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ABSTRACT 

Cells continuously survey their environment in order to make fundamental decisions, 

including whether to divide, migrate, or differentiate. However, a fascinating 

phenomenon in biology is that cells often possess memory—they temporally integrate 

both past and present signals to make a reliable decision. Cellular memory manifests 

across different biological systems over different timescales, and a variety of 

underlying molecular mechanisms have been proposed. Here we investigate a non-

epigenetic molecular mechanism underpinning how a single yeast cell can remember 

its recent environmental history to decide whether to enter the cell cycle. This 

“memories” is encoded by the phosphorylation level of the cell cycle inhibitor Whi5. 

G1 cyclin Cln3 senses environmental nutrient levels and promotes cell-cycle entry by 

phosphorylating and thus inactivating Whi5. We developed an optogenetic system 

whereby the nuclear localization of Cln3 can be rapidly and reversibly controlled by 

light. By monitoring cellular response to different temporal profiles of Cln3, we found 

that cell cycle entry requires the time duration of nuclear Cln3, supporting the model 

of “cellular memories”. Moreover, instead of the memory could last for the entire G1 

phase as previously observed in glucose, we found Whi5 re-activates rapidly, with a 

similar half-time ~ 12 min, in a variety of nutrient and stress conditions. Our results 

suggest yeast cell can shortly remember its recent environmental cues to decide 

whether to enter the cell cycle.  
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Introduction 

Many types of cells display memory: their present behavior is shaped by their 

exposure to past signals (Burrill and Silver, 2010; Csermely et al., 2020; Schaefer and 

Nadeau, 2015). These cellular memories manifest over different timescales in different 

biological venues, and multiple underlying molecular mechanisms have been 

proposed. Epigenetic memories (e.g., those encoded by DNA methylation or histone 

modifications) are among the most long-lived, as they can be stably inherited across 

cell divisions or even generations (Gaydos et al., 2014; Perez and Lehner, 2019). 

Other molecular means have been proposed for cells to record memories of varying 

lengths, including long-lived proteins (Doncic et al., 2011; Gao et al., 2018; Qu et al., 

2019) or the ability of proteins to adopt extremely stable conformational states or form 

long-lived aggregates (Harvey et al., 2018), thus enabling the transmission of 

information across cell divisions. At the circuitry level, the hysteresis or memory effect 

of bistable systems has long been documented (Gardner et al., 2000; Monod and 

Jacob, 1961; Novick and Weiner, 1957) , where the cell tends to persist in the past 

state despite environmental changes. On the other hand, the possibility of protein 

modification serving as short-term memory was less known, with the exception in E. 

coli chemotaxis in which the methylation level of the chemoreceptor reflects the recent 

concentration of chemo-attractant or repellant in the environment (Berg, 2000; Ma et 

al., 2009; Tu, 2013). Here we investigate a molecular mechanism underlying an 

emerging example of short-term cellular memory encoded by protein phosphorylation, 

namely how yeast record their recent environmental history in order to decide whether 

to divide in the present.  

Yeast cells decide whether or not to enter the cell cycle by assessing multiple 

environmental signals, including the presence of nutrients, stressors, hormones and 

growth factors (Johnson and Skotheim, 2013; Jorgensen and Tyers, 2004). Cln3 (the 

homolog of Cyclin D in mammals), is a key protein used by yeast cells to assess 

whether nutrients in the environment are sufficiently rich in order to divide. Cln3 is a 

positive driver of the cell-cycle and can be construed as a nutrient sensor: it is 

transcriptionally and translationally upregulated in rich medium (Gallego et al., 1997; 

Hall et al., 1998; Parviz et al., 1998; Polymenis and Schmidt, 1997; Verges et al., 2007; 

Yahya et al., 2014). Moreover, Cln3 is a rapid nutrient sensor, as it is quickly 
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upregulated by nutrients and also swiftly downregulated in their absence—both within 

minutes—enabling a fast response to changing external nutritional states (Cai and 

Futcher, 2013; Cross and Blake, 1993; Tyers et al., 1992; Wang et al., 2009; Yaglom 

et al., 1995). Cln3 forms a complex with Cdk1 (cyclin-dependent kinase 1) and 

promotes entry into the cell cycle: it phosphorylates and thus inhibits the cell-cycle 

inhibitor Whi5, leading to its nuclear export (de Bruin et al., 2004). Cells irreversibly 

commit to the cell cycle when ~50% of Whi5 exits the nucleus (Doncic et al., 2011; 

Schmoller et al., 2015). 

