus at different times
to enter the nucleus within a narrow time window. However, such filtering effect was
investigated only under an ideal condition that does not include critical factors that affect
the protein arrival time, such as variation in cytoplasmic congestion level, cell size, and
activator amount.

Here, we investigated whether the bistable phosphoswitch of PER can filter the
variability in its arrival time distribution under various noise sources: different cytoplasmic
congestion levels, cell sizes, and activator amounts. Specifically, we developed a

stochastic model simulating the TTFL of PER, where the PER travel time to the
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95 perinucleus is described by a time delay distribution. Thus, changing the delay
96 parameters allows us to effectively describe the change in the travel time due to the
97  variation in cytoplasmic congestion and cell size. Using the framework, we found that the
98 bistable phosphorylation of PER can effectively filter the heterogeneity in PER arrival time,
99  resulting in precise repression timing and robust circadian rhythms. On the other hand,
100  such filtering does not occur when PER phosphorylation occurs via conventional
101  phosphorylation mechanisms, such as linear and ultrasensitive phosphorylations.
102 Furthermore, by integrating our model with a previously measured BMAL1 time series in
103  asingle cell'*, we showed that the bistable phosphorylation can lead to the precise timing
104  of nuclear entry and robust circadian rhythms even under the large intra- and inter-daily
105 variation in the amount of the activator proteins. Taken together, the bistable
106  phosphoswitch for nuclear entry can filter heterogeneity in protein arrival time and lead to
107  robust rhythms under diverse environments. Our approach sets the stage for
108  systematically exploring how the circadian clock can filter diverse spatiotemporally
109  generated noises in the cell to generate robust circadian rhythms.

110

111 Results

112  Synchronous nuclear entry of PER molecules compensates for their
113  spatiotemporal heterogeneity and leads to robust circadian rhythms.

114 In the TTFL of the mammalian circadian clock, the translated PER protein at the
115  cytoplasm (R,) approaches the perinucleus while it forms a complex with CRY proteins

116 and CK16/¢ (R,), and it is phosphorylated at multiple sites (Figure 1A)**3°. Then, the

117  phosphorylated PER complex in the perinucleus (R;) can enter the nucleus, where the
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118 PER complex (R,,) represses its own transcriptional activator (4). As R, transits through
119 the cytoplasm crowded with organelles and macromolecules (Figure 1A, blue
120  circles)®1:124041 the time R, spends traveling to the perinucleus (7) greatly differs, and
121  thus the distribution of its arrival time at the perinucleus (¢, ) is wide (Figure 1B (i)). The
122 distribution of t, becomes even wider because PER proteins are translated at different
123 places in the cytoplasm over several hours, leading to different travel distances and
124 departure times, respectively®'!12. Thus, if R, enters the nucleus in the order of arrival at
125  the perinucleus, nuclear entry occurs within a wide time window (i.e., the distribution of
126 t,is wide) (Figure 1B (ii), green), and thus transcriptional activity decreases gradually
127  (Figure 1B (iii), green), weakening the circadian rhythms (Figure 1B (iv), green)*?-44, Thus,
128 to generate strong circadian rhythms, a mechanism narrowing the distribution of t, is
129  required (Figure 1B, red). Such a mechanism is expected to be based on the
130 phosphorylation mechanism of R, because R, can enter the nucleus after

131  phosphorylation33545,

132
A Cyt%plismO Nucleus B
R, /\/o\o/o\f. Rp (i) Protein arrival  (ii) Nuclear entry (iii) Transcriptional (iv) Circadian
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o
o’ R, 3 oy s R,
o © R, c c ==
° ° ° n —X [) —_ 0 —_ > —_
° } 2 = 57
. A By, o AL
W) \VAVS time time = time time
]
133

134 Figure 1. Precise timing of repression is required to generate robust circadian
135  rhythms. (A) Schematic diagram of the circadian clock model. PER protein is
136  synthesized in the cytoplasm (R.) and then it transits toward the perinucleus while it forms
137 a complex with CRY and CK16/¢ (R,), and it undergoes multisite phosphorylation. After
138 being phosphorylated, PER complex in the perinucleus (R,,) can enter the nucleus (R, ) to
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139 inhibit its own transcriptional activator (4). As R, passes through cytoplasm crowded with
140 obstacles such as organelles (blue circles), the time spent during the transit (7) is
141  heterogeneous among individual molecules. (B) This leads to a wide distribution of arrival
142 time at the perinucleus (t,) of the PER proteins (i). Without a filtering mechanism, the
143 distribution of nuclear entry time (¢t,,) also becomes wide (green line, (ii)), leading to a
144  gradual decline of transcriptional activity (green line, (iii)), and thus weak circadian
145  rhythms (green line, (iv)). A filtering mechanism narrowing the distribution of ¢t,, (red line,
146  (ii)) is needed for sharp transcriptional repression (red line, (iii)), and thus robust circadian
147  rhythms (red line, (iv)).

