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SUMMARY

Cells make accurate decisions in the face of molecu-
lar noise and environmental fluctuations by relying
not only on present pathway activity, but also on their
memory of past signaling dynamics. Once a decision
is made, cellular transitions are often rapid and
switch-like due to positive feedback loops in the reg-
ulatory network. While positive feedback loops are
good at promoting switch-like transitions, they are
not expected to retain information to inform subse-
quent decisions. However, this expectation is based
on our current understanding of network motifs that
accounts for temporal, but not spatial, dynamics.
Here, we show how spatial organization of the feed-
back-driven yeast G1/S switch enables the transmis-
sion of memory of past pheromone exposure across
this transition. We expect this to be one of many ex-
amples where the exquisite spatial organization of
the eukaryotic cell enables previously well-charac-
terized network motifs to perform new and unex-
pected signal processing functions.

INTRODUCTION

Cellular signaling pathways are used to transmit information

about the extra- and intra-cellular environment. Specific outputs

from such signaling pathways are then used by decision-making

networks to determine cellular response. Currently, signaling

pathways are most often described as static schematics based

on a combination of genetic dependencies and biochemical in-

teractions. While a good first step, such a characterization can

neither describe nor predict the pathway dynamics that deter-

mine cellular response to time-dependent input signals (Behar

et al., 2008; Yosef and Regev, 2011). Indeed, outputs of the reg-

ulatory networks controlling proliferation and apoptosis depend

on the history of dynamic input signals, not only on current levels

(Doncic and Skotheim, 2013; Lee et al., 2012; Purvis et al., 2012).

This strongly suggests that the ability to retain information from

prior states is a key determinant informing cellular decision

making.
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Signaling dynamics play important roles in many networks

regulating switch-like transitions between distinct states. The

switch-like nature of transitions often arises from positive feed-

back loops that quickly increase the activity of key regulatory

proteins when triggered by input signals above a specific

threshold. Networks containing positive feedback loops

frequently give rise to bistability, i.e., for a range of input sig-

nals, the output will be one of two possible values depending

on the history of the input signal. However, this is a very simple

form of history dependence as all possible time-dependent

input signals get mapped onto only two possible outputs, i.e.,

history dependence is collapsed onto only a single bit of infor-

mation. This implies that while positive feedback loops may be

good at promoting switch-like transitions, they appear unable

to retain more than rudimentary information about signaling

pathway history. It is therefore improbable that a positive-feed-

back-driven switch can be used to transmit information to

inform future cellular decisions. However, this conclusion is

based on the current framework for analyzing network motifs

such as feedback-loops or feed-forward interactions (Alon,

2007), which accounts for temporal but not spatial dynamics.

Thus, while it is well-known that spatial organization plays an

important role in signal transduction, we do not currently

know how or if the eukaryotic cell’s spatial organization can

affect existing motif functions or give rise to entirely new motif

functions (Howell et al., 2012; Kholodenko et al., 2010; Santos

et al., 2012).

To better understand how spatial organization might affect

cellular signal processing, we decided to examine the cell-cycle

control network responsible for the decision to divide in budding

yeast. In yeast, the decision to commit to cell division takes place

in late G1, prior to DNA replication at a point called Start (Hartwell

et al., 1974). Multiple internal and external signals are integrated

to determine when a cell passes Start, beyond which cells no

longer respond to mating pheromone (a-factor). Start is a

switch-like, irreversible transition that corresponds to the activa-

tion of a positive feedback loop of cyclin-dependent kinase

(Cdk1) activity (Doncic et al., 2011). Specifically, Cln3-Cdk

partially inactivates Whi5, a transcriptional inhibitor of the

expression of the G1 cyclins CLN1 and CLN2. The expression

of Cln1 and Cln2 complete inactivation of Whi5 by forming a

positive feedback loop (Costanzo et al., 2004; de Bruin et al.,

2004; Skotheim et al., 2008).
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Prior to Start, cells can be arrested by pheromone-dependent

activation of the mitogen activated protein kinase (MAPK) mat-

ing pathway (Chen and Thorner, 2007). Upon pheromone expo-

sure, the MAPK Fus3 phosphorylates and activates the Cdk

inhibitor Far1, which inhibits the G1 cyclins essential for pro-

gression through Start (Chang and Herskowitz, 1990; Gartner

et al., 1998; Jeoung et al., 1998; Peter et al., 1993; Pope

et al., 2014; Tyers and Futcher, 1993). Conversely, post-Start,

the G1 cyclins inhibit the mating pathway by targeting the up-

stream scaffold protein Ste5 as well as Far1 (Garrenton et al.,

2009; Henchoz et al., 1997; Peter and Herskowitz, 1994; Strick-

faden et al., 2007; Tyers and Futcher, 1993) (Figure S1A). Thus,

progression through Start drives an increase in cyclin expres-

sion that results in Far1 degradation, whereas pre-Start expo-

sure to pheromone leads to Far1 activation, G1 cyclin inhibition,

and G1 arrest (Doncic et al., 2011; McKinney et al., 1993; Pope

et al., 2014). In other words, the regulatory network underlying

Start is bistable, where a well-defined commitment point sepa-

rates stable low- and high-Cdk activity states, and only the low-

Cdk activity state can be inhibited by MAPK signaling (Doncic

et al., 2011).

Although this characterization of Start is accurate for a step

input of high pheromone concentration, cells exposed to low

or intermediate pheromone concentrations do not arrest perma-

nently, but rather delay progression through G1 (Hao et al., 2008;

Malleshaiah et al., 2010; Moore, 1984). This suggests a more

complex decision making machinery that balances the benefits

of successful mating with the costs of staying arrested and

both failing to mate and proliferate. Thus, while the Start network

remains bistable, its output changes from a digital response to

arrest or not, to an analog computation determining how long

to arrest before reentering the cell division cycle. We previously

showed that in this analog computation, yeast cells decide to

reenter the cell cycle based on their history of exposure to pher-

omone during an arrest, not just the current pathway activity

(Doncic and Skotheim, 2013). Time-dependent pheromone sig-

nals are processed by theMAPK pathway using a coherent feed-

forward motif in which the MAPK Fus3 activates Far1 both by

direct phosphorylation and by increasing its expression via the

Ste12 transcription factor (Chang and Herskowitz, 1990; Errede

and Ammerer, 1989; Gartner et al., 1998) (Figure S1A; red ar-

rows). This architecture allows a robust yet rapidly reversible

cellular state. Far1 accumulates to provide a memory so that

cells exposed to pheromone for longer durations have more

Far1 rendering them more reluctant to reenter the cell cycle. In

addition, fast dephosphorylation allow Far1 to be rapidly inacti-

vated so that cells can rapidly reenter the cell cycle if the

MAPK signal plummets (Doncic and Skotheim, 2013).