It has long been proposed that yeast cells continuously measure the concentration of 

Cln3, and when it reaches a certain threshold at any given time, they instantaneously 

commit to the cell cycle – the “instantaneous measurement” model whereby cells 

make snap decisions based on the current Cln3 level, i.e., “memory-less” (Jorgensen 

and Tyers, 2004; Schneider et al., 2004). However, our previous study found a 

negative correlation between Cln3 level and G1 duration, indicating that Cln3 signal in 

the nucleus is being integrated over time and the cell commits to cell cycle (Start) 

when Cln3-integration reaches a threshold value. The memory length was found to be 

comparable to the entire G1 length in SD medium, i.e., “entire-G1 memory” (Liu et al., 

2015).    

Here, by developing an optogenetic system where nuclear Cln3 activity can be fine-

tuned by light rapidly and reversibly at the single-cell level, we showed that cell-cycle 

entry requires the time duration of nuclear Cln3 signal, consistent with the “memory” 

model. Furthermore, we found that, rather than integrating the environment cues over 

the entire G1, cells have a comparable short memory, about 12min, independent of 

the environmental conditions.  

 

Results 

Construction of the Cln3-controlled system using PhyB-PIF optogenetic module 

Here, we sought to directly distinguish between two models for cell-cycle entry: the 

“instantaneous measurement” model vs. the “memory” model. One direct way is to 

check whether the cell cycle entry can be triggered by a transient Cln3 pulse in the 
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nucleus. To generate this short pulse, we employed the PhyB-PIF optogenetic 

organelle-targeting system (Yang et al., 2013) to drive Cln3 in and out of the nucleus 

rapidly. PhyB associates with PIF in red light and they dissociate in infrared light, and 

both the association and dissociation are rapid, in seconds. Here, by using CAAX-

tagged PhyB, we can tether the PIF fused Cln3 to the plasma membrane, thus out of 

the nucleus, in red light (the OFF state; Figure 1B). When exposed to infrared light, 

PhyB and PIF dissociate, and Cln3 can enter the nucleus (the ON state; Figure 1B). 

As fluorescence signals of wild-type Cln3 tagged with fluorescence proteins cannot be 

detected due to the fast and constitutive degradation of Cln3, here we used the 

stabilized mutant Cln3 (referred to as Cln3*) (Liu et al., 2015), which is an R108A 

substitution. This Cln3 mutation has been shown to not affect the capability to activate 

Cdk1 (Miller et al., 2005). To exclude the effects of other cell cycle inducers, we 

constructed this system in a bck2∆ background, where the role of Cln3 could be 

exclusively tested (Epstein and Cross, 1994).  

Then we demonstrated that this optogenetic system could be used to rapidly and 

reversibly control the nuclear localization of Cln3*. Firstly, when exposed to infrared 

light (ON state), yeast cells proceeded through the cell cycle normally compared to 

wild-type strain, while cells were arrested in G1 when kept in red light (OFF state), 

demonstrating that enough Cln3* control can be achieved using this system (Figure 

1C and S1A). Arrested cells showed typical G1 state features: they did not bud and 

cell cycle inhibitor Whi5 remained in the nucleus (Doncic et al., 2011; Liu et al., 2015; 

Papagiannakis et al., 2017). Secondly, we tested the titratability of the nuclear Cln3*. 

We found the Cln3* level in the nucleus can be fine-tuned by changing the ratio of 

650:750nm light intensity (Figure S1B). Thirdly, we measured how quickly the 

localization of Cln3* could be changed by switching light conditions. Both nucleus-to-

cytoplasm and cytoplasm-to-nucleus translocation of Cln3* occurred rapidly (half-time 

~5 min) upon exposure to red and infrared light, respectively (Figure S1C). The longer 

timescale comparing to the association rate of PhyB and PIF may be due to the 

relatively slower nucleus-cytoplasm shuttling speed of Cln3.  