148

149 Bistable phosphorylation of PER is required to enter the nucleus in the circadian
150 clock.

151 PER protein has multiple CK1-dependent phosphorylation sites where the
152 phosphorylation of these sites occurs in a cooperative manner®46. As a result, the
153  phosphorylation occurs collectively, i.e., the phosphorylation is affected by the local
154  concentration of the PER complex (Figure 2A, red)®. Specifically, when the local
155  concentration of the PER complex is lower than the switch-on threshold (Figure 2A, black
156  triangle), phosphorylation does not occur. However, once the local concentration reaches
157 the switch-on threshold, the majority of the PER complex is synchronously
158  phosphorylated, resulting in a sharp increase in the phosphorylated fraction. Furthermore,
159 the high fraction of phosphorylated PER complex persists for awhile, even after the local
160  concentration decreases below the switch-on threshold, until it reaches the switch-off
161  threshold (Figure 2A, gray triangle). To investigate the advantage of having such bistable
162 phosphorylation of R, in reducing the heterogeneity in the distribution of ¢, we compare
163 it with the other typical phosphorylation mechanisms: ultrasensitive phosphorylation and
164 linear phosphorylation. Ultrasensitive phosphorylation also has a switch-on threshold for

165 synchronous phosphorylation, similar to bistable phosphorylation, but it does not have a
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distinct switch-off threshold (Figure 2A, blue)*+47,

Thus, the fraction of the R{,

monotonically increases as the total amount of PER in the perinucleus increases, with the

sigmoidal pattern having a steep increase near the switch-on threshold. In linear

phosphorylation, the fraction of the R, is constant (Figure 2A, green): only the fixed

portion of the PER complex is phosphorylated regardless of the local concentration of

PER complex.
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173 Figure 2. Spatially coordinated collective phosphorylation of PER proteins leads to
174 robust circadian oscillations in congested cells. (A) Three representative
175  phosphorylation mechanisms for nuclear entry. In linear phosphorylation, the fraction of
176 R, is the same regardless of the local concentration of the total PER complex in the
177  perinucleus. In ultrasensitive and bistable phosphorylations, the fraction of R, steeply
178 increases when the local concentration of the total PER complex reaches the switch-on
179  threshold (black triangle). With bistable phosphorylation, the fraction of R,, persists even
180  when the local concentration of the total PER complex decreases below the switch-on
181  threshold until the local concentration of the total PER complex reaches the switch-off
182  threshold (gray triangle). (B-C) As the intracellular environment becomes more crowded
183  (i.e., CV, increases), thousands of PER molecules arrive at the perinucleus within a wide
184  time window (t,). As a result, the distribution of nuclear entry time (t,,) also becomes
185  significantly wider with linear (green) or ultrasensitive (blue) phosphorylation, but not with
186  bistable phosphorylation (red). Here, the distributions were obtained from 200 repeated
187  simulations. (D) As CV; increases (light to dark colors), with linear and ultrasensitive
188  phosphorylations, transcriptional activity decreases gradually (green and blue). In
189 contrast, with bistable phosphorylation, transcriptional activity decreases sharply
190 regardless of CV; (red). (E) The sensitivity of transcription repression is quantified by
191 measuring the time taken for the transcriptional activity to decrease from 90% (ty,) to 10%
192  of the maximal transcriptional activity (t,,). The smaller value of t;, — ty, indicates the
193  sharper repression of transcription. (F) Robust oscillations are maintained with bistable
194  phosphorylation even under noisy cytoplasmic trafficking (i.e., high CV;), but not with
195 linear and ultrasensitive phosphorylations. (G) The robustness of the oscillations was
196 quantified by the correlation time and the relative amplitude of R,, oscillatory time series.
197  The longer correlation time indicates the more robust oscillation.

198

199 Bistable phosphorylation of PER allows sharp transcriptional repression despite
200 the heterogeneous PER arrival times at the perinucleus.

201 To investigate whether bistable phosphorylation can filter the heterogeneity in the
202 protein arrival time (t, ), we constructed a mathematical model which describes part of the
203  TTFL (Figure 1A): the cytoplasmic trafficking of R, to R,,, the phosphorylation of R, to R,,,
204  and the nuclear entry of R;, to R, (see STAR Methods for detailed model descriptions and
205 Table S1 for the propensity functions of reactions). To focus on how phosphorylation

206 affects the distribution of t,, we assumed that PER molecules are not degraded.