Although the accumulation of Far1 provides a mechanism to

remember the history of pheromone exposure during a single ar-

rest, it does not suggest a mechanism to transmit this informa-

tion to subsequent generations after cell-cycle reentry. This is

because themutual inhibition of Cdk and Far1 activity underlying

the bistable Start switch is expected to target all Far1 for degra-

dation once the cell cycle has been reentered. Similarly, the

sharp switch at mitotic exit also employs ultra-sensitive protein

degradation (Yang and Ferrell, 2013). Protein degradation may

be useful to sharpen switches and reset regulatory circuits, but
comes at the cost of losing cellular memory. Thus, while bistable

regulatory networks are excellent at generating all-or-none tran-

sitions, they limit the amount of information that can be propa-

gated across these transitions.

Here, we show how compartmentalization of the bistable G1

control network allows cellular memory to traverse the Start

switch. Far1 is split into nuclear and cytoplasmic pools that com-

bat distinct sets of cyclin-Cdk complexes allowing these two

compartments of the Far1-Cdk switch to have distinct dynamics.

Upon reentering the cell cycle from pheromone arrest, nuclear

Far1 is rapidly degraded, while cytoplasmic Far1 is degraded

much more slowly so that a substantial pool remains at the

beginning of the next division cycle. We show that this inherited

pool contributes to cell-cycle arrest in the daughter cells so that

the mother cells are able to transmit their memory of pheromone

exposure to the next generation. This intergenerational memory

depends on the anchoring of Far1 to cytoplasmic Cdc24, a regu-

lator of cell polarization. Thus, we demonstrate how compart-

mentalization of a bistable regulatory circuit enables an entirely

new function to be performed by this well-characterized

signalingmotif. More broadly, our results argue that spatial orga-

nization can greatly enhance the function of regulatory motifs

and is therefore just as integral to pathway function as network

topology and chemical kinetics.

RESULTS

Nuclear Far1 and Nuclear Cln2 Function in Cell-Cycle
Commitment
To determine if and how signal information could be propagated

across a bistable switch, we examined the network regulating

Start, the point of commitment to cell division in budding yeast

(Figure 1A). Since cyclin-Cdk complexes phosphorylate Far1 to

target it for degradation, we expected that Far1 would be rapidly

degraded upon progression through Start.

To examine the localization and dynamics of Far1, we used

a Far1-Venus fusion protein expressed from the endogenous

locus (Figure 1B). This FAR1-Venus strain exhibited the same

arrest kinetics as an unlabeled WT strain, and we will subse-

quently refer to FAR1-Venus strains as WT (Doncic and Sko-

theim, 2013). Unless specified otherwise, all strains are in a

background lacking the Bar1 protease that cleaves mating

pheromone (for strain and plasmid lists see Table S1 and Table

S2). Cells were arrested in high pheromone (240 nM a-factor)

and released into pheromone-free medium using a previously

described microfluidics-based assay (Doncic et al., 2011).

Consistent with previous results (McKinney et al., 1993), Far1

was synthesized during mating arrest and mostly degraded

post-Start after release into pheromone-free medium. How-

ever, the examination of Far1-Venus using time-lapse micro-

scopy revealed a striking spatial dichotomy in Far1 degrada-

tion kinetics. The nuclear pool of Far1 is rapidly degraded in

less than 10 min (approximately 7 min after Start), which is

defined as when 50% of Whi5 has been exported from the nu-

cleus (Doncic et al., 2011). Nuclear Far1 is degraded at

approximately the same time as the Cdk-B-type cyclin inhibi-

tor Sic1, which we previously measured as occurring �8 min

after Start (see Figures S1B and S1C for Far1 degradation
Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc. 1183
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Figure 1. Cytoplasmic Far1 Is Inherited to

Provide Intergenerational Memory across

the Start Switch

(A) Schematic of the double-negative feedback

(equivalent to positive feedback) network that

regulates the switch between cell-cycle progres-

sion and pheromone arrest.

(B) Example images of segmented phase, Whi5-

mCherry (red) and Far1-Venus (yellow) channels

for cells reentering the cell cycle. Whi5-mCherry is

nuclear in arrested cells.

(C) Example time series of nuclear Whi5-mCherry,

and nuclear and cytoplasmic Far1-Venus that

corresponds to the cell shown in (B). Nuclear Far1

is much more rapidly degraded than cytoplasmic

Far1.

(D) Time from peak to half-maximum for cyto-

plasmic and nuclear Far1 in cells arrested in

240 nM and released into either 3 or 0 nM phero-

mone.

(E) Example FAR1-Venus and FAR1-NES-GFP

cells arrested in 240 nM for 2 hr show that the

nuclear localization is diminished in the FAR1-

NES-GFP cells.

(F) A larger fraction of pre-Start FAR1-NES cells

fails to arrest when abruptly exposed to 240 nM

pheromone, where Start is defined as removal of

50% of nuclear Whi5-mCherry.

(G) Inherited Far1 in daughter cells is correlated

with arrest duration.

Error bars in (D) denote SEM, while error bars in (F)

denote 95% confidence intervals from 10,000

bootstrap iterations.
timing and (Doncic et al., 2011) for Sic1 degradation timing).

This implies that Far1 degradation is likely coincident with

the appearance of B-type cyclin activity in the nucleus. How-

ever, the cytoplasmic pool lingered and reached half-

maximum �50 min after Start (Figures 1C and 1D). This

observed difference in Far1 degradation kinetics may be due

to the nuclear F-box protein Cdc4 that mediates Far1 degra-

dation (Blondel et al., 2000). This demonstrates that there

are two separate pools of Far1 protein being degraded on

very different time scales.

