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When yeast cells change their mind: cell cycle
“Start” is reversible under starvation
Deniz Irvali1,†, Fabian P Schlottmann1,† , Prathibha Muralidhara1 , Iliya Nadelson1 ,

Katja Kleemann1, N Ezgi Wood2, Andreas Doncic2,‡ & Jennifer C Ewald1,*

Abstract

Eukaryotic cells decide in late G1 phase of the cell cycle whether
to commit to another round of division. This point of cell cycle
commitment is termed “Restriction Point” in mammals and “Start”
in the budding yeast Saccharomyces cerevisiae. At Start, yeast cells
integrate multiple signals such as pheromones and nutrients, and
will not pass Start if nutrients are lacking. However, how cells
respond to nutrient depletion after the Start decision remains
poorly understood. Here, we analyze how post-Start cells respond
to nutrient depletion, by monitoring Whi5, the cell cycle inhibitor
whose export from the nucleus determines Start. Surprisingly, we
find that cells that have passed Start can re-import Whi5 into the
nucleus. In these cells, the positive feedback loop activating G1/S
transcription is interrupted, and the Whi5 repressor re-binds DNA.
Cells which re-import Whi5 become again sensitive to mating
pheromone, like pre-Start cells, and CDK activation can occur a
second time upon replenishment of nutrients. These results
demonstrate that upon starvation, the commitment decision at
Start can be reversed. We therefore propose that cell cycle com-
mitment in yeast is a multi-step process, similar to what has been
suggested for mammalian cells.
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Introduction

Cells must coordinate growth and cell division with metabolism to

proliferate and to maintain cellular homeostasis. This holds particu-

larly true for single-cell organisms like budding yeast, that are

exposed to constantly changing nutrient supply (Smets et al, 2010).

In yeast, nutrient supply directly affects metabolic rates and cell

growth. Nutrient supply also impacts cell size, and entry and pro-

gression through the cell division cycle (Broach, 2012; Turner

et al, 2012; Ewald, 2018; Qu et al, 2019). However, how the cell divi-

sion cycle is responding to nutrients and which metabolic regulators

interact with which components of the cell cycle machinery is still

poorly understood (Ewald, 2018).

One of the most critical points of cell cycle signaling is the commit-

ment point at the end of G1, termed “Restriction point” in mammals

and “Start” in yeast (Morgan, 2007; Johnson & Skotheim, 2013; Pen-

nycook & Barr, 2020). While the proteins involved in this decision

have diverged, the architecture of cell cycle commitment is conserved

from human to budding yeast (Cross et al, 2011; Johnson &

Skotheim, 2013). In yeast, the cell cycle inhibitor Whi5 inhibits the

transcription factor SBF (de Bruin et al, 2004; Fig 1A). This inhibition

is partially relieved though Whi5 dilution by growth and activation of

SBF-dependent transcription by Cln3 (Wagner et al, 2009; Schmoller

et al, 2015; Koivomagi et al, 2021). The partial activation of SBF leads

to the transcription of the activators of CDK, the cyclins Cln1 and

Cln2. The Cln1/2-CDK complex hyperphosphorylates Whi5, which

leads to its export from the nucleus and alleviation of SBF inhibition

(Costanzo et al, 2004; Wagner et al, 2009). This positive feedback

loop leads to full SBF activation, and the G1/S transition can proceed

(Skotheim et al, 2008). When 50% of Whi5 has exited the nucleus,

the positive feedback loop becomes self-sustaining (Doncic

et al, 2011). This is considered the point of irreversible cell cycle com-

mitment, Start (Charvin et al, 2010; Doncic et al, 2011; Qu

et al, 2019).

Leading up to Start, the cell integrates multiple internal and

external signals—such as hormones and growth factors, stress, and

cell size—to make the decision to commit to another round of DNA

duplication and division (Morgan, 2007; Turner et al, 2012; Johnson

& Skotheim, 2013). It is well established that also nutrient signaling

can promote or prevent Start (Broach, 2012; Talarek et al, 2017;

Ewald, 2018; Qu et al, 2019). Cells that do not have a sufficient sup-

ply of all essential nutrients will not pass Start and remain arrested

in G1. However, what happens if essential nutrients are depleted

after cells have passed Start, is largely unknown (Ewald, 2018).

Evidence from our work and others suggests that cells can

respond to nutrients in all phases of the cell cycle. For example, S-
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phase cells exposed to stress or a drop in glucose supply will tran-

siently arrest the replication machinery by an inhibitory phosphory-

lation on Mrc1 (Duch et al, 2018). Wood et al (2020) found in single-

cell experiments that cells can enter a quiescence-like state outside

of G1 when responding to acute starvation, in agreement with earlier

population-based studies showing that even budded cells (Laporte

et al, 2011) or cells in genetically induced cell cycle arrests (Wei

et al, 1993) can enter quiescence. A recent report also demonstrated

that cells can arrest their cell cycle in a “high CDK state” (Arg€uello-

Miranda et al, 2021) when facing nutrient perturbations. Despite

these individual examples, a comprehensive picture of how cells pro-

ceeding through the cell cycle respond to nutrient signals is still lack-

ing. Specifically, we do not know which cell cycle regulators receive

nutrient-dependent signals, or what phases of the cell cycle cells can

delay or stably arrest in to wait for an improvement of nutrient sup-

ply.

Here, we investigated the response of post-Start cells to acute

carbon starvation. We analyzed thousands of single cells by moni-

toring Whi5 and other cell cycle regulators during live cell imaging.

We found that starved cells can delay or stably arrest cell cycle
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Figure 1. Post-Start cells respond to starvation.

A Model of Start based on (Skotheim et al, 2008; Wagner et al, 2009; Doncic et al, 2011; Schmoller et al, 2015). Cln1/2-CDK hyperphosphorylated Whi5 which leads to
nuclear export.

B Example trace of Whi5-mCherry single yeast cell in a starvation experiment. Cells were grown for 8 h on glucose minimal medium, 10 h in starvation medium (1%
sorbitol minimal medium), then 4 h on glucose minimal medium. Red lines indicate times of media switch. Gray dots represent original data; the black line represents
data smoothed with a Savitzky–Golay filter. The arrows indicate the times used for the x- and y-axis in graph (C).