Cell cycle entry depends on the time duration of nuclear Cln3 

To create a short pulse of nuclear Cln3, first yeast cells were arrested in G1 by red 

light, and subsequently they were exposed to a 5-minute infrared light pulse (Figure 
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2A). This sharp nuclear Cln3 pulse was unable to trigger Start (Figure 2C), even 

though its maximum nuclear Cln3 intensity (Cln3max) was significantly higher than the 

Cln3 intensity that were sufficient to trigger Start in cells constantly exposed to infrared 

light (ON state) (Figure 2B). Therefore, this result suggests that very high levels of 

Cln3 over a short timeframe cannot trigger Start, thus excluding the “instant 

measurement” model; rather it suggested that a prolonged increase of Cln3 is 

essential to trigger Start (i.e., the “time integral” model). 

We confirmed that the time duration of the Cln3 pulse is essential for triggering Start 

by using two different temporal strategies to increase nuclear Cln3 in cells (Figure S2). 

In the first strategy, cells were exposed to a sharp Cln3 pulse (which failed to trigger 

cell cycle entry), 30 min later followed by a longer Cln3 pulse with a lower intensity 

(Figure S2A). Most cells passed through Start only in response to the second, longer 

Cln3 pulse despite its lower intensity instead of the first high-intensity but short pulse. 

In the second strategy, to exclude the effects of the pulse sequence on triggering Start, 

we reversed the sequence of the two kinds of Cln3 pulses. Although the percentage 

of Start during the time of the sharp pulse increased from 1.1% to 15.5% after 

reversing (Figure S2A and S2B), the percentage of Start in response to the longer 

pulse with a lower intensity (67.5%) was still significantly higher than that in response 

to the sharp pulse. In summary, we showed that the temporal dynamics of Cln3 are 

critical to trigger Start, suggesting that cell cycle entry depends on the accumulation 

of Cln3 over time during G1, consistent with the “temporal memory” model (Liu et al., 

2015). 

Whi5 rapidly re-enters the nucleus without CDK activity under various 
conditions 

Next we studied how long the effects of Cln3 can last – it was previously proposed to 

span the whole G1 phase (Liu et al., 2015). Generally, Start is triggered as follows: 

Cln3-Cdk1 phosphorylates the cell-cycle inhibitor Whi5, leading to the nuclear export 

of phosphorylated Whi5 (de Bruin et al., 2004; Dirick et al., 1995; Schmoller et al., 

2015). During G1, the Cln3 signal is integrated by adding phosphates on Whi5, thus 

the effective time window of Cln3 signals depends on how fast phosphates is to be 

removed, i.e. the dephosphorylation rate of Whi5 (Liu et al., 2015). Since the 
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dephosphorylated Whi5 will re-enter the nucleus, the faster Whi5 re-enter the nucleus, 

the shorter the memory will be (Figure 3A).  

To measure how long Whi5 re-enters the nucleus, we employed the Cdc28-as1 allele, 

whose CDK activity can be inhibited by the ATP analog 1-NM-PP1 (see Methods) 

(Ubersax et al., 2003). We shut down all CDK activity right after the cell passed the 

Start and measured how long Whi5 re-entered the nucleus (Figure 3B). We firstly 

measured the cells in 2% glucose, and the average half-time of Whi5 re-entry is about 

12 min (Figure 3C and 3D and Figure S3), which is consistent with our previous results 

and comparable to the entire G1 length (Liu et al., 2015).  

However, as we measured the cells under a variety of nutrient and stress conditions, 

we found that the half-times of Whi5 re-entry were almost the same, including the 

unfavorable conditions where cells have a much longer G1 duration (Figure 3D and 

Figure S3). These results suggested, rather than the entire G1, cells have a relative 

constant and short time window to integrate environmental cues through Cln3 under 

various conditions.  