The rapid degradation of nuclear Far1 upon progression

through Start suggests that it is primarily this nuclear pool that

contributes to the commitment decision in response to exposure

to pheromone (Blondel et al., 1999; Blondel et al., 2000). To test

this, we added a nuclear export sequence to the endogenous

FAR1 allele (FAR1-NES), which greatly reduced the nuclear

pool without affecting expression levels (Figures 1E and S1D).

We then examined the cellular response to an abrupt increase

in pheromone in the framework we previously developed to

examine Start (Doncic et al., 2011). When exposed to a step-in-

crease of pheromone, pre-Start FAR1-NES cells were over six
1184 Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc.
times more likely than WT cells to fail to

arrest despite not having traversed the

Whi5-threshold (16% FAR1-NES versus

2.5% WT, Figure 1F). In addition, we

found that nuclear, but not cytoplasmic
Cln2 participated in Start (Figures S1E–S1I). Taken together,

these results support a role for nuclear Far1 in Start.

Cytoplasmic Far1 Provides Intergenerational Memory
of Pheromone Exposure
Even though nuclear Far1 was important for Start, most Far1 in

arrested cells (�90%) is cytoplasmic and is not degraded

rapidly upon cell-cycle reentry (Figures S2A–S2E). In fact, cyto-

plasmic Far1 is so slowly degraded after cell-cycle reentry that

appreciable quantities are passed on to subsequent generations

(Figures 1C and S2F). This is surprising because once cells

reenter the cell cycle, these mother cells are desensitized to

that level of pheromone and divide repeatedly without delay (Fig-

ure S2G) (Caudron and Barral, 2013; Doncic and Skotheim,

2013; Moore, 1984). To examine the role of inherited Far1 in

daughter cells, we briefly arrested cells at high pheromone

concentration (240 nM) before releasing the cells into an interme-

diate pheromone concentration (3 nM). The time to reach half-

maximum Far1 post-Start in 3 nM pheromone was �5 min in

the nuclear pool and�75min in the cytoplasmic pool (Figure 1D).

Thus, the time to reach cytoplasmic half-maximum post-Start is



increased relative to cells reentering in pheromone-free medium.

Consequently, daughter cells entering the cell cycle in 3 nM

pheromone inherited an increased amount of Far1 compared

to daughter cells entering the cell cycle in pheromone-free me-

dium (Figure S2H). This finding, that cells cycling in higher pher-

omone concentrations pass increasing amounts of Far1 on to

their daughter cells, led us to hypothesize that inheritance of

cytoplasmic Far1 is the molecular basis of an intergenerational

memory of pheromone exposure.

To test the intergenerational memory hypothesis, we

measured both the amount of inherited Far1 and subsequent

G1 duration for daughter cells cycling in 3 nM, an intermediate

mating pheromone concentration (see Experimental Procedure-

sand Figure S2I). The more Far1 a daughter cell inherited, the

longer it delayed progression through G1, supporting the hy-

pothesis that mother cells transmit information about phero-

mone exposure to their daughters through cytoplasmic Far1

(Figure 1G). We also examined if differential inheritance of

MAPK pathway scaffold Ste5, which affects pheromone

signaling in a dosage-dependent manner (Thomson et al.,

2011), could affect arrest duration, but found no effect (Fig-

ure S2J and S2K).

Compartmentalization Is Supported by a Fixed Fraction
of Cytoplasmic Far1
The rapid degradation of the nuclear, but not cytoplasmic pool of

Far1, requires a slow exchange between these two pools.

Indeed, it would be impossible to maintain Far1 post-Start if

Far1 were exchanged rapidly between the two pools as the

half-life of nuclear Far1 is �5 min. To investigate this require-

ment, we photobleached the nucleus of FAR1-Venus cells and

measured the recovery of nuclear fluorescence (Figure 2A).

Pre-Start cells were identified by examining the localization of

Whi5-mKO fusion proteins expressed from the endogenous lo-

cus. After photobleaching, a significant recovery of the nuclear

fraction on the 10 s timescale was seen. However, the nuclear

to cytoplasmic fluorescence ratio did not recover to its initial level

and reached a plateau prior to 30 s (Figures 2B–2D). Note that

there is little new protein synthesis or degradation over the

time frame of the experiment so that nearly all the recovery is

due to protein translocation. The incomplete recovery of the nu-

clear-to-cytoplasmic ratio of Far1-Venus indicates that there is a

pool of Far1molecules that does not shuttle between the nucleus

and the cytoplasm. As a control, we examined recovery of the

yellow fluorescent protein YFP expressed from an ACT1 pro-

moter. The YFP nuclear-to-cytoplasmic ratio completely recov-

ered after bleaching, which is consistent with rapid and

unencumbered shuttling between nucleus and cytoplasm (Fig-

ure 2D). Taken together, we here identify both a rapidly shuttling

and a fixed pool of Far1, which supports our model for how

compartmentalization is used to generate intergenerational

memory.

To transmit intergenerational memory, there should be a fixed

cytoplasmic pool of Far1. While a single FRAP experiment indi-

cates the presence of a fixed Far1 pool, it does not identify its

location. To determine if there is fixed Far1 in the cytoplasm,

we photobleached the nucleus four times sequentially and

measured depletion of cytoplasmic Far1-Venus or YFP (Figures
2E and 2F). In the case of YFP, there is no fixed pool, so that the

nuclear-to-cytoplasmic ratio recovers after each photobleaching

event. Thus, each bleaching of the nucleus bleaches a constant

fraction of the total protein. This leads to a linear relationship

between the logarithm of the fluorescence and the number of

photobleaching events (see Supplemental Information). A fixed

cytoplasmic pool would result in a deviation from this linear fit.

To test for a fixed cytoplasmic pool, we fit the normalized loga-

rithm of the cytoplasmic fluorescence to a quadratic equation

for each cell (Figure 2G). We find positive quadratic coefficients

for Far1-Venus fits indicating the presence of a pool of Far1 that

is fixed in the cytoplasm (Figure 2H).