C Cell cycle durations of single cells exposed to starvation. Cells were grown as described in (B). Each dot depicts a single cell (n = 579, from four independent
experiments). The red line depicts the end of the 10-h starvation period. Cells above this line continue their cycle only after glucose replenishment and are thus cate-
gorized as “permanently arrested.” The green lines depict the average duration in unperturbed cells � 2 SD. Cells between the green and the red line are categorized
as “delayed” cell cycle (such as the example cell in B). Pie charts depict the fractions of “permanently arrested” (red), “delayed” (blue), and “normal duration” (green) in
20-min bins.
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progression. Surprisingly, cells that had already passed Start, could

translocate Whi5 back into the nucleus when starved within the first

20 min post-Start. This nuclear re-entry of Whi5 corresponded to a

reversal of Cdk1 activation and cells became sensitive to mating

pheromone again. We conclude that Start remains reversible in

response to nutrient perturbations for approximately 15–20 min.

Thus, the current model of Start (Morgan, 2007; Charvin et al, 2010;

Doncic et al, 2011; Bertoli et al, 2013; Johnson & Skotheim, 2013) is

incomplete and Cdk1-Cln1/2 activation is not the final point of cell

cycle commitment.

Results

The impact of nutrient signaling on cell cycle progression down-

stream of Start is still largely unknown. Here, we investigated how

acute carbon starvation impacts the yeast cell cycle using live cell

imaging and microfluidics cultivation. We worked with prototrophic

cells on glucose minimal medium without amino acids, to ensure

cells do not have an alternative carbon source. To starve cells, we

switched to medium containing 1% sorbitol, which is not metabo-

lized by cells, but osmotically balances the medium. With this

setup, we are confident to insulate the specific effect of carbon sup-

ply and the associated signaling. In our typical carbon starvation

experiments, we first grew cells for several hours on glucose

medium to adapt cells to the microfluidic environment and obtain

data on the unperturbed cell cycle. Cells were then switched to star-

vation medium for 10 h (unless stated otherwise), after which glu-

cose was replenished for at least 4 h.

Cells in the microfluidics cultivation platform grow asyn-

chronously; therefore, we could observe cells in all phases of the

cell cycle when the medium was switched to starvation conditions.

Start was determined by monitoring endogenously fluorescently

tagged Whi5. Specifically, Whi5’s exit from the nucleus marks the

Start transition (Doncic et al, 2011; Liu et al, 2015; Qu et al, 2019)

which we confirmed for our strain and conditions (Fig EV1). We

exposed cells harboring fluorescently labeled Whi5 to starvation,

and analyzed those cells that had already passed Start before the

switch. We determined the time that had passed between Start and

when a cell was faced with carbon depletion (Fig 1B, x-axis on

Fig 1C), and the time that these cells spent from Start to the end of

mitosis, as monitored by the re-entry of Whi5 into mother and

daughters (Fig 1C, y-axis). We analyzed over 500 post-Start cells

(from four independent biological experiments) and found three dif-

ferent types of responses: A small fraction (< 2%) of cells completed

their cell cycle (i.e. completed S/G2/M phases as evidenced by

Whi5 re-entering mother and daughter cell nucleus) with a similar

duration as non-starved cells (Fig 1C, green dots); 39% of cells com-

pleted their cell cycle, but with a much longer duration than non-

starved cells (Fig 1C, blue dots, we refer to these as “delayed cell

cycle”); and 59% permanently arrested their cell cycle for the entire

10 h of the starvation period (Fig 1C, red dots). This arrest was typi-

cally stable even when the starvation period was extended to 16 h.

Independent of their cell cycle or arrest state, almost all cells contin-

ued with normal cell cycles after glucose was replenished, indicating

that cells do not lose viability or proliferative capacity during long-

term starvation-induced arrest. The fraction of cells that consecu-

tively stopped proliferation was below 1% in our assays, but this

fraction gradually increased if the duration of starvation was

extended.

Our data confirm recent studies reporting that cells respond to

nutrient depletion in all phases of the cell cycle (Wood et al, 2020;

Arg€uello-Miranda et al, 2021); however, the mechanisms behind the

cell cycle delay and arrest have not been determined. We decided to

focus on those cells that enter a stable arrest to explore the mecha-

nisms leading to and stabilizing such starvation-induced arrests.

When analyzing arrested cells, we noticed a surprising phe-

nomenon: Cells that were exposed to starvation could translocate

the Start inhibitor Whi5 back into the nucleus (Fig 2A and C,

Movie EV1, Appendix Figs S1, S3 and S4). Given this surprising

result, we wanted to confirm that Whi5 exit in these cells indeed

corresponded to cells passing Start and activating the Cln1/2-CDK-

positive feedback loop. We thus monitored Cln2 promoter activity

using a fluorescent protein driven by the Cln2 promoter, but real-

ized that the inherent delay caused by fluorescent maturation hin-

dered sufficient time resolution. To increase time resolution for

analyzing the promoter activity, we turned to the dPSTR system (de-

veloped by the Pelet lab; Aymoz et al, 2016) which turns a tran-

scriptional signal into a localization change of a fluorescent reporter

(Appendix Fig S2). With the Cln2-dPSTR reporter we indeed

observed that all analyzed cells activated Cln2 promoters at Whi5

exit (nuclear dPSTR peak after Whi5 exit was at least 50% of the

last unperturbed cell cycle, 102 cells analyzed, example cell shown

in Fig 2B). Thus, these cells had passed Start (as defined in the text-

books) before translocating Whi5 back into the nucleus when faced

with starvation (Fig 2B and D). Based on > 800 observed cells, we

calculated the probability of Whi5 re-entry, given the time between

Start and the exposure to starvation (Fig 2E). In the first 30 min,

most of the cells re-imported Whi5 (Figs 2E and 3D). As a control,

we compared this starvation response to a response to mating pher-

omone. We exposed cells that had passed Start to high mating pher-

omone concentrations and monitored nuclear Whi5. We illustrate

the difference with a heatmap showing the nuclear Whi5 profile of

50 cells each that were either starved or exposed to mating phero-

mone within 30 min after passing Start (Fig 2F). After passing Start,

cells immediately become insensitive to mating pheromone and

complete cell division; but cells remain sensitive to starvation and

respond by re-importing Whi5 and arresting cell cycle progression.

The nuclear re-location of Whi5 after Start cannot be explained

by the current model of Start, which states that Whi5 exit leads to ir-

reversible commitment to cell cycle progression. However, Whi5 re-

entries have been noted, but not explained, in several previous stud-

ies (Liu et al, 2015; Litsios, 2017; Wood et al, 2020). We thus

decided to examine when, how, and why Whi5 re-entry occurs.

While the probability for Whi5 re-entry was highest in the first

10 min, the probability gradually dropped, but never reached zero.