Discussion  

Here we propose that effects of Cln3 on triggering Start are not unremittingly 

accumulated through G1; rather there is a temporary “memory” for Cln3 whereby the 

cell registers and integrates recent environmental signals to decide whether or not to 

divide under various conditions.  

An intriguing observation of ours is that the short “memory” is more or less 

independent of nutrient conditions, considering that this memory is for better 

evaluating the nutrient condition. One possible explanation is that this time scale 

reflects some kind of relevant time scale in environmental fluctuations in the typical 

environments yeast cell live. It would be of interest to investigate the memory time of 

different yeast species living in different natural environments.  

Protein phosphorylation is a dynamic and reversible post-translational modification 

widely implemented in all kinds of biological processes to regulate a myriad of activities 

including protein activation, translocation, degradation, binding/unbinding and 

signaling. The memory/integration mechanism studied here could be used in other 
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places. For instance, a similar short-term integration window based on 

phosphorylation regulation has been discovered during Drosophila development (Di 

Talia and Wieschaus, 2012). Note that the memory time can be easily fine-tuned by 

the number of phosphorylation sites, binding affinity of phosphatase, or the expression 

level of phosphatase.  

Cells possess memories of different time scales via different mechanisms to solve 

different problems. Even for the same problem, it may involve different time scales. 

An example is for cell such as yeast to evaluate the environmental condition, whose 

fluctuation may involve many time scales, to decide when to divide. Our previous and 

this study show that yeast cells implement both long (in the order of doubling times 

50-220 minutes) and short (~12 minutes) memories to optimize its decision making 

(Liu et al., 2015; Qu et al., 2019). We anticipate that many additional cases of short-

term and long-term cellular memories exist in order to enable cells to record 

information about their environment, and understanding the diverse molecular means 

through which these memories are recorded will be of interest.  

Material and methods 

Yeast strains and plasmids 

All the strains used in this study were constructed based on W303. The yeast strains 

used in this study were listed in Supplemental material Table S1. All the yeast 

transformations were performed with standard protocols as below. Cells prepared for 

transformation were grown in YPAD overnight. The overnight cultures were diluted to 

A600nm of 0.05 into YPAD till OD~0.8. Pellet cells by centrifugation at 2500 RCF, 5 min 

at room temperature. Discard supernatant. Wash cells twice in 1/10 volume of 100 

mM LiAc; Re-suspend cells in 1/100 volume of 100 mM LiAc (1 transformant / 3 ml 

culture). Prepare transformation mixture. Distribute 153 μl transformation mixture into 

each tube with 30 μl cell suspension. Add 1-3 μl plasmid or 20 μl digested plasmid or 

20 μl PCR products and mix by vortex briefly. 30 ℃ incubate 30 min, then 42 ℃ for 15 

min. Centrifuge 1 min at 2500 RCF, re-suspend cell into 100 μl YPAD medium. Plate 

on selective plates, colonies will show after 2 days, if tag gene or deletion gene or 

using NAT, G418 selective plates, 30 ℃ incubate 2-3 hr, then plate on selective plates. 
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Transformation mixture is prepared as below: 15 μl 1 M LiAc, 20 μl (2 mg/ml) carrier 

DNA, and 18 μl DMSO. Resulting constructs were confirmed by PCR and microscopy.  

Plasmids were replicated in DH5α Escherichia coli. Plasmids used in this study were 

listed in Supplemental material Table S2. Standard protocols were used for molecular 

cloning. Resulting constructs were confirmed by both colony PCR and sequencing.  

Construction of Cln3-controlled system using a light-inducible module 

The Cln3-controlled system was constructed using the PhyB-PIF optogenetic module. 

PhyB is a fragment of Arabidopsis thaliana phytochrome B, and PIF is a fragment of 

phytochrome interaction factor 6. After covalently bound with PCB (a membrane-

permeable small-molecule chromophore phycocyanobilin), PhyB and PIF associates 

with each other very rapidly in response to red (650 nm) light. They dissociate very 

rapidly in response to infrared (750 nm) light (Levskaya et al., 2009; Shimizu-Sato et 

al., 2002). We tagged the PhyB with a CAAX (plasma membrane targeting sequence) 

and tagged Cln3 with 2 yEGFPs and a PIF to control the localization of Cln3 by light. 