Pheromone Exposure Is Remembered across the Entire
Cell Cycle
To better understand intergenerational memory, we sought to

investigate the mechanisms responsible for the increased time

to half-maximum concentration of Far1 in 3 nM relative to

0 nM pheromone (Figure 1D). Such an increase could arise

due to either increased Far1 synthesis or decreased Far1 degra-

dation, or both. To test for regulated protein degradation, we

expressed a FAR1-Venus fluorescent fusion protein from a

galactose-inducible GAL1 promoter. We inactivated Far1 syn-

thesis by switching the carbon source from galactose to glucose

and measured Far1 half-life post-Start (Figure 3A). Far1 stability

post-Start is only weakly sensitive to pheromone concentration,

which suggests that continued synthesis is more likely than

increased protein stability to underlie increased inheritance of

cytoplasmic Far1 at intermediate pheromone concentrations

(Figures 3B and S4A). To test this possibility, we used single

molecule fluorescence in situ hybridization (smFISH) (Raj

et al., 2008), to measure the amount of FAR1 mRNA transcripts

(Figure 3C). Indeed, FAR1 transcription was higher in 3 nM

compared to 0 nM for cells with small and medium sized

buds, corresponding to S and G2 cells respectively (Figures

3D). For large budded cells, likely about to divide, the number

of FAR1 transcripts was similarly high for both conditions,

consistent with previous work showing that FAR1 and other

Ste12 transcription factor targets are transcribed at the M/G1

transition, even at 0 nM pheromone (Doncic and Skotheim,

2013; McKinney et al., 1993; Oehlen et al., 1996).

To test if the increased Far1 transcription in intermediate

pheromone concentrations results from MAPK pathway activity,

we examined STE5-YFP cells expressing the mating pathway

scaffold protein Ste5 fused to a yellow fluorescent protein (Yu

et al., 2008). Ste5 localizes to the site of polarized growth

when the mating pathway is active (Pryciak and Huntress,

1998; Strickfaden et al., 2007). STE5-YFP cells were arrested

in 3 nM pheromone and tracked through a cell cycle. The cell

perimeter was segmented, linearized, and plotted on a kymo-

graph to visualize the location and intensity of Ste5-YFP on

the cell membrane (Figures 3E and 3F). As expected, we

observed a transition from a low to a high level of Ste5-YFP at

the site of polarized growth upon pheromone arrest (Figure 3G).

Upon reentering the cell cycle, Ste5-YFP only partially dissoci-

ates from the membrane suggesting that the MAPK pathway re-

mains active through the cell cycle at intermediate pheromone

concentrations (p < 0.05 for all comparisons, Figure 3H). We
Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc. 1185
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Figure 2. A Pool of Far1 Is Fixed in the Cytoplasm

(A) Fluorescence images from a typical time course, where the nuclear Far1-Venus was photobleached at t = 0.

(B) Data and model fit for nuclear, Nuc(t), and cytoplasmic, Cyt(t), Far1. N0 and C0 denote the initial nuclear and cytoplasmic fluorescence.

(C) Mean nuclear-to-cytoplasmic ratio of Far1-Venus normalized to its initial value, N0/C0. Bars denote the 95% confidence interval of the mean. We examined

pre-Start G1 cells either not exposed to a-factor (red) or exposed to 500 nM a-factor (blue).

(D) Distribution of the estimated steady-state value of the normalized Nuc/Cyt ratio after photobleaching. Cells expressing Far1-Venus (blue/red) do not recover

the initial nuclear-to-cytoplasmic ratio, while cells expressing the fluorescent protein YFP from an integrated ACT1 promoter (green) recover the initial ratio (see

also Figure S3).

(E and F) Nuclear and cytoplasmic fluorescence from Far1-Venus or YFP following four sequential photobleaching events. Inset shows logarithm base 10 of the

mean steady-state cytoplasmic fluorescence following the indicated photobleaching event and the associated quadratic fit. Red triangles denote data points

used for steady-state estimates.

(G) Single cell data for cytoplasmic steady-state fluorescence after normalization to its value prior to the first bleaching event for Far1-Venus (red) and YFP (green).

(H) Distribution of coefficients C for the quadratic term of the quadratic fit. C = 0 indicates a linear relationship between the logarithm of the cytoplasmic fluo-

rescence and the number of photobleaching events, which corresponds to the case with no fixed cytoplasmic pool. C > 0 indicates the presence of a fixed

cytoplasmic pool (see Supplemental Information).

*denotes p < 0.05, ***denotes p < 0.001, n.s denotes p > 0.05. Tukey boxplots in (D) and (H) indicate median, upper, and lower quartiles. Whiskers extend to the

most extreme point within 1.53 the interquartile range.
also tested if the MAPK Fus3 is active in S/G2/M cells (post-

Start) exposed to pheromone as implied by the above results.

Fus3 activity correlates with increased nuclear localization and

phosphorylation (Blackwell et al., 2003). We therefore measured

Fus3 activity using time lapse microscopy and western blot with

a phosphospecific antibody (Nagiec and Dohlman, 2012).

Consistent with MAPK (Fus3) activity being responsive to pher-
1186 Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc.
omone concentration in cycling cells, Fus3-GFP nuclear locali-

zation quickly decreased in cells in the S/G2/M phases of the

cell cycle that experienced a drop in extracellular pheromone

concentration (Figures S4B–S4D; p < 10�4). Similarly, exposure

of cells in the S/G2/M phases of the cell cycle to pheromone

increased the amount of phosphorylated Fus3 (Figures 3I–3K).

Moreover, we immunoprecipitated Fus3 from S/G2/M cells
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Figure 3. Pheromone Exposure Post-Start Is Remembered

(A) Experiment schematic for measuring stability of Far1 protein post-Start.

(B) Post-Start half-life measured after release from pheromone arrest in 240 nM to 0, 3, 6 and 240 nM.

(C) Example of segmented phase image of mother cell body (red) and bud (green) and their corresponding smFISH maximal intensity projections. Each dot

represents a single FAR1 mRNA.