10


https://doi.org/10.1101/2022.10.27.513792

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.27.513792; this version posted October 28, 2022. 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.

207  Furthermore, since directly simulating spatiotemporal dynamics during the cytoplasmic
208 trafficking of thousands of PER molecules is computationally intractable, we describe the
209  process with a distributed time delay (7)*%-%'. This time delay 7 is assumed to be gamma-
210  distributed, which is similar to the distribution of time spent during the cytoplasmic
211 trafficking of proteins33. Note that we used the distributed time delay rather than a fixed
212 time delay to capture the heterogeneity in the cytoplasmic trafficking of R, to R,,. After the
213 arrival at the perinucleus, R, undergoes phosphorylation with one of the three
214  phosphorylation mechanisms (Figure 2A) and enters the nucleus. To describe these
215  different types of phosphorylation, we adopted the modular approach, which describes
216  complex multistep reactions with a single phenomenological module that qualitatively
217 describes the dynamical behavior*’%2. This allowed us to simulate the complex
218 phosphorylation process, which is a necessary step for nuclear entry (see STAR
219  Methods). We simulated the situation where 1,000 PER complexes travel from the cell
220 membrane to the perinucleus using the delayed Gillespie algorithm®354. This allowed us
221  to calculate the time when each R, arrives at the perinucleus (t,) and then when it enters
222 the nucleus (t,). In this way, we obtained the distribution of ¢, and t, of the 1,000 PER
223 complexes, which quantifies the heterogeneity in the protein arrival time and the nuclear
224 entry time, respectively.

225 The cytoplasm in which R. diffuses can become overcrowded due to various
226  reasons, such as increased fat deposition, hindering the cytoplasmic trafficking®°. This
227 leads to noisier cytoplasmic trafficking of PER molecules, and thus they arrive at the
228  perinucleus in a wider time window. That is, as the coefficient of variation of 7 (CV;)

229  increases, the distribution of ¢, becomes wider (Figure 2B). As a result, the distribution of

11
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230 t, also becomes wider with linear and ultrasensitive phosphorylations (Figure 2C, green
231 and blue), and thus transcriptional activity decreases gradually (Figure 2D, green and
232 blue). However, the narrow distribution of t,, is maintained with bistable phosphorylation
233 (Figure 2C, red), and thus transcriptional repression occurs sharply regardless of the CV;
234  (Figure 2D, red). To quantify the sensitivity of the transcriptional repression (i.e., how
235  rapidly the transcriptional activity is decreased), the difference between the time when the
236  transcriptional activity reaches 10% of the maximal transcriptional activity (t;,) and the
237  time when the transcriptional activity reaches 90% of the maximal transcriptional activity
238 (tgo ) was calculated. With bistable phosphorylation, t;, — ty, is small (i.e., sharp
239  repression) regardless of CV, (Figure 2E). On the other hand, with linear and
240 ultrasensitive phosphorylations, t;, —t9, greatly increases as CV, increases. This
241 indicates that bistable phosphorylation, but not linear and ultrasensitive phosphorylations,
242  allows sharp transcriptional repression even when the cytoplasmic trafficking becomes
243 noisy.

244

245 Bistable phosphorylation generates robust circadian rhythms even with
246 cytoplasmic congestion.

247 In the previous section, to focus on the cytoplasmic trafficking of R., we used a
248  model describing part of the TTFL (Figure 1A). Now, we have extended the model to fully
249 describe the TTFL. Specifically, in the model, the transcriptional activator (A) is
250  suppressed by R, via protein sequestration%2122.28 which closes the negative feedback
251  loop. Furthermore, the degradations of R., R,, R,, and R,, were also incorporated into the

252 model. With this model, we investigated how the noise level in the cytoplasmic trafficking

12
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253  (i.e., CV) affects circadian rhythms. As CV; increases, the simulated oscillations of R,
254  become noisy with linear and ultrasensitive phosphorylations (Figure 2F, green and blue).
255 On the other hand, even when CV, increases, robust oscillations are maintained with
256  Dbistable phosphorylation (Figure 2F, red). To quantify the accuracy and the strength of
257  the simulated oscillations, we calculated the correlation time and the relative amplitude of
258  the time series of R,, (see STAR Methods). The correlation time describes how fast the
259  autocorrelation function of the oscillatory time series decays®%. If the time series exhibits
260  a noisy oscillation, autocorrelation will decay rapidly, resulting in a short correlation time.
261  The correlation time becomes short and relative amplitude becomes small with linear and
262  ultrasensitive phosphorylations when CV, increases (Figure 2G, green and blue). On the
263  other hand, the correlation time is long and the relative amplitude is large regardless of
264  CV, with bistable phosphorylation (Figure 2G, red). Taken together, with bistable
265  phosphorylation, robust oscillations can be generated even when CV; is large due to noisy
266  cytoplasmic trafficking.