When exposed to red light, PIF-yEGFP-yEGFP-Cln3 fusion protein can be anchored 

on the plasma membrane. When exposed to infrared light, PIF-yEGFP-yEGFP-Cln3 

can be anchored inside the nucleus by the NLS of Cln3 (Miller and Cross, 2000). 

Therefore, we can not only control the localization of Cln3 but also measure its nuclear 

concentration in real-time. 

The expression of PIF-yEGFP-yEGFP-Cln3 fusion protein is driven by an IPTG-

inducible promoter GlacSpr (Liu et al., 2015). The Cln3-controlled strain was cultured 

in the medium containing 0.5 μM IPTG to induce constitutive expression of the light-

controlled Cln3. Therefore, the nuclear Cln3 pulse can be generated only by the 

control of light.  

Light power used to generate sharp pulse is 0 w for 650 nm and 4.5 w for 750 nm; 

light power used to generate longer and lower pulse is 0.5 w for 650 nm and 4.5 w for 

750 nm (Figure 2 and S2). 

Growth conditions 
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For imaging, single colonies were picked from YPAD agar plates and dispensed into 

3~4 ml relative media. Cells were then grown at 30℃ overnight in a shaking incubator. 

The overnight cultures were diluted to OD600 of 0.05 into 4ml relative media. Cells were 

grown to OD600 of 0.5 for imaging. The Cln3-controlled strain was cultured with 27 μM 

PCB for 1-2 hr in dark before imaging to allow the incorporation of the chromophore. 

Microfluidics chips 

The microfluidics chips were constructed with polydimethylsiloxane using standard 

techniques of soft lithography and replica molding. The cells were quickly 

concentrated, loaded into the microfluidic chip. Syringe filled with 1ml medium was 

connected to the inlet using soft polyethylene tubing. The flow of medium in the chip 

was maintained by an auto-controlled syringe pump (TS-1B, Longer Pump Corp., 

Baoding, China) with a constant velocity of 66.7 μl/hour.  

Time-lapse microscopy and image analysis 

The Cln3-controlled cells were taken images by confocal microscope. 256×256 pixel-

images were taken by UltraVIEW VoX Laser Confocal Imaging System (PerkinElmer, 

Watham, MA) and a CSU-X1 spinning disk confocal (Yokogawa, Tokyo, Japan) on a 

Nikon Ti-E inverted microscope equipped with the APO TIRF 100 × OIL NA 1.45 

objective lens, the motorized XY stage and the Perfect-Focus System (Nikon Co., 

Tokyo, Japan). Images were acquired every 3 min by a Hamamatsu C9100-13 

EMCCD (Hamamasu Photonics K. K., Hamamatsu City, Japan) camera. We used 20% 

488 nm laser and 20% 561 nm laser for detection of yEGFP and tdTomato proteins, 

respectively. Exposure time for yEGFP and tdTomato is 150 ms and 100 ms, 

respectively.  Cdk1-as1 mutant measurements were taken by a Nikon Observer 

microscope with an automated stage and Perfect-Focus-System (Nikon Co., Tokyo, 

Japan) using an Apo 100 ×/1.49 oil TIRF objective. Cell segmentation and fluorescent 

quantification were performed by Cellseg as previously described (Liu et al., 2015). 

The Cln3*Nuclear intensity was estimated as the mean intensity of the 5×5 brightest 

yEGFP-Cln3 pixels in the cell and the Whi5Nuclear intensity was estimated as the mean 

intensity of the 5×5 brightest Whi5-tdTomato pixels in the cell.  

Estimate the half-time of Whi5 re-activation  
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We used the inhibitor-sensitive Cdk1-as1 mutant (Ubersax et al., 2003) to estimate 

how long effects of Cln3 on Whi5 inactivation can last. The kinase activity of Cdk1-as1 

was inhibited by 1-NM-PP1 (EMD Millipore, CAS# 529581) with the concentration of 

25 μM.  
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Figure 1. Control the nuclear Cln3 intensity in single cells using PhyB-PIF optogenetic 

module. 