(D) Mean number of FAR1 mRNA in cells having small, medium, and large buds.

(E) Example segmented phase and Ste5-YFP fluorescence images for a cell arrested in 3 nM a-factor. Ste5-YFP localizes to the site of polarized growth.

(F) Kymograph of example cell in (E). The amount of Ste5 at the site of polarized growth, whose locationwas determined using the Viterbi algorithm (Forney, 1973).

(G) Ste5-YFP trace of example cell shown in (F) indicating levels before, after, and during arrest.

(H) Mean Ste5-YFP intensity at the site of polarized growth for pre- and post-Start cells in 3 nM. Membrane fluorescence prior to pheromone addition was

background subtracted. p < 0.05 for all comparisons.

(I–L) Cells were arrested in G1 using pheromone and released synchronously through the cell cycle. Fifty minutes after release, after commitment to division, cells

were re-exposed to pheromone (see methods). (I) Bud index. (J) Top: western blot time course with a phospho-specific antibody indicates presence of phos-

phorylated Fus3 in S/G2/M cells exposed to pheromone; (bottom) Ponceau stained blots are provided as loading controls. (K and L) Fus3-TAP was immuno-

precipitated at the 75 min time point, when nearly all cells were in S/G2/M, for cells in 0, 3 or 240 nM pheromone. (K) Western blot for this IP indicating increasing

Fus3 phosphoshifts in 3 and 240 nM pheromone. (L) Fus3 activity on MBP was measured in an in vitro kinase assay using radiolabeling.

Error bars in (B), (D) and (H) denote SEM.
exposed to 0, 3 and 240 nM pheromone. IP-Fus3 phosphory-

lated a substrate (MBP) at a rate increasing with pheromone

concentration (Figure 3L).
Taken together, our data support a model in which cells

cycling in intermediate pheromone concentrations have

increased cytoplasmic Far1 levels due to a partially active
Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc. 1187



MAPK pathway post-Start. Thus, while it is clear that cell-cycle

progression inhibits pheromone signaling (Garrenton et al.,

2009; Strickfaden et al., 2007; Torres et al., 2011), this inhibi-

tion is not complete at intermediate pheromone concentra-

tions. Our data thus shows that intergenerational memory is

composed of Far1 accumulated from the entire previous cell

division cycle. In other words, cells remember pheromone

exposure post-Start as well as pre-Start from the previous

cell division cycle.

Decreasing Cytoplasmic Far1 Reduces
Intergenerational Memory
Our results so far support themodel in which an intergenerational

memory of pheromone exposure is transmitted to newborn

daughter cells via stable cytoplasmic Far1. If true, we predict

that reducing inherited Far1 by geneticmanipulation would result

in shorter arrest durations in daughter cells. It was previously

shown that deletion of the S-phase cyclins CLB5 and CLB6,

but not the G1 cyclins CLN1 and CLN2, resulted in longer arrest

durations in 3 nM pheromone (Doncic and Skotheim, 2013) and

that ectopic expression of Clb5 downregulates Far1 (Oehlen

et al., 1998). In addition, the S-phase cyclins are nuclear, where

Far1 is rapidly degraded (Blondel et al., 2000; Shirayama et al.,

1999). We therefore constructed a CLB5-NES strain by adding

a nuclear export sequence to CLB5 (Figure 4A). In this strain,

the time to half-maximum post-Start of cytoplasmic Far1 in

3 nM pheromone was �45 min, a significant reduction from the

�75 min half-maximum of wild-type cells (Figures 4B and 4C

and S5A,B; p < 0.01).

In G1, Far1 will be stable because Clb5 is targeted for degra-

dation by the APC/C following mitosis (Shirayama et al., 1999).

Thus, while CLB5-NES cells have less cytoplasmic Far1, we

expect the smaller amount of inherited Far1 to be just as func-

tional in restraining passage through Start as in WT cells. That

is, given the same amount of inherited Far1, CLB5-NES cells

would arrest for similar durations as WT cells. Consistent with

these predictions, CLB5-NES cells inherited less Far1 and re-

mained arrested for shorter durations relative to WT (Figures

4D, 4E, and S5C). Also as predicted, the relationship between in-

herited Far1 and arrest duration was statistically similar to WT

(Figures 4F and 4G; p > 0.1). These data support the interpreta-

tion that the CLB5-NES allele affects intergenerational memory

through a reduction in inherited cytoplasmic Far1 prior to

cytokinesis.

Reducing Inherited Far1 Lowers Mating Efficiency
While our results indicate an intergenerational memory of pher-

omone exposure from mother to daughter cells, it remains un-

clear if this intergenerational memory plays a role under other

physiological conditions. To test this possibility, we performed

a quantitative mating assay using WT and CLB5-NES strains.

WT cells are able to mate more frequently than CLB5-NES cells

(Figure 4H, p < 0.05). To test that this decrease in mating fre-

quency was not due to a polarization defect we verified that

CLB5-NES cells polarize similarly to WT cells in presence of a

pheromone gradient (Figure S5D). These experiments are

consistent with a role for intergenerational memory in physiolog-

ical conditions.
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Far1 Binding to Cdc24 Is Required for Intergenerational
Memory
Our results so far identify an intergenerational memory arising

from the stability of cytoplasmic Far1. This implies that a

non-shuttling cytoplasmic pool of Far1 is inherited to transmit

intergenerational memory. Consistent with this model, Far1

has binding partners in the cytoplasm, which we hypothesize

serve to anchor Far1. A prime candidate for anchoring

is Cdc24, a GTP exchange factor (GEF) regulating cell polar-

ization. Far1 binding to Cdc24 is necessary for pheromone

gradient sensing, but not for cell-cycle arrest (Nern and Arko-

witz, 1999; Valtz et al., 1995) (Figure 5A). Moreover, Cdc24

is nuclear in G1, but is partially exported to the cytoplasm

and plasma membrane during mating arrest in a Far1-depen-

dent manner (Nern and Arkowitz, 2000; Shimada et al.,

2000).