This seemed surprising, given that cells begin replicating their DNA

at approximately 22 min after Start (Appendix Fig S6), so we did

not understand the functional relevance of these late re-entries. In

this context, however, we noticed that there seemed to be two quali-

tatively distinct types of Whi5 re-entries. Cells that were early in the

cell cycle showed an immediate and steep Whi5 re-entry. In con-

trast, cells that were later in the cell cycle and had a large bud

showed a slow Whi5 re-entry (example cells in Fig 3A and B). We

hypothesized that these early and late nuclear re-entries of Whi5

were mechanistically and functionally distinct.
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We thus looked more closely at the dynamics of Whi5 re-entry.

We calculated the re-entry slopes and determined the budding state

of these cells (Fig 3C). Confirming our initial observation, the

median slope of unbudded cells was approximately 2.5-fold higher

than in budded cells. However, there were some cells with small

buds with very steep Whi5 re-entries, and on the other hand cells
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with no obvious buds that showed slow re-entries like budded cells.

Thus, the budding event per se is not what distinguishes the two dif-

ferent types of Whi5 behavior.

Budding typically co-occurs with the onset of replication

(Appendix Fig S6), but the two are not mechanistically coupled (Pir-

incci Ercan et al, 2021; Appendix Fig S6B). We thus hypothesized

that the difference between Whi5 behavior is due to the onset of

replication, that is, the actual beginning of S-phase. There is so far

no canonical marker for observing S-phase initiation in budding

yeast; typically, the increase in histone concentration is used,

although histone transcription and origin firing are not directly cou-

pled. Unfortunately, upon starvation, the fluorescence from mTFP-

or mCherry-labeled histones increased in all phases of the cell cycle,

likely due to sensitivity of the fluorophores to changes in the cellular

environment (Appendix Fig S5). We therefore could not precisely

determine the onset of histone production in our starved cells. How-

ever, the timing of histone production onset in unperturbed cells

(Appendix Fig S6) corresponds well to the timing of the change in

Whi5 behavior (Fig 3C). We therefore decided to group the cells

according to their slope of Whi5 re-entry, rather than by budding.

We chose a cut-off of 200 arbitrary intensity units/min (dotted gray

line in Fig 3C) to separate “fast” re-entries, which we interpret as

pre-replication cells, and “slow re-entries,” which we interpret as

cells that have started replication. Whether these cells arrest in S-

phase, or complete replication and arrest in G2, requires further

investigation. None of these cells showed a Clb2 peak at the onset

of or during starvation, indicating that all cells with Whi5 re-entries

arrest before the G2/M transition (Appendix Fig S8).

Neither the fast nor the slow re-entries can be explained with our

current understanding of Whi5 and Start regulation. We decided to

focus on those cells with fast re-entries, which mainly occur at the

G1/S transition. Fast Whi5 re-entries were very commonly

observed: Within the first 20 min after Start, over 70% of cells

translocated Whi5 back into the nucleus with a steep slope (Fig 3D);

in the first 5 min after Start 99% of cells re-imported Whi5 (Fig 2E).

We hypothesized that this Whi5 re-entry corresponds to a decrease

in Cln1/2-CDK activity. If Whi5 re-entry indeed corresponds to a

decrease in Cln1/2-CDK activity, the cells would have to go through

another round of the positive feedback loop of Whi5 exit and Cln1/2

activation after glucose replenishment. We therefore used the Cln2

promoter constructs to see what happens in these cells after glucose

replenishment. Indeed, cells that had translocated Whi5 back at the

onset of starvation, later showed another spike in Cln2 promoter

activity once glucose was replenished, concurrent with Whi5 exit

(Fig 4A–C). Those cells classified as “slow re-entries” (Whi5 re-

entry slope < 200 AU/min) did not show a second round of Cln2

promoter activity before progressing with their cell cycle (Fig 4C,

Appendix Fig S7). All of these cells did however show a peak of

Clb2 expression, the cyclin required to enter mitosis, upon glucose

re-addition (Appendix Fig S8). This confirms that these cells had

arrested in S or G2, and no longer required Cln1/2 activity to con-

tinue their cell cycle.

These data on Whi5 localization and Cln2 promoter activity

strongly suggested that activation of CDK at Start—supposedly the

point of irreversible commitment—is in fact reversible for a certain

duration if cells face starvation. To test whether cells with Whi5 re-

entries were functionally truly reversing cell cycle commitment, we

tested their sensitivity to mating pheromone. We starved cells and

then exposed them to the mating pheromone alpha-factor at the

same time when glucose was replenished. Most cells with Whi5 re-

entries during starvation later responded to alpha-factor by shmoo-

ing, just like cells that were in a normal pre-Start G1 state (Fig 4D–

F, Movie EV2), albeit the fraction of shmooing cells was lower. This

sensitivity to mating pheromone confirms that the positive feedback

loop defining “Start” can be reversed within the first ~20 min. Thus,

the current model of irreversible cell cycle commitment does not

hold true vis-�a-vis nutrient perturbations.

Having established the functional reversibility of the Whi5-CDK-

positive feedback loop, we next wanted to understand the mecha-

nism by which the G1/S transition is interrupted and Whi5 is

translocated back to the nucleus. One plausible explanation is that

the expression of the G1 cyclins is targeted by metabolic regulators

to interrupt the G1/S transition. We thus investigated the possible

role of known transcription factors involved in starvation responses

and quiescence: The starvation-responsive transcription factors

Msn2 (Appendix Fig S9), Msn4, Xbp1 (Miles et al, 2013), have all

been shown to bind the Cln1/2 promoters (data summarized on

Yeastract; Monteiro et al, 2020); and the transcription factors Msa1

and Msa2 are important for arresting cells in G1 in preparation of

quiescence (Miles et al, 2016). While these transcription factors are

clearly relevant for long-term starvation responses, they do not

seem to be essential in driving Whi5 re-entry during acute starvation

(Fig 5). The xbp1, msa1msa2, and msn2msn4 deletion mutants all

still translocated Whi5 back into the nucleus. Similarly, a deletion

mutant of Rim15, a nutrient-sensitive kinase that is upstream of

these transcription factors, does not prevent Whi5 re-entries upon

◀ Figure 2. Whi5 re-enters the nucleus upon starvation.

A Whi5-mCherry trace of an example cell that re-imports Whi5 upon starvation. Gray dots represent raw data, the red line results from a Savitzky–Golay smooth. Star-
vation was induced at t = 0 min and relieved after 10 h as indicated by the vertical black lines. Increase in nuclear fluorescence can be attributed mainly to nuclear
import and not to overall increase in Whi5 (Appendix Figs S3 and S4).

B Excerpt of the Whi5-trace shown in (A) including data from a Cln2-dPSTR (see also Movie EV1 and Appendix Fig S2) expression reporter (blue line). Nuclear localiza-
tion of the reporter indicates activity of the Cln2 promoter.