267

268 Bistable phosphorylation reduces the effect of cell size variation on circadian
269  periods.

270 Next, we investigated the effect of cell size variation, which is another source
271  leading to the variation in the distribution of z, on circadian rhythms. Specifically, mouse
272  fibroblast cells have highly variable areas (mean + SD, 2346 + 558 um?; CV=24%) (Figure
273 3A (i))*’. Such cell size variation varies the distance of the cytoplasmic trafficking, and
274  thus it is expected that the mean (1) and standard deviation (o;) of T changes depending

275 on the cell size. To explore this, we used a partial differential equation (PDE) that

13
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276  describes the cytoplasmic trafficking of molecules via diffusion toward the perinucleus by
277 adopting the approach used in a previous study®3(see Supplemental Information for
278  details). By simulating the PDE with an experimentally measured diffusion coefficient of
279  PER molecules (D = 0.2um?/s)'"'? and cell sizes®’, we obtained the probability of having
280 a PER molecule at each distance from the nucleus and each time. This allowed us to
281  obtain the probability distribution of the PER arrival time at the perinucleus. In particular,
282  we found that the mean + SD of u, and o, are 5.04 £ 1.91h and 4.95 £ 1.89 h, respectively
283  (Figure 3A (ii), when cell size varies according to N(2346um?, 558%um*) (Figure 3A (i))
284  (see STAR Methods). Unexpectedly, the standard deviations of both u, and o, are ~2h,
285  which is about double of the standard deviation of the circadian periods of the mouse
286 fibroblast cells with different sizes (mean + SD, 22.97 + 0.91h) (Figure 3A (ii))*’. This
287 indicates the presence of filtering mechanisms for the heterogeneous cytoplasmic
288 trafficking time (7) to generate similar circadian periods across different cell sizes.

289 To investigate whether bistable phosphorylation can compensate for the effect of
290  cell size variation, we simulated the TTFL model used in Figures 2F and 2G for cells with
291 different sizes. Specifically, we varied u, according to N(5.04h,1.912h?), whose mean
292  and SD are obtained from Figure 3A (ii). Furthermore, we set g, = 0.5 X u,, about half of
293  those obtained from the PDE simulation (o, = u,), because o, = u, leads to too noisy
294  rhythms with linear and ultrasensitive phosphorylations to analyze their periods and
295 amplitudes (Figure 2G). As u, and o, vary due to the cell size change, bistable
296 phosphorylation leads to a much narrower distribution of periods (SD=2.20h) compared

297 to linear and ultrasensitive phosphorylations (SD=4.28h and SD=4.31h, respectively)

14
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298  (Figure 3B). Thus, bistable phosphorylation reduces the effect of cell size variation on the

299  circadian period.
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301 Figure 3. Bistable phosphorylation enables cells of different sizes to have similar
302 periods. (A) (i) Mouse fibroblast cell size is highly variable, having mean + SD, 2346 +
303 558 um? (CV=24%)’. (ii) For mouse fibroblast cells with different sizes, although the
304 standard deviation of the mean (u,) and the standard deviation (o, ) of time spent during
305 the cytoplasmic trafficking are ~2h, the standard deviation of the circadian periods is only
306 a half of them (SD=0.91h). (B) The standard deviation of the simulated circadian periods
307 for 1,000 cells, whose areas were sampled from the N(2346um?, 5582um*). (C) In a
308 larger cell, u, and o, increase. Thus, the time trajectories of the nuclear entry propensity
309 (Tables S1 and S2) are shifted to the right and become wider. Note that with bistable
310 phosphorylation, the nuclear entry occurs in a narrow time window, even in larger cells.
311 The distributions were obtained with 200 repeated simulations. p, (=2346um?) and o,
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312 (=558um?) are the mean and standard deviation of fibroblast cell area, respectively. (D-
313 E) While the mean of the nuclear entry time (u. ) increases similarly in all three
314  phosphorylation mechanisms, bistable phosphorylation resulted in a far smaller standard
315  deviation in nuclear entry time (o, ) than linear and ultrasensitive phosphorylations. (F-G)
316  As a result, the length of time during which R,, accumulates from the trough (triangle) to
317 the peak (triangle) of R,, does not change regardless of cell area with bistable
318  phosphorylation, but this is not the case with linear and ultrasensitive phosphorylations.
319