To test whether the interaction between Cdc24 and Far1 is

required for intergenerational memory, we created strains

with the endogenous FAR1 allele replaced by either FAR1-

D1A or FAR1-H7 mutant alleles that express Far1 proteins

whose interaction with Cdc24 is greatly reduced (Nern and Ar-

kowitz, 2000; Valtz et al., 1995). As previously reported, both

strains arrest in pheromone. However, we identified a slight ar-

rest deficiency and 6 nM pheromone was required to arrest

cells for similar durations as WT cells in 3 nM (p > 0.05). We

therefore used 6 nM for the analysis of FAR1-D1A and FAR1-

H7 strains. Consistent with Cdc24 anchoring Far1 in the cyto-

plasm during arrest, the nuclear fraction of Far1 was increased

in FAR1-D1A and FAR1-H7 cells compared to WT cells

(p < 10�3; Figures 5B, S6A, and S6B). Since nuclear Far1 is

rapidly degraded in the cell cycle (Figure 1D), we expected

that reduction of cytoplasmic anchoring results in a more

rapidly degraded Far1 protein. Indeed, Far1 proteins with

reduced Cdc24 interactions reach half-maximum concentration

more rapidly following cell-cycle entry (Figures 5C, S6C, and

S6D). Finally, we examined the relationship between intergen-

erational memory and inherited Far1 in FAR1-D1A and FAR1-

H7 cells. Consistent with the requirement of a cytoplasmic an-

chor, and the model that Cdc24 fills this role, post-Start Far1

was less stable, less Far1 was inherited, and the intergenera-

tional memory was abolished or greatly reduced in cells

expressing Far1 proteins with reduced ability to bind Cdc24

(Figures 5D–5F and S6E–S6G).

To further test the Cdc24 anchoring model, we sought to

examine bni1D cells that are unable to export Cdc24 from the nu-

cleus to the shmoo tip during pheromone arrest (Qi and Elion,

2005). Bni1 is a formin that regulates the polarization of actin ca-

bles during mating arrest and is required for cell polarization

(Evangelista et al., 1997). We found that bni1D cells arrested

as round cells for significant periods of time in G1 when exposed

to 6 nM pheromone (Figure S6H). Under these conditions, bni1D

cells contained a higher fraction of nuclear Far1, and degraded

Far1 more rapidly upon cell-cycle entry compared to WT cells

(Figures 5B, 5C, S6B, and S6C). Finally, bni1D cells exhibited

no intergenerational memory (Figure 5G). That the localization

of Cdc24 outside the nucleus was required for intergenerational

memory further supports the role of cytoplasmic Cdc24 as a Far1

anchor.
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Figure 4. Reduction of Cytoplasmic Far1 Decreases Intergenerational Memory

(A) Clb5 targets Far1 for degradation and is predominantly nuclear in WT cells. Adding a nuclear exclusion sequence (NES) to CLB5 translocates a fraction to the

cytoplasm to target cytoplasmic Far1.

(B) Example time series of Far1 concentration in a CLB5-NES cell used to calculate the time to half-maximum post-Start for cytoplasmic Far1.

(C) Mean time to cytoplasmic Far1 half-maximum post-Start for WT and CLB5-NES cells first arrested in 240 nM and then released into 3 nM a-factor.

(D) CLB5-NES cells inherit less Far1 than WT and (E) arrest significantly shorter duration (p < 10�5).

(F and G) The relationship between the amount of inherited Far1 and the duration of the subsequent arrest is statistically indistinguishable for CLB5-NES andWT

cells (p > 0.05).

(H) WT and CLB5-NES cells exhibit significantly different mating frequencies (p < 0.05).

Error bars denote SEM of cells in (C–E) or of replica experiments in (H).
Far1 Stability Pre- and Post-Start Is Required for Intra-
and Inter-Generational Memory Respectively
The intergenerational memory that we describe here is in addi-

tion to the intragenerational memory of pheromone exposure en-
coded in Far1 that we previously described (Doncic and Sko-

theim, 2013). Intragenerational memory allows cells to

remember their history of exposure to pheromone during an ar-

rest via the accumulation of Far1. Since Clb5 is targeted for
Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc. 1189
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Figure 5. Far1 Binding to Cytoplasmic Cdc24 Is Required for Intergenerational Memory

(A) Schematic of the role of Cdc24 with respect to Far1.

(B) Fraction of nuclear Far1 in arrested cells.

(C) Time to half-maximum Far1 after cell-cycle reentry in 6 nM pheromone.

(D) The post-Start stability of Far1-D1A measured as described in Figure 3A.

(E) Inherited Far1 in FAR1-D1A cells compared to WT (p < 10�4).

(F and G) No intergenerational memory was observed for FAR1-D1A and bni1D cells.

Error bars in (B–E) denote SEM.
degradation in mitosis, and is therefore not active during phero-

mone arrest, we do not expect cytoplasmic Clb5 to affect intra-

generational memory. To test this prediction, we examined

cell-cycle progression in cells exposed to different histories of

mating pheromone during G1. Cells were either exposed to a

brief pulse of high pheromone followed by an intermediate pher-

omone concentration or just to the intermediate pheromone con-

centration (Figure 6A). As predicted, both WT and CLB5-NES

cells experiencing the high pheromone pulse greatly extended

arrest duration indicating that while CLB5-NES cells have

reduced intergenerational memory, their intragenerational mem-

ory remains firmly intact (Figures 6B and S7A–S7D). Further-

more, these experiments demonstrate how intergenerational

memory is distinct from intragenerational memory and affected

by different mutations.

Just as intergenerational memory depends on the stability of

Far1 throughout the cell cycle, intragenerational memory should

depend on the stability of Far1 during arrest. To destabilize Far1

during pheromone arrest, we generated a FAR1 allele with the

92nd residue mutated from Leucine to Proline (FAR1-L92P).

This mutation is predicted to generate an additional Cdk

consensus phosphorylation site to enhance the degradation of

Far1 (E.V. and M.L., unpublished data; Figure S7E). To control

for the potentially pleiotropic effects of the L92P mutation, we

also generated a FAR1-PEST allele, where an otherwise WT

FAR1 allele was fused to the C terminus of CLN2, which desta-
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bilizes this cyclin (Lanker et al., 1996). To determine the stability

of Far1-L92P and Far1-PEST proteins during arrest, we fused

them to GFP and expressed them from a GAL1 promoter.