C Images of the cell trace shown in (A) at indicated time points. Scale bar = 5 lm.
D Images from the cell shown in (C) at the time point immediately before starvation is induced. Absence of Whi5 and presence of the Cln2 reporter in the nucleus

indicate that this cell had passed Start when it was exposed to starvation. See also Movie EV1. Scale bar = 5 lm.
E The probability of Whi5 nuclear re-entry after starvation. Black circles indicate single cells (n = 849, from five independent experiments) that translocate Whi5 back

into the nucleus. The x-axis denotes the time that had passed since Whi5 exit until the medium was switched to starvation medium. The black line indicates a logistic
regression of the single-cell data, where the gray area denotes the 95% confidence intervals.

F Heatmap of nuclear Whi5 traces from 50 example cells (subset of E) that passed Start within 30 min before the switch to starvation. These are compared to 50
example cells that had the same initial conditions, but were then exposed to 10 lM a-factor a t = 0 min. Traces were scaled to the maximum of the G1 peak before
the switch.
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starvation. We note, however, that the re-entry dynamics of Whi5

appear different in the msn2msn4 mutant compared to wild-type.

The distinction between early and late Whi5 re-entries based on the

slope of Whi5 re-import did not hold for all mutant cells. We

observed both early re-entries which were slow and late re-entries

with a very steep slope, for which we currently cannot offer a

straightforward interpretation. Thus, while the initial decision to

interrupt Start is probably not caused by these transcription factors,

they likely contribute (directly or indirectly) to full Start reversal

and the stabilization of the G1 arrest.

To test whether another transcription factor repressing cyclin

expression may be essential for initiating Whi5 re-entry, we

expressed Cln1 constitutively from a strong synthetic promoter,

which is active even under starvation (Dcln1Dcln2Dcln3, estradiol-

inducible-Cln1, from Ottoz et al, 2014; Ewald et al, 2016; Zhang

et al, 2019; see also Appendix Fig S10). Even in these cells overex-

pressing the activating cyclin, Whi5 still re-entered the nucleus upon

starvation in over 70% of the cells in the first 15 min (Fig 5A). The

30% reduction in cells re-entering Whi5 is presumably caused by an

overall acceleration of the G1/S transition due to high Cln1 levels.

Thus, while repression of G1 cyclin expression is likely important

for establishing and stabilizing quiescence, it is not essential for

reversing Start under acute starvation.

Since Cln1/2 repression does not seem to be the initial target

for interrupting Start, we wondered if the downstream inhibitor

Sic1 could play a role. Sic1 is a well-established inhibitor of CDK-

cyclin complexes and needs to be degraded to transition to S-

phase. Sic1 has been shown to be stabilized by Hog1
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Figure 3. Early and late Whi5 re-entries.

A Example traces of Whi5 of two cells exposed to starvation at t = 0 min. The dark blue line indicates a cell with a fast and steep re-entry, and the light blue line indi-
cates a cell with a slow re-entry.

B Images of the two cells described in (A) at the indicated time points. Scale bar = 5 lm.
C We determined the slope of Whi5 nuclear re-entry (regression of the first 30 min of nuclear Whi5 increase) in budded (black squares) and unbudded cells (blue trian-

gle). We analyzed 680 cells from 5 replicate experiments. We picked 200 AU/min (dotted gray line) as the threshold between fast and slow re-entries. Inset shows a
violine plot of the slopes of all budded (black) and unbudded (blue) cells, where the solid lines depict the median of the distribution, and the dashed lines represent
25th and 75th percentiles.

D Distribution of fast, slow, and no re-entries depending on how long after Start cells experience starvation (849 cells from five replicate experiments).

6 of 15 The EMBO Journal 42: e110321 | 2023 � 2022 The Authors

The EMBO Journal Deniz Irvali et al



phosphorylation during the hyperosmolarity response (Escote

et al, 2004; Adrover et al, 2011) and therefore seemed like an

obvious target also for nutrient signaling. We thus fluorescently

labeled Sic1 and determined the amount of Sic1 present in cells

that translocated Whi5 versus cells that did not. However, Sic1

concentrations (total or nuclear) were not predictive of whether a

cell reverses Start (Fig 5B and Appendix Fig S11). In agreement

with this result, a deletion mutant of Sic1 did not lead to fewer

Whi5 re-entries (Fig 5A). In fact, due to a slightly slower cell

cycle, the Sic1 deletion mutant translocated Whi5 back to the

nucleus for an even longer time after Start. Similarly, a deletion

mutant of the p21-like inhibitor Cip1 (Chang et al, 2017) did not

impact Whi5 translocations (Fig 5A).

We thus investigated whether Whi5 itself is the target of starva-

tion signaling as it has been reported for high-osmolarity signaling

(Gonzalez-Novo et al, 2015). Whi5 has 12 reported CDK phosphory-

lation sites, whose phosphorylation leads to Whi5 release from pro-

moters and exit from the nucleus at Start (Taberner et al, 2009;

Wagner et al, 2009). Additionally, there are at least seven non-CDK

sites, which have been confirmed by mutational analysis (Wagner

et al, 2009 and Jan Skotheim, personal communication), but that

have no clear function assigned yet. We thus wondered if one of

these 7 phosphorylation sites could be targeted to cause Whi5

nuclear re-import. We thus mutated all seven of these non-CDK

phosphorylation sites on Whi5, but this did not prevent Whi5 re-

entry upon starvation (Fig EV2A).
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Figure 4. Early Whi5 re-entries lead to functional Start reversal.

A Example cell showing that the Cln2 promoter (blue) fires upon glucose replenishment after Whi5 re-entry (black). Vertical red lines indicate beginning and end of the
starvation phase. The promoter activity was approximated by the change in fluorescence of a Cln2-Promoter-Neongreen construct (see also Appendix Fig S2). Arrow
indicates Cln2 promoter activity peak after glucose replenishment.

B Whi5 re-entry slopes of cells with and without Cln2 promoter activity after glucose replenishment (153 cells from three replicate experiments).
C Percentage of cells that show Cln2 promoter after glucose replenishment in cells that re-imported Whi5 with slopes above or below our threshold of 200. Cells with-

out Whi5 re-entry never showed a Cln2 promoter activity peak after glucose replenishment. A Cln2 promoter peak after glucose replenishment was scored as such, if
within 30 min after Whi5 exit, the slope of Cln2-Promoter-Neongreen fluorescence increase reached at least 50% of the pre-starvation peak.

D Example cell that re-imports Whi5 after starvation and responds to alpha factor after glucose replenishment. See also Movie EV2. Scale bar = 5 lm. Arrow indicates
peak in Cln2 promoter activity after glucose replenishment.