320 Bistable phosphorylation mitigates the slowed nuclear entry when cell size
321 increases.

322 We investigated how bistable phosphorylation compensates for the effect of cell
323  size changes on the circadian period. For this, we used a model describing part of the
324  TTFL (Figures 2B and 2C) for the five representative cell areas: uy — 20y, py — 04, Ua,
325  u,+o,, and u, + 204, where p, (=2346um?) and o, (=558 um?) are the mean and
326  standard deviation of areas of fibroblast cells, respectively (Figure 3A(i)). As the cell size
327 increases, and thus u, increases, the simulated time trajectories of the nuclear entry
328 propensity (Tables S1 and S2) are shifted to the right (Figure 3C). Thus, the mean of
329 nucleus entry time (t,) increases for all three phosphorylation mechanisms (Figure 3D),
330  which is expected to lengthen the period. Furthermore, as ¢, also increases due to the
331 cell size increase, PER molecules enter the nucleus in a wider time window, and thus the
332 time trajectories of the nuclear entry propensity become wider and lower. Lower nuclear
333  entry propensity results in a slow increase in R,, (Figure 3C), which may further lengthen
334 the period. Interestingly, such change is much smaller with bistable phosphorylation
335 compared to linear and ultrasensitive phosphorylation (Figure 3C). That is, the increase
336  in the standard deviation of t, is significantly larger with linear and ultrasensitive

337  phosphorylations than with bistable phosphorylation (Figure 3E). As a result, when the

16


https://doi.org/10.1101/2022.10.27.513792

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.27.513792; this version posted October 28, 2022. 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.

338  TTFL model was simulated for each phosphorylation mechanism, the time between the
339  minimum of R,, and the maximum of R,, became longer (i.e., R,, accumulated more slowly)
340 in a larger cell with linear and ultrasensitive phosphorylations, but not with bistable
341 phosphorylation (Figure 3F). Specifically, the mean length of time during which R,
342  increased more than two-fold change varied from ~4h to ~10h as the cell area increased
343 from p, — 20, (1229 um?) to py + 20, (=3462 um? ) with linear and ultrasensitive
344  phosphorylations (Figure 3G, green and blue). On the other hand, with bistable
345  phosphorylation, the accumulation time of R,, was nearly the same regardless of the cell
346 area (Figure 3G, red). This explains why the change in the circadian period due to the
347 cell size variation is smaller with bistable phosphorylation than with other phosphorylation
348  mechanisms (Figure 3B).

349

350 Bistable phosphorylation enables robust circadian rhythms despite noisy activator
351  rhythms.

352 In the previous sections, the amount of activator protein was assumed to be
353 constant over time. However, the amount of activator molecules, such as BMAL1,
354  oscillates with a period of ~24h13.143558 (Figure 4A). In addition, the amplitude and the
355 peak-to-peak period of BMAL1 protein fluctuate from day to day. Specifically, the
356 amplitude and the peak-to-peak period of experimentally measured BMAL1 proteins in a
357 single cell highly vary'*: 286+35 and 25.4+5.7h (Figure 4A). Furthermore, an additional
358 ‘bump’ often exists between the peaks. Due to the noisy pattern, it is expected that the
359 synthesis timing of PER will be heterogeneous, resulting in the heterogeneous protein

360 arrival time distribution. We investigated whether bistable phosphorylation enables robust
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361 circadian rhythms of PER even under such fluctuation in activators, resulting in noisy
362  transcription of PER. For this, we simulated the TTFL model (Figure 1A), where the
363  activator level changes according to the experimentally measured BMAL1 (Figure 4A).
364 The amplitude of oscillation is highly variable with linear and ultrasensitive
365 phosphorylations (Figure 4B, green and blue). Furthermore, additional peaks in the
366 nuclear PER complex (R,) are observed with linear and ultrasensitive phosphorylations.
367 In contrast, with bistable phosphorylation, robust rhythms with similar amplitudes are
368 generated (Figure 4B, red). Moreover, the additional peaks do not appear. As a result,
369 the CV of the peak-to-peak period and the amplitude are much smaller with bistable
370  phosphorylation than with linear and ultrasensitive phosphorylations (Figure 4C). Taken
371  together, bistable phosphorylation enables robust circadian rhythms despite fluctuation in

372  activator rhythms.
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373

374 Figure 4. Bistable phosphorylation enables cells to sustain robust circadian
375 rhythms even under noisy activator rhythms. (A) The level of activator protein BMAL1
376  fluctuates across a day and exhibits daily change. In addition, an additional bump often
377 exists, resulting in more than one peak during a single cycle. The graph was retrieved
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378 from Blanchoud et al.’. (B) Even with such noisy activator time series, bistable
379  phosphorylation leads to robust rhythms, unlike linear and ultrasensitive phosphorylations.
380 (C) As a result, the CV of both the peak-to-peak period and the amplitudes is small with
381 bistable phosphorylation, but not with linear and ultrasensitive phosphorylation.