Consistent with these mutations reducing protein stability, the

pre-Start half-lives of Far1-L92P and Far1-PEST were reduced

to �50 and �20 min respectively compared to over 130 min

for WT Far1 (Figures 6C and 6D).

To test the dependence of intragenerational memory on Far1

stability, we next constructed a strain containing a single copy

of FAR1-L92P expressed from its endogenous locus. However,

FAR1-L92P cells failed to arrest even at high pheromone concen-

trations. We therefore constructed a strain containing 10-12

copies of FAR1-L92P that arrested as WT cells (72 ± 4 min for

WT and 61 ± 7 min for FAR1-L92P in 2.7 nM pheromone, p =

0.17). To verify that the activity of Far1 remains unaltered in the

FAR1-L92P strain we also showed that the ability of 12xFAR1-

L92P cells to polarize toward pheromone gradients was similar

to WT cells (Figure S7F). Consistent with memory depending on

Far1 stability, 12xFAR1-L92P cells exhibited little if any intrage-

nerational memory despite retaining the ability to arrest at this

pheromone concentration (Figures 6B and S7A–S7C). In addi-

tion, 12xFAR1-L92P cells also exhibit no intergenerational mem-

ory, most likely because this phenomenon also depends on Far1

stability (Figure 6E). Similarly, the destabilized FAR1-PEST strain

greatly reduced both intra- and inter-generational memory (Fig-

ures 6B, 6F, S7A, and S7G). Taken together, these experiments
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Figure 6. Protein Stability Is Required for Intra- and Inter-Generational Memory

(A) Experimental schematic for intragenerational memory experiment.

(B)WT andCLB5-NES cells have intragenerational memory, where the decision to reenter the cell cycle is based on the history of pheromone exposure during the

arrest, while 12xFAR1-L92P and FAR1-PEST cells do not. Medians plotted with 95% confidence intervals computed using 10,000 bootstrap iterations. Note that

about half of both the CLB5-NES and WT cells exposed to a pulse of high mating pheromone are arrested for the duration of the experiment (Figure S7B). We

therefore do not compare arrest durations for WT and CLB5-NES cells exposed to a pheromone pulse.

(C) Conditional expression of FAR1 from a GAL1 promoter is used to measure half-life pre-Start in a series of pheromone concentrations.

(D) Far1 half-life pre-Start in WT, FAR1-L92P, and FAR1-PEST cells in 3 nM a-factor.

(E and F) 12xFAR1-L92P and FAR1-PEST cells lack intergenerational memory as their arrest duration is independent of the amount of inherited Far1.

(G) Conditional expression from a GAL1 promoter is used to measure Far1 half-life ± SE pre-Start as in (C), but for a range of pheromone concentrations.

Error bars in (D) and (G) denote SEM.
demonstrate the requirement of Far1 stability pre- and post-Start

for intra- and inter-generational memory respectively.

Far1 Stability during Arrest Peaks at Intermediate
Pheromone Concentrations
The clear connection between Far1-based memory and protein

stability suggested the possibility that WT cells might modulate
Far1 stability to regulate memory. To test this possibility, we

measured FAR1 half-life by expressing it from the GAL1 pro-

moter and shutting off transcription (Figure 6C). However, we

now measure the half-life during pre-Start for cells growing in

0, 3, 6, or 240 nM pheromone. We found that Far1 stability

peaked at 3 nM with a �150 min half-life (Figures 6G and

S7H and S7I). Far1 stability was reduced to �100 min in
Cell 160, 1182–1195, March 12, 2015 ª2015 Elsevier Inc. 1191
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Figure 7. Compartmentalization Enables

Analog Memory to Pass through a Bistable

Switch

(A) The Start regulatory network regulating the

proliferation-differentiation decision in budding

yeast is a bistable switch.

(B) Inheritance of cytoplasmic Far1 forms the

mechanistic basis of intergenerational memory of

pheromone exposure.

(C) Top: a double-negative switch with constant

signal activating B results in a bistable switch with

a single bit of memory, i.e., did the input approach

its current level from above or below. Middle: a

time-dependent f(t) signal activates B to allow the

time-dependent threshold to encode an analog

memory of f(t). However, this memory is lost by

inactivation upon triggering the double-negative

switch. Bottom: compartmentalization allows

transmission of analog memory of the time-

dependent f(t) signal across the double-negative

(positive) feedback switch.
0 and 240 nM pheromone. We speculate that this decreased

stability might arise from increased G1 cyclin and Fus3 MAPK

kinase activities. It is interesting to note that the maximum

half-life, i.e., maximal memory, occurs right where the decision

to reenter the cell cycle is most sensitive to pheromone

concentration.

DISCUSSION

To inform our decisions, our experiences are sensed, encoded,

and stored as memories. Like us, individual cells also rely on

past experience to inform their most important decisions. In

budding yeast, one of the most important decisions is whether

or not to proliferate or to arrest division and attempt to mate

with another haploid cell. Budding yeast invest heavily in this de-

cision, as mutations eliminating the ability to mate provide a

�2% growth rate advantage in pheromone-free conditions

(Lang et al., 2009). Perhaps not surprisingly, several distinct

types of memory regulate this proliferation-differentiation

decision.

The simplest type of memory informing yeast mating is binary

and stored as a single bit of information. For example, due to its

asymmetric division pattern, a budding yeast cell is either a

mother or a daughter. With regards to mating, this bit matters

because mother cells are less sensitive to pheromone than

daughter cells (Moore, 1984). In part, this is likely due to the dif-
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ferential expression of CLN3, the up-

stream cyclin driving cell-cycle progres-

sion in G1 (Laabs et al., 2003). Mother

cells produce a burst of CLN3 expression

at the transition from mitosis to G1,

while daughter cells do not due to the

daughter-specific transcription factors,

Ace2 and Ash1 (Di Talia et al., 2009). In

addition, differential post-transcriptional

regulation of CLN3 in mother and
daughter cells may be due to Whi3 (Caudron and Barral, 2013),

which both decreases CLN3 message stability and translation

rate (Cai and Futcher, 2013; Garı́ et al., 2001; Holmes et al.,

2013). Yet, all this information pertaining being a mother or

daughter cell is binary.