E Whi5 re-entry slopes of cells that shmoo or do not shmoo after glucose replenishment and alpha factor addition.
F Percentage of cells that respond to alpha factor addition by shmooing. The first bar describes cells that were arrested in a normal pre-Start G1. The two middle bars

include cells that exported and re-imported Whi5 with no visible buds. The right bar includes all cells that were budded at the time of starvation and glucose replen-
ishment.
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Since phosphorylation of the known non-CDK sites on Whi5 did

not seem to be responsible for Whi5 re-entry, we decided to further

investigate the phosphorylation of CDK sites on Whi5 in response to

starvation. We thus turned to a bulk population-based approach:

We synchronized cells in G1 with our previously established system

(Ewald et al, 2016), which is the same strain as used for constitutive

Cln1 expression in Fig 5. As we reported previously, Whi5 leaves

the nucleus approximately 35 min after inducing Cln1 expression by

adding estradiol to the growth medium (Supplementary in Ewald

et al, 2016). We released G1-arrested cells growing on glucose mini-

mal medium and after 45 min switched the cells to starvation

medium. We harvested cells from the G1 arrest, 45 min after release

immediately before starvation, and 10 and 30 min after the switch

to starvation (Fig 6A–C). In these samples, we imaged Whi5-GFP

and confirmed that Whi5 had been exported from the nucleus and

was re-imported after starvation (Figs 6C and EV2B and C). In paral-

lel samples, we then analyzed Whi5-V5 by Phos-tag (Kinoshita

et al, 2006) Western blot. As reported previously (Wagner

et al, 2009), Whi5 becomes hyperphosphorylated as CDK activity

rises (Fig 6D, lane 2). Ten minutes after starvation however, these

cells begin to lose their hyperphosphorylated form of Whi5 (Fig 6D,

lane 3, Fig EV2C). This result suggests that Whi5 translocation is

caused by dephosphorylation, most likely of CDK sites. Notably, we

added the inducer for Cln1 expression in our starvation media,

which confirms that Whi5 dephosphorylation is not dependent on

cyclin repression. While our results do not exclude the possibility of

additional phosphorylations on a previously uncharacterized site

contributing to Whi5 re-entry, they do strongly suggest that dephos-

phorylation of CDK sites on Whi5 is what drives Whi5 nuclear re-

entries.

We next tested whether the dephosphorylated, re-imported Whi5

also rebinds DNA. We used the same strain and set-up as described

for the phosphorylation assay: Cells were arrested in G1, released

by inducing Cln1 expression, and starved 45 min after induction.

Chromatin-immunoprecipitation was then performed from these

samples using the tagged Whi5. Consistently across six replicates,

Whi5 pulled down less DNA after the release than in the G1 arrest.

Once the released cells were starved, the amount of DNA bound to

Whi5 increased again (P < 0.01, Fig 6E). We conclude that after star-

vation, Whi5 is dephosphorylated, re-enters the nucleus, and

rebinds promoters to re-set the Whi5-SBF-CDK feedback loop, thus

preventing the G1/S transition and re-establishing a pre-Start state.

However, these results did not tell us what the initial target of

nutrient signaling is. It is possible that the specific activation of a

phosphatase causes Whi5-dephosphorylation and interruption of

the feedback loop. However, we are not aware of a phosphatase that

is strongly upregulated upon starvation and targets Whi5. So far,

only two phosphatases have been reported to target Whi5, Cdc14,

and Cdc55. Cdc14 dephosphorylates many Cdk1 sites including

those on Whi5 (Taberner et al, 2009), but is active only during late

mitosis. PP2A-Cdc55 is the only previously reported phosphatase

targeting Whi5 in G1 (Talarek et al, 2017; Baro et al, 2018). The

deletion mutant of Cdc55 is very sick with irregular cell cycle pro-

gression and morphology. This phenotype is partially ameliorated

by an additional Swe1 deletion (Harvey et al, 2011). We thus ana-

lyzed the cdc55 swe1 double deletion strain. These cells have normal

morphology, but still show altered G1/S transition during growth on

glucose. When starved, the cdc55 swe1 double deletion showed very

pleiotropic phenotypes (Appendix Fig S12). However, those cells

that exhibited normal G1 phases immediately before starvation, also

showed Whi5 re-entries (Appendix Fig S12A), indicating that Cdc55

is not essential for Whi5 dephosphorylation under starvation.

Whether this re-import in absence of Cdc55 is due to functional

redundancy of phosphatases, or whether another phosphatase not
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Figure 5. Deletion mutants still show Whi5 re-entries.

A We constructed the indicated mutants and monitored their Whi5 response to starvation. Depicted are the fractions of cells that re-import Whi5 when starved within
15 min after Start. Numbers over the bars indicate total number of cells that were analyzed, cells were from at least three independent biological replicates.

B Example of a cell where Whi5 (black) re-enters the nucleus upon starvation despite completed Sic1 (blue) degradation.
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yet associated with Whi5 is primarily responsible, remains to be

shown. Since we could not find evidence for upregulation of Whi5

phosphorylation in published phosphatase deletion screens (e.g.

Bodenmiller et al, 2010; Goldman et al, 2014), we currently consider

it more likely that dephosphorylation of Whi5 is driven mainly by

an inhibition of Cdk1 kinase activity, rather than by specific activa-

tion of a phosphatase.

Inhibition of Cdk1 could be mediated by the activity of Swe1.

This kinase phosphorylates tyrosine 19, which keeps the CDK-Clb2

complex inactive and thus prevents the G2/M transition. While this

is the most prominent role of Swe1, other functions in the cell cycle

have been described in yeast (Chauhan et al, 2015, 2016; Raspelli

et al, 2018) and mammals (Moiseeva et al, 2019). We therefore

investigated whether Swe1 could mediate Whi5 re-entries. We
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Figure 6. Whi5 phosphorylation and DNA binding during starvation.

A Schematic of the experimental set-up.
B Budding index of the cultures at the indicated time points. The green bars at t3 and t4 indicate control cultures that remained in glucose medium after 45 min.
C At the indicated time points samples from the cultures harboring Whi5-GFP were imaged and the nuclear/cytoplasmic GFP concentration determined for 50 cells

each. Bottom row depicts the resulting histogram (see also Fig EV2B for overlay), the upper rows show example images. Scale bar = 20 lm.
D Phos-tag-SDS–PAGE Western blot of Whi5-V5. Numbers indicate the sampling time points shown in (A). 2PP indicates sample 2 (cells growing on glucose, 45 min after

a G1 release) treated with phosphatase. See Fig EV2C for a blot from a replicate experiment.
E Cells from the experiment described in (A) were fixed at the indicated time points and chromatin-immunoprecipitation with Whi5-Flag as bait was performed. The

graph reports the total DNA yield (normalized to t1) for six independent experiments. Black bars indicate the mean of the six replicates. P-value based on a paired t-
test. The amount of Whi5 pulled down in the IP was similar across time points (Fig EV2E).
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found that swe1 deletion cells had difficulties responding to starva-

tion in late cell cycle stages, which led to defects in mitosis (similar

to the cdc55 swe1 double deletion shown in Appendix Fig S12B).