382

383 Discussion

384 For the TTFL to generate robust circadian rhythms, precise nucleus entry of the PER
385 complex is critical”'°. However, the distribution of the PER complex arrival time at the
386  perinuclear region is highly heterogeneous due to various noise sources. Despite this,
387 precise nucleus entry of the PER complex and transcriptional repression occur in the
388 circadian clock. To investigate the molecular mechanism underlying the unexpected
389 precision of the circadian clock, we constructed a mathematical model describing the
390 effect of protein arrival time on circadian rhythms (Figure 1A). We found that when the
391 protein arrival time varies due to the change of cytoplasmic congestion level, cell size,
392 and activator level, bistable phosphorylation, but not linear and ultrasensitive
393  phosphorylations, leads to precise repression timing, and thus robust circadian rhythms
394  (Figures 2-4). This indicates that the bistable phosphoswitch is the key mechanism to
395 filter the spatiotemporal noise in the cell to generate circadian rhythms. The
396  spatiotemporally regulated bistable phosphorylation can also play a critical role in other
397  biological oscillators, such as the cell cycle5%-¢'.

398 The mathematical model used in our study describes the spatiotemporal dynamics of
399 the TTFL of the circadian clock. In previous studies, the spatiotemporal dynamics of
400 molecules from the cytoplasm to the nucleus were directly described using PDE? or
401 agent-based models®32. This approach was computationally expensive and not flexible

402 to describe the various noise sources for the protein arrival time of molecules to the
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403  perinucleus. To describe the spatiotemporal dynamics of molecules simply and flexibly,
404  we used a delay distribution, which was previously used to describe a chain of signaling
405 processes or protein synthesis*®-5°, Furthermore, it is challenging to model ultrasensitive
406 and bistable phosphorylations since they are generated from complex combinations of
407  multiple reactions. To resolve this, we utilized a modular approach that describes those
408 complex multistep reactions with a phenomenological module, which was developed in
409  work by De Boeck et al.#’. This allowed us to effectively capture the key dynamics of the
410  phosphorylation mechanisms without comprehensively modeling the underlying complex
411 reactions. The time delay distribution and the modular approach are effective tools for
412  describing complex intracellular spatiotemporal dynamics.

413 The bistable phosphoswitch regulates the nuclear entry of PER. Specifically, it
414  allows PER molecules to enter the nucleus after phosphorylation only when the local
415  concentration of PER in the perinucleus reaches a certain level, rather than entering the
416  nucleus in the order in which molecules arrive near the nucleus®. This type of regulation
417  of nuclear entry could also play an important role in biological systems other than the
418 circadian clock. For example, in pancreatic f-cells, the nuclear entry of cPKA should be
419 slow to distinguish the time scales of external signals®?. However, the underlying
420  molecular mechanisms of such slow nuclear entry have not been known. The bistable
421  phosphoswitch could be a potential molecular mechanism leading to such regulation of
422  cPKA in pancreatic f-cells.

423 Alzheimer's disease (AD) has been reported to disrupt the circadian clock®:. Such
424  distribution appears to be due to tauopathy, which triggers the formation of neurofibrillary

425 tangles, and thus increases cytoplasmic crowdedness®. However, even though tauopathy
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426 s one of the earliest events in AD development®4, the activity rhythms of mild symptomatic
427  dementia patients are not significantly different from those of non-patients®%8. This can
428  be explained by our results: the bistable phosphoswitch allows the circadian rhythms to
429  function normally up to a reasonable increase in intracellular congestion level.

430

431 Limitations of the study

432 In this work, we utilized an extension of the Gillespie algorithm to simulate the system
433  describing the TTFL. This allowed us to describe the effects of various noise sources on
434  circadian rhythms. To use the Gillespie algorithm for a system containing non-elementary
435  propensity functions (e.g., Hill functions) other than functions from mass-action kinetics,
436 timescale separation is necessary®”-%°. Thus, we assumed that the synthesis and the
437  degradation of PER are slower than other reactions, such as binding and unbinding of
438 PER to activator proteins and each step of its phosphorylation and dephosphorylation.
439  However, timescale separation is often not enough for accurate stochastic simulations,
440 unlike deterministic simulations; i.e., the condition for using the non-elementary
441  propensity functions for stochastic simulation is stricter than the deterministic
442  simulations® 7072, Furthermore, the validity of using non-elementary propensity functions
443  for stochastic simulations in the presence of distributed delays has not been investigated,
444 which will be interesting in future work.