Previously, we identified a continuous, analog form of memory

of past pheromone exposure that informs the decision to reenter

the cell cycle from pheromone arrest (Doncic and Skotheim,

2013). Cells experiencing higher pheromone concentrations

over longer periods of time are more reluctant to reenter the

cell cycle. While MAPK pathway activity rapidly responds to

reflect the current extracellular pheromone concentration, pro-

teins are more stable so that their level will reflect an integral of

past pathway activity (Colman-Lerner et al., 2005; Takahashi

and Pryciak, 2008; Yu et al., 2008). More specifically, Far1 accu-

mulates at a monotonically increasing rate with pheromone con-

centration so that its total amount reflects a combination of

arrest duration and pheromone concentration (Chang and Her-

skowitz, 1990; Doncic and Skotheim, 2013). Thus, the amount

of Far1 accumulated during pheromone arrest reflects an inte-

gral of pathway activity over time that encodes the history of

pheromone exposure into a continuous analog rather than

binary variable. However, the mutual inhibition of Far1 and Cdk

activities suggested that this analog memory, i.e., the accumu-

lated Far1, would be lost upon flipping the cell-cycle switch

(Figures 7A–7C).



Here, we show how the distribution of Far1 into nuclear and

cytoplasmic compartments is used to transmit the analog mem-

ory of pheromone exposure across the cell cycle switch to the

next generation. While nuclear Far1 is rapidly degraded, as ex-

pected by the double-negative switch, cytoplasmic Far1 is

longer lived and continually synthesized so that a significant

amount remains at the end of the cell cycle to be inherited by

daughter cells. We show here that this inherited Far1 contributes

to increased pheromone sensitivity and thereby allows mother

cells to transmit intergenerational memory of pheromone expo-

sure to their daughter cells. We also identified a fraction of fixed

cytoplasmic Far1 as key to storing intergenerational memory. If

some Far1 were not fixed in the cytoplasm, it would likely be

rapidly degraded post-Start due to the high nuclear B-type cyclin

activity. While this Far1 fraction is fixed on the minute timescale,

we suspect that it is not permanently fixed because nuclear Far1

is important for maintaining the cell-cycle arrest to which the in-

herited cytoplasmic Far1 eventually contributes. Thus, the slow

dissociation of the fixed Far1 is likely central to reading the inter-

generational memory of pheromone exposure.

Protein stability is central to both intra- and intergenerational

Far1-based analog memory as destabilizing mutations eliminate

both. In general, protein stability determines the timescale on

which the cell can remember past events. For rapidly degraded

proteins, levels will simply reflect the current state of the cell,

while for stable proteins, levels will reflect their synthesis over

longer periods of time so that their amount can be used to store

long-term memories on the timescale of dilution due to cell

growth. The demonstrated ability of the cell to regulate protein

stability over a wide range of temporal and spatial scales sug-

gests that the analog memory mechanisms discussed here

can be easily tuned through mutation and selection.

More broadly, our work illustrates how spatial organization can

greatly expand the functionality of signaling motifs. Recently, it

has been shown how positive feedback can be enhanced by

protein transport within the mammalian mitotic switch (Santos

et al., 2012). Activation of Cdk1-Cyclin B complexes within the

nucleus recruit additional such complexes to dramatically

ramp up nuclear Cdk activity without protein synthesis. How-

ever, this represents an enhancement of the well-known ability

of positive feedback circuits to generate sharp switches. Here,

we have shown how spatial organization allows memory to be

transmitted across a positive feedback-driven switch to enable

an entirely new and unexpected property of this well-character-

ized signaling motif. Given the extensive spatial organization

within cells, we expect this example to be the first of many in

which new signal-processing properties of network motifs are

enabled by compartmentalization.

EXPERIMENTAL PROCEDURES

See additional Supplemental Information for methods regarding confocal mi-

croscopy, FRAP, western blot and kinase assays shown in Figures 2 and 3.

Wide-Field Time Lapse Microscopy and Analysis

A Zeiss Observer Z1 microscope with an automated stage using a plan-apo

63X/1.4NA oil immersion objective and Definite Focus hardware was used to

take images every 3 min (6 min for the FAR1-L92P strains). We used a Cellasic

microfluidics device (http://www.cellasic.com/) with Y04C plates. WHI5-
mCherry, FAR1-Venus and FAR1-GFP strains were exposed for 750 ms,

300 ms or 150–300 ms using the Colibri 540-80, 505 or 470 LED modules

respectively at 25% power. There was no significant photobleaching at our

sampling rate (Figure S7J). FAR1 activity is not affected by fusion to a fluores-

cent protein (Doncic and Skotheim, 2013). Image segmentation and quantifi-

cation was performed as described in (Doncic et al., 2013). We often plot

mean values and their associated SE because this gives a graphical represen-

tation of statistical significance. Corresponding full distributions can be found

in the Supplemental Information.

Measurement of Inherited Far1

For each cell we determine inherited Far1 to be (Far1-Venus signal – baseline)/

(baseline). ‘‘Normalized inherited Far1’’ is the amount at the beginning of G1

above what that cell would be expected to have when cycling in phero-

mone-free media (see also schematic S2I and Supplemental Information for

details).

Strains and Media

All strains are congenic with W303 (see Table S1) and were constructed using

standard methods. Yeast were grown in synthetic complete media with 2%

glucose unless otherwise stated (2%galactose were used for the Far1 stability

experiments in Figures 3 and 6). Before an experiment, cells were grown to an

OD < 0.1 after which they were sonicated for �5 s at 3W intensity. All media

were mixed with 20 mg/ml casein (Sigma) to inhibit a-factor surface adhesion

(Colman-Lerner et al., 2005).
SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven

figures, and two tables and can be foundwith this article online at http://dx.doi.

org/10.1016/j.cell.2015.02.032.
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