However, cells that had just passed Start could re-import Whi5 and

arrest in G1 at the same frequency as wild-type cells (Fig EV3A). In

agreement with this, we detected only a very weak phosphorylation

of CDK1 tyrosine 19 in cells starved early after Start (Fig EV3B and

C). Thus, Swe1 likely plays a role in the cell’s response to starva-

tion, but not at the G1/S transition.

Discussion

In this work, we analyzed the starvation response of thousands of

post-Start cells. In agreement with recent studies, we show that cells

can likely delay or arrest their cell cycle in any cell cycle stage

(Wood et al, 2020; Arg€uello-Miranda et al, 2021). We set out to

understand how stable arrests are achieved and found that the cell

cycle inhibitor Whi5 can re-enter the nucleus in post-Start cells. We

showed that Whi5 re-entries can be classified as fast and slow re-

entries, which likely corresponds to cells before and after entering

S-phase. The slow-reentry cells are likely similar to the budded

“high-CDK quiescent cells” recently described by Arg€uello-Miranda

and colleagues (Arg€uello-Miranda et al, 2021) although they

induced starvation in a different way. Since it is not clear if Whi5

has any function in the later cell cycle, we focused on those cells re-

importing Whi5 with a steep slope, which are likely to be cells

before replication. In the time window of 20 min (which is approxi-

mately 20% of the total time between Start and cytokinesis) over

70% of all cells respond to carbon starvation by re-importing Whi5

with a steep slope (Fig 3).

We provide at least three lines of evidence that these cells are

indeed reversing CDK activation and are “taking back” their com-

mitment decision: Firstly, most cells that re-import Whi5 upon star-

vation become sensitive to mating pheromone again (Fig 4), which

is only expected from pre-Start cells. Secondly, upon glucose replen-

ishment these cells produce another peak of Cln2 expression, just

like cells that have no history of passing Start (Fig 4). Thirdly, Whi5

re-associates with DNA (Fig 6), thus likely inhibiting expression of

G1/S genes again. Therefore, it seems highly likely that cells are

indeed reversing Start (as defined in the textbooks). We note that

Whi5 re-entries have been previously mentioned in various contexts

(Liu et al, 2015; Litsios, 2017; Wood et al, 2020), even though their

cause or consequence have not been mechanistically studied. This

shows that this is not an observation limited to our laboratory or to

the strain investigated.

Are all cells that passed and reversed Start really identical to

“normal” pre-Start G1 cells after starvation? Several observations

suggest that while cells reverse Cdk1 activation, they may retain

some “memory” of passing Start. While many of these cells start

shmooing in response to mating pheromone, the fraction of cells

deciding to do so is 30% lower than the fraction in “normal” G1

cells at the tested concentration. Also, cells with tiny buds that have

not yet started replicating can reverse (and later re-activate) Cln1/2-

CDK activity, but they do not shmoo, and continue budding at the

same site when re-entering the cell cycle after glucose replenish-

ment. We also note that cells with Whi5 re-entries arrested with

very different Sic1 concentrations. Those cells that had not started

degrading Sic1 stabilized the protein and arrested with high Sic1

levels. Other cells that were starved after they had degraded Sic1

were arrested in a low Sic1 state and did not express any more Sic1

while in the G1 arrest. This may be relevant for the next cell cycle

following nutrient upshift. Further molecular and biochemical stud-

ies are needed to fully understand the consequences of Whi5 re-

entry and Start reversal after starvation (and possible other pertur-

bations).

Another interesting aspect of these findings is the relationship

between cell cycle regulation, nutrient signaling, and pheromone

signaling. The protein Far1, which is downstream of the pheromone

sensing MAPK pathway and inhibits CDK, is normally expressed

during G1, upregulated, and stabilized during pheromone response,

but degraded if cells commit to the cell cycle, shortly after they pass

Start. So how do cells that have passed Start and revert become sen-

sitive to pheromone again (Fig 4)? Interestingly, during starvation,

Far1 gets degraded in all cells, including those in “normal” G1

(Arg€uello-Miranda et al, 2021 and our own preliminary results

included in the response to the referees, see Review Process File).

Once glucose returns, Far1 is re-synthesized in unbudded cells, sug-

gesting that both Far1 stability and expression are under control of

glucose signaling. This is in good agreement with previous reports

that showed that average Far1 concentrations are much lower on

poor carbon sources than on glucose (Alberghina et al, 2004).

While we were not able to fully unveil the mechanism that trans-

lates nutrient sensing into interruption of the positive feedback loop

and Start reversal, we can make several relevant conclusions: We

first analyzed a series of transcriptional regulators that are known to

be important for stationary phase and quiescence. However, none of

these were essential for the acute starvation response of Whi5. In

fact, a transcriptional mechanism seems unlikely, because overex-

pression of Cln1 did not prevent or delay re-entries. We therefore

turned away from transcription factors and searched for mecha-

nisms directly acting on Whi5 and Cdk1. We showed that the mech-

anism of Whi5 re-import is likely the dephosphorylation of the

CDK1 sites, and not due to a regulatory phosphorylation on one of

the previously reported (Wagner et al, 2009) non-CDK sites. How-

ever, it is still possible that one of the many uncharacterized sites

that have been picked up in mass spectrometry experiments (see

e.g. biogrid.org; Oughtred et al, 2021 entries) could contribute to

Whi5’s response to starvation.

The observed dephosphorylation of Whi5 CDK sites could be

caused by the upregulation of a starvation-induced phosphatase.

However, we did not find any evidence pointing in that direction.

We therefore suggest that the cyclin-CDK complex itself is the target

of starvation signaling, and Whi5 re-entry is the consequence rather

than the primary cause of the positive feedback loop being inter-

rupted. However, neither Sic1 and Cip1, the two inhibitors of CDK

at the G1/S transition, nor the inhibitory kinase Swe1 appear to be

essential for Start reversal. Other plausible mechanisms which we

have not been able to systematically investigate within the scope of

this study are, for example, an inhibitory post-translational modifi-

cation of CDK or the cyclins, the selective degradation of Start com-

ponents (Morshed et al, 2020) or their sequestration in p-bodies

(van Leeuwen & Rabouille, 2019). Alternatively or additionally, the

general biophysical/biochemical changes associated with starvation,

such as drop in pH (Gutierrez et al, 2022), slowed diffusion rates

(Joyner et al, 2016), and altered nuclear transport (Huang &
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Hopper, 2014; preprint: Heinrich et al, 2022), could affect the activ-

ity or stability of Start regulators.