445 Cell size keeps changing due to cell growth or cell division, which affects the TTFL of
446  the circadian clock. Specifically, as cell size changes, the cytoplasmic trafficking of PER
447  molecules changes, which is investigated in our study by using a time delay distribution

448  (Figures 3B-3G). However, we did not investigate other critical factors, such as the
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449  dilution of the PER molecules during cell growth and their partition into daughter cells
450  after cell division”75, It would be interesting in future work to extend our study to
451  incorporate dilution due to cell growth and the partition of molecules after cell division to

452  investigate further the effect of the cell size changes on circadian rhythms.

453
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METHODS DETAILS

The stochastic model of the circadian clock simulating the TTFL with the
spatiotemporal behavior of PER proteins.

We extended a previous mathematical model of the mammalian circadian
clock'21.2228 to study the influence of the spatiotemporal behavior of PER proteins on
circadian rhythms (see Tables S1 and S2 for detailed reactions and parameters used in
the simulation). Specifically, our model consists of four variables: PER protein in the

peripheral cytoplasm (R.), unphosphorylated PER complex in the perinucleus (R,),
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493  phosphorylated PER complex in the perinucleus (R;), and PER complex in the nucleus

494  (R,), which degrade with the same rate constant of 4,.
495 In the model, R, is synthesized at the rate of 1, max (1 — R;",O), where A is the

496  number of activator proteins and 4, is the maximum synthesis rate. The synthesis rate is
497  proportional to the fraction of free activator that is not sequestrated by PER complex in
498 the nucleus, described by max(l —%",0). This is an approximated form of the quasi-
499  steady state of the fraction of free activators found by applying the total quasi-steady state

500 approximation reduction to the detailed model describing the circadian clock®21.22.28

501 under the assumption that PER quickly binds and unbinds to the activator:

A—Ry—KgQ+/(A—Rp—KqQ)2+4AK4Q
24

502

, Where K is the dissociation constant between the activator

503 and PER, and Q is the volume of the system. Then, by further assuming that the binding

504 is tight (K; = 0), the fraction of free activator can be approximated by max(1 —
505 RT" 0)19:2122.28 Up to Figure 3, A was fixed to be 300, assuming the number of the activator

506 is constant over time to focus on the spatiotemporal dynamics of PER. In Figure 4, to
507 investigate whether bistable phosphorylation enables robust circadian rhythms even
508 under noisy activator rhythms, we changed A according to the experimentally measured
509 time series of BMAL1 molecules in a single cell’*. From 72h-long experimentally
510 measured BMAL1 data, the first four hours were excluded to avoid the effect of the initial
511  shock for the experiment and then repeated to generate a long time series of A. Since the
512 experimentally measured BMAL1 time series was discrete, we linearly interpolated the

513 data to obtain the amount of BMAL1 in continuous time.
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514 After being synthesized, R, passes through the cytoplasm crowded with obstacles
515 during a gamma-distributed time delay 7. Specifically, when each R. molecule is
516  produced, t is sampled from the gamma distribution and assigned to each molecule. Here,
517  the gamma distribution is utilized because it successfully captures the distribution of time
518 spent during the cytoplasmic trafficking3®. To determine the shape of the gamma
519  distribution, we utilized a previously proposed method using the PDE model, which
520 describes the cytoplasmic trafficking®?, so that the mean and the standard deviation of 7
521 can be obtained (see Supplemental Information for details). When the experimentally
522  measured diffusion coefficient of PER of 0.2um?/s'"-12 and the mean area of the fibroblast
523  cell of 2346um? were used, the PDE simulation resulted in u,=4.9h. This value of u, was
524 used in Figure 2 and Figure 4. o, was set to be g, = 0.5 u, to ensure linear and
525  ultrasensitive phosphorylations to generate oscillations.

526 The PER complex that arrives at the perinucleus (R,,) undergoes phosphorylation

527 to be R,. Then, R, is either dephosphorylated to R,with the rate ofTi or enters the
14

528 nucleus with the rate of A,,. To simply describe the phosphorylation based on multiple
529 reactions, we adopted the modular approach*’, which treated the phosphorylation
530 reaction as a single phenomenological module. That is, the module takes the total amount

531  of PER complex in the perinucleus (T = R, + R;) as the input and gives the fraction of

532 the R, in the perinucleus as the output. Among possible responses that the module can

533 generate, we chose linear phosphorylation, ultrasensitive phosphorylation, and bistable
Rp

534  phosphorylation®2. With linear phosphorylation, the fraction of R, (=?) is constant

535 regardless of T (Figure 2A, green). Such response is obtained by utilizing the propensity
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536  function for the phosphorylation f(T) = CT—T where c is between 0 and 1. In our simulation,
14

537  the time scale of phosphorylation and dephosphorylation reactions, 7,,, was set to be

538  sufficiently short (7, = %h) so that the phosphorylation and dephosphorylation quickly

!