(A) Schematic of hypothesis that cells process nuclear Cln3 dynamics to control cell 

cycle entry. (B) Schematic of constructing the nuclear Cln3-controlled system using 

the Phy-PIF optogenetic module. Cln3* is anchored to the plasma membrane when 

cells are exposed to the red light (OFF state). Cln3* stays in the nucleus when cells 

are exposed to the infrared light (ON state). (C) Different cell responses when exposed 

to infrared light (left panel) and red light (right panel). Yellow arrows indicated 

represented cells. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 14, 2020. . https://doi.org/10.1101/2020.08.14.250704doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.14.250704


 

Figure 2. Cell cycle entry depends on the time duration of the nuclear Cln3 rather than 

its instantaneous intensity.  

(A) Real-time observation of the nuclear Cln3* intensity in cells (bottom panel) that are 

exposed to the indicated light input (top panel). Green curve, the mean nuclear Cln3* 

intensity. Shading, 95% confidence interval of the mean. See Methods for light power. 

(B) The maximum nuclear Cln3* intensity of the short pulse (shown in A) is higher than 

the averaged nuclear Cln3* intensity in G1 phase of cells exposed to the infrared light 

(ON state). Red bars, mean. Black bars, 25%-75%. ***, p value < 0.05. (C) The 

percentage of cells that passed through the Start (percentage of Start) point in 

response to the indicated light input shown in A.  
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Figure 3. The half-time of nuclear Whi5 re-entery is ~12 min in a variety of nutrients 

and stress conditions.  

(A) Schematic of the regulation of the Whi5 nucleus-cytoplasm translocalization in G1. 

It is balanced by the phosphorylation and dephosphorylation of Whi5. (B) Schematic 

of estimating the half-time of nuclear Whi5 re-entry (Tm) using Cdk1-as1 (top panel). 

The representative microscopy images of Whi5 dynamics at the indicated time point 

in response to the Cdk1-as1 activity inhibition right after Whi5 nuclear export (bottom 

panel). Yellow arrows indicated Whi5. (C) One single cell representative of the Whi5 

dynamics in response to the Cdk1-as1 activity inhibition. Tm was estimated using an 

exponential fit. See Methods. Red curve, exponetial fitting. (D)  Tm was constant 

across the different conditions and shorter than the G1 duration under unfavorable 

conditions. NS, not significant. ***, p value < 0.05. 

Supplementary figures 
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Figure S1. Construction of the Cln3-controlled system.  
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(A) Percentage of Start in cells exposed to red light (OFF state) and infrared light (ON 

state) during 2.5 h observation. Cells were arrested in G1 when exposed to red light 

(OFF state) and went through cell cycle normally when exposed to infrared light (ON 

state). (B) Averaged relative nuclear Cln3* intensity in cells exposed to the indicated 

light intensity. (C) Real-time observation of dynamics of relative nuclear Cln3* intensity 

in cells in response to the red light (left panel) and infrared light (right panel). Data 

were shown as mean ± SEM. (D) Defination of the Start point by the nuclear Whi5 

dynamics. The lowest first derivative of the nuclear Whi5 curve was defined as the 

Start point where yeast committed to the cell cycle. The G1 duration was defined as 

the time during which Whi5 stays in the nucleus (time between the highest first 

derivative and the lowest first derivation). 

 

Figure S2. Start depends on the time duration of the nuclear Cln3* signal instead of 

the instantaneous nuclear Cln3* intensity.  

(A-B) Real-time observation of dynamics of nuclear Cln3* intensity in cells (middle 

panel) exposed to the indicated light input (left panel). Data were shown as mean ± 
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SEM. The percentage of cells that passed through Start induced by the indicated Cln3* 

pulse (right panel). See Methods for light power. 

 

Figure S3. Real-time observation of dynamics of nuclear Whi5 intensity in cells under 

different conditions (A-F).  

The black curve indicated the mean. Each light gray curve indicated a single cell data. 

Green shading represented the time before the inhibition of Cdk1-as1. Gray shading 

represented the time after the inhibition of Cdk1-as1. 
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