If Whi5 export and CDK activation do not define the final com-

mitment point, then what is the point-of-no-return? Common sense

dictates that cells should irreversibly commit to the cell cycle before

attempting to replicate their DNA. Although we lack a good read-out

for replication initiation in budding yeast, our data on histone fluo-

rescence intensity indeed suggest that cells with fast Whi5 re-entries

are pre-replication. In mammalian cells, APC inactivation has been

suggested as the point-of-no-return (Cappell et al, 2016). In yeast

cells, APC-Cdh1 inactivation was recently placed 12 � 3 min after

Whi5 exit using an APC substrate fragment as a sensor (Ondracka

et al, 2016). This time window is shorter than the ~20 min observed

for Whi5 re-entries in our experiments, but this difference could also

be due to differences in strains and nutrient conditions. So, the role

of the APC in commitment to S-phase in yeast warrants further

exploration.

The next step will be to find the missing pieces leading from

Whi5 exit to irreversible commitment. As introduced above, the

widely accepted textbook model states that the point-of-no-return in

the cell cycle is “Start” in yeast and the “Restriction Point” in mam-

malian cells (Morgan, 2007; Johnson & Skotheim, 2013; Pennycook

& Barr, 2020). However, in mammalian cells, the notion that the

restriction point is the universal cell cycle commitment point has

been strongly challenged. Several studies suggested that there are at

least two different commitment points: The restriction point for hor-

mone and growth factor signaling, and a later point vis-�a-vis nutri-

ent and stress signals (Foster et al, 2010; Cappell et al, 2016; Patel

et al, 2017; Pennycook & Barr, 2020; Yang et al, 2020). However, a

complete and coherent model of all steps leading to cell cycle com-

mitment in mammalian cells is still lacking. We now show that also

in yeast commitment is a multi-step process. Thus, our yeast experi-

ments provide an excellent foundation to quantitatively and mecha-

nistically study eukaryotic cell cycle commitment in a simple,

tractable model.

Materials and Methods

Strain construction and cultivation

All strains were haploid W303 derivatives and most were pro-

totrophic except for several mutants, which were partially aux-

otrophic as indicated in Appendix Table S1. Strains were

constructed using standard PCR-based homologous recombination.

Whi5 phosphorylation mutants were generated by site-directed

mutagenesis on a plasmid, which was introduced into a Whi5 dele-

tion mutant. See Appendix Table S1 for a detailed strain list with all

genotypes. All strains constructed in this study are available from

the corresponding author upon request.

For all reported experiments, yeast cells were grown in minimal

medium without amino acids (1.7 g/l yeast nitrogen base without

amino acids (US Biological), 5 g/l ammonium sulfate, 50 mM potas-

sium phthalate, pH adjusted to 5 with KOH). Single amino acids

were supplemented where necessary for strains and their corre-

sponding controls (final concentrations histidine 5 mg/l, leucine

120 mg/l, uracil 20 mg/l). As a carbon source, 10 g/l glucose were

added, which were then replaced by 10 g/l sorbitol in the starvation

medium. Cells were incubated at 30°C on an orbital shaker at

200 rpm.

Cell cycle release and starvation experiments for Fig 6 were per-

formed as follows: Strains derived from JE611c (Ewald et al, 2016;

Zhang et al, 2019) were grown in a 15 ml pre-culture on glucose

minimal medium containing 40 nmol/l ß-estradiol. A main culture

was inoculated with OD 0.05 and grown overnight. Cells were

arrested in G1 by filtering the culture and resuspending cells in

estradiol-free medium. After 5 h, arrest was verified by absence of

budding, as observed under a light microscope. G1 cells were

released into the cell cycle by addition of 200 nM ß-estradiol. For

starvation experiments, released cells were filtered 45 min after

release, washed, and resuspended in sorbitol minimal medium (also

supplemented with 200 nM estradiol).

Microfluidic cultivation

In preparation for live cell imaging experiments, cells were grown in

15 ml 1% glucose minimal medium overnight. The next morning,

the cells were transferred to a fresh culture by applying 1:15 dilution

and grown for at least another 5 h until reaching log phase (OD600

between 0.4 and 0.6).

Cells were sonicated at low power for 3 s and loaded onto a

commercial microfluidics system (Y04C-02 plates, CellASIC ONIX2

system, Merck). While loading the cells, the well which con-

tained the starvation media was kept pressurized at 1.5 psi to

avoid any backflow from the glucose-containing wells into the

glucose-free media. During growth, the glucose media was sup-

plied with a pressure of 3 psi. The well containing the starvation

media was also pressurized with 0.5 psi to avoid backflow. Cells

were grown inside the microfluidic chamber for the duration of

at least two cell cycles before starting imaging. The temperature

was kept constant at 30°C using an incubator chamber surround-

ing the imaging system (Okolab Cage Incubator, Okolab USA

INC, San Bruno, CA).

The mating pheromone experiments were performed using the

same setup and starting media as described above. For the commit-

ment assay (Fig EV1), 1 lM a-factor was added after 4 h of growth.

For the control experiment in Fig 2, 10 lM a-factor was added after

4 h of growth. In Fig 4, 500 nM a-factor was added to the glucose

media supplied after the starvation period. To prevent a-factor from
adhering to the microfluidic chamber, 20 lg/ml casein was added to

all media with a-factor.
For the growth of JE616, a final concentration of 1 lM b-estradiol

was added to both glucose and sorbitol minimal media during

growth in the microfluidic chamber (ß-estradiol adsorbs to the

microfluidic chamber, which requires the use of higher concentra-

tions than in shake flasks).

Microscopy

All live-cell imaging experiments were performed on a Nikon Ti2

inverted epifluorescence microscope (Nikon Instruments, Japan)

with a Lumencor SPECTRA X light engine (Lumencor, Beaverton,

USA), a Photometrics Prime 95 (Teledyne Photometrics, USA) back-

illuminated sCMOS camera. The system was programmed and con-

trolled by the Nikon software NIS Elements. Focus was maintained

using the Nikon “Perfect Focus System.” The time-lapse images
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were taken using a Nikon PlanApo oil-immersion 60× objective

(NA = 1.4) with a frequency of 3 min (2 min for experiments using

the Cln2-dPSTR construct). See Appendix Table S2 for optical filters

and Appendix Table S3 for exposure settings. For all fluorophores

and tagged proteins, we checked for absence of phototoxicity by

comparing growth rates at varying exposures, frame rates, and in

non-exposed cells. Empty strains and single-fluorophore expressing

cells were used to control for autofluorescence and bleed-through,

respectively.