GRS f—p). As a result, the fraction of R, equilibrates to Rf = c. Here, c =
P

539  equilibrate (i.e.,

T
540 0.7 was chosen to make the fraction of R;, be 70%. For ultrasensitive phosphorylation, the

541  fraction of R, monotonically increases as T increases, with a steep increase near the

542  threshold. To describe ultrasensitive phosphorylation, the propensity function f(T) =

TTL+1 n

) was used. Thus, the fraction of R, (%) quickly equilibrates to ——, which was

1 T
Tn+K}’

543 —(

Tp

Tn+K]}
544  used to describe the ultrasensitive response previously*4+4’. We set K,, = 400 and n = 70
545  to obtain a steep increase in the fraction of R, when T reaches 400 (Figure 2A, blue). For
546  Dbistable phosphorylation, the response is bifurcating (i.e., the response qualitatively
547  varies depending on variables other than T), being affected by R,,. Thus, the response of
548  bistable phosphorylation is described not only by T, but also by R;,. To describe bistable

549  phosphorylation, we used an implicit function f(T,R;) =i< o )

Tp \T™+max(0.125-Kp,Kp~5-Rp) "

550 after modifying a function generating an S-shaped response curve (i.e., bistable

Tm
M+ max(0.125-Kp,Kp—5-R))
: b*b P

551 response)*. R?” quickly equilibrates to - which steeply increases

552  when T increases to reach the switch-on threshold, K;,,. Once T reaches K,,, the fraction

553  of R, stays near one even though T decreases below K, until it reaches the switch-off

554  threshold, which is about % Here, we chose m = 30 and K, = 400 (Figure 2A, red).
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555 The model was simulated using the delayed Gillespie algorithm®54. For the
556  Gillespie simulation, the volume of the system was set to 1. See Tables S1 and S2 for
557 detailed descriptions of propensity functions and parameters used in the simulation,
558  respectively. In Figures 2B-2E and Figures 3C-3E, to focus on how the phosphorylation
559 affects the distribution of t,,, the synthesis of R, and the degradation of PER molecules

560 are excluded from the simulation. Specifically, we set 1, and 1, to be 0 to make these
561  reactions not occur. The initial condition was given by R, = 1000, R, = R, = R, = 0.
562

563 QUANTIFICATIONS AND STATISTICAL ANALYSIS

564  Quantification of features of the oscillation.

565 We calculated several features (e.g., period, amplitude, correlation time) from the
566  oscillatory time series. First, in Figure 2G, we calculated the correlation time®5°¢ and the
567 relative amplitude®’, as done in previous studies. Specifically, to calculate the correlation

s
P

568 time, we estimated parameters . and P by fitting DC(s) = exp (— Ti) * COS (2—) to the
Cc

(C(t+s)—(x)) (x () —(x)))s

569 autocorrelation function C(s) = ()2

where x(t) is the R, time series

570  obtained from the simulation. Then, the correlation time is defined as 7., and it describes
571  how fast the autocorrelation decays over time. Thus, a more robust oscillation has a larger
572  1.. The relative amplitude was calculated as the fraction of the amplitude (i.e., the
573  difference between the peak height and trough height of the given rhythms) to the peak
574  height. To calculate the correlation time and the relative amplitude, the R, time series
575  obtained from the simulation for 100 days (i.e., 2,400h) was used after the first 10 days

576  were excluded to avoid the effect of transient dynamics. We repeated ten simulations with
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577 the same initial condition of having no PER molecule in the cell. Then, we took the
578  average correlation time over ten repetitions.

579 In Figure 3B, we calculated the period of the oscillation by fitting the C(s) to DC(s)
580 for simulated time series of R,, for 100 days after excluding first 10 transient days. Then,
581 we used the estimated P as the period. We repeated this over ten different simulated
582  trajectories and used the average of the estimated P as the period.

583 To calculate the accumulation time of R,, in Figure 3G and the peak-to-peak period
584  in Figure 4, the time series of R,, simulated for 100 days after excluding first 10 transient
585 days was used. Then, the accumulation time of R,, was measured from each cycle over
586 10 repeated simulations and then the mean of R,, accumulation time was calculated. The
587  peak-to-peak period was measured from each cycle over 10 repeated simulations, and

588  then CV was calculated (Figure 4).

589
500 KEY RESOURCE TABLE
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Software and algorithms
MATLAB R2021b MathWorks https://mathworks.co
m;
RRID:SCR _001622
Others
Mouse fibroblast cell size data Li et al.>” https://www.pnas.org
/doi/full/10.1073/pna
s.1922388117
BMAL1 time series data Blanchoud et al.* https://www.science
direct.com/science/a
rticle/abs/pii/S10462
0231500170X
591
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