Image analysis and data processing

Cell segmentation, tracking, fluorescence quantification, and

nuclear detection were performed using a custom-built MATLAB

script adapted from (Doncic et al, 2013; Wood & Doncic, 2019). The

average background fluorescence (cell-free area) for each image was

determined and subtracted from the signal at each time point. Cell

or nuclear volume was approximated using the 3/2 power of the

segmented area (volume = pixels3/2). For protein concentrations

during cell cycle progression, total fluorescence intensity divided by

total approximated volume was used. For nuclear concentrations,

the segmentation of the nucleus was achieved by applying a two-

dimensional Gaussian fit to the brightest pixels as described in

(Doncic et al, 2011). The accuracy of this fitting method for Whi5-

based nuclear detection was verified using a fluorophore-labeled

histone as a nuclear marker.

Start was defined as the point where 50% of the Whi5 had exited

the nucleus (Doncic et al, 2011). Whi5 re-entries during starvation

were defined as re-importing Whi5 back into the nucleus after

exporting at least 50% of nuclear Whi5. We note that none of our

results qualitatively depend on the precise definition of Start. We

verified for the wild-type that results were nearly identical when

Start was defined as complete Whi5 export. When calculating Whi5

re-entry slopes, nuclear Whi5 concentration (fluorescent intensity/

pixels3/2) was scaled between the minimal and maximal values of

each cell. A linear regression was then fit to first 30 min of the

increase.

For analysis of Cln2 promoter-mNeongreen constructs, we called

a peak, if the slope of the fluorescent increase (i.e. the activity of the

promoter) post-starvation was at least 50% of the last unperturbed

cell cycle. For the Cln2 dPSTR constructs, we called a peak, if the

nuclear fluorescence of the reporter reached at least 50% of the last

unperturbed cell cycle.

Images were recorded at 12-bit gray scale, then exported from

NIS-Elements software to 8-bit tiffs. All data analysis was performed

on these 8-bit tiff images. For visualization purposes only, fluores-

cent images shown in figures and movies were denoised by setting

the lowest 5% intensities of pixels to zero and then rescaling the

resulting images to the full range of the gray scale.

Most MATLAB code used in this study has been published in

(Doncic et al, 2013; Wood & Doncic, 2019); all code is available

upon request.

SDS–PAGE Western blot

Ten milliliter of cell culture was harvested by centrifugation, frozen

in liquid nitrogen and stored at �80°C. Cells were lysed by bead

beating in urea buffer (20 mM Tris–HCl pH 7.5, 2 M Thiourea, 7 M

Urea, 65 mM CHAPS, 65 mM DTT) supplemented with 1× EDTA-

free protease and phosphatase inhibitor cocktails (GoldBio). Two to

three microgram of total protein were loaded onto 10% SDS-

polyacrylamide (29:1 Bio-Rad) gels, run in SDS buffer for approxi-

mately 1.5 h at 15 mA and transferred overnight in a wet-blot sys-

tem (Bio-Rad). The Cdk1 tyrosine 19 was detected by a commercial

phospho-specific antibody (Abcam, BLR101H, ab275958), and a sec-

ondary Anti-Rabbit HRP Conjugate (Cell Signaling Technology,

7074S). After detection, the blot was stripped and Cdk1-Flag was

detected with a commercial Anti-Flag antibody (Sigma-Aldrich, pro-

duct number: F1804), and an Anti-Mouse HRP Conjugate (Promega,

W4021). Luminescence was imaged on a Licor Odyssey FC.

Phos-tag SDS–PAGE Western blot

Ten milliliter of cell culture was harvested by centrifugation, frozen

in liquid nitrogen and stored at �80°C. Cells were lysed by bead

beating in urea buffer (20 mM Tris–HCl pH 7.5, 2 M Thiourea, 7 M

Urea, 65 mM CHAPS, 65 mM DTT) supplemented with 1× EDTA-

free protease and phosphatase inhibitor cocktails (GoldBio). Two to

three microgram of total protein were loaded onto 10% SDS-

polyacrylamide (29:1 Bio-Rad) gels with 10 lM Phos-tag reagent

(FUJIFILM Wako Chemicals) and 20 lM Mn2Cl. Gels were run in

SDS buffer for approximately 2 h at 15 mA on ice. Gels were

washed with 10 mM EDTA and then blotted on a dry blotting trans-

fer system (iBlot2, Invitrogen). Whi5-V5 was detected with a com-

mercial Anti-V5 mouse antibody (Bio-Rad, MCA1360) and an Anti-

Mouse HRP Conjugate (Promega, W4021). Luminescence was

imaged on a Licor Odyssey FC.

ChIP

The ChIP protocol was adapted from (Flick et al, 2003). Cell cycle

release and starvation experiments were performed as described

above. For starvation, released cells were filtered after 45 min,

washed, and resuspended in a sorbitol minimal medium, supple-

mented with 200 nM estradiol. Cross-links between DNA-protein

were introduced by incubating cells with 1% formaldehyde for

20 min at room temperature. 125 mM of glycine was added and

incubated for 5 min to stop crosslinking. Cells were washed three

times with ice-cold TBS and cell pellets were frozen. Frozen cell pel-

let was resuspended in lysis buffer (50 mM HEPES pH 7.5, 140 mM

NaCl, 1% Triton, 0.1% Na Deoxycholate, 1 mM EDTA, and

Protease Inhibitors). Cells were broken with zirconia beads 4 × 60 s

at maximum speed in BeadBug homogenizer (Benchmark Scien-

tific). After 15 min of centrifugation at maximum speed, the super-

natant was discarded and the pellet (chromatin fraction) was

resuspended in 400 ll of lysis buffer. The DNA was fragmented

between 500 and 1,000 bp by sonication with Branson Sonifier 250.

After clarification, the sonicated chromatin fraction was subjected to

overnight immunoprecipitation with 80 ll anti-FLAG beads (Sigma,

A2220). The beads were then washed 1× with lysis buffer and 5×

with wash buffer (10 mM Tris–HCl pH8.0, 250 mM LiCl, 0.75% NP-

40, 0.75% Na Deoxycholate, 1 mM EDTA). Protein-DNA complex

was eluted with 50 ll ChIP elution buffer (50 mM Tris–HCl pH8.0,

10 mM EDTA, 1% SDS), and crosslinking was reversed by incubat-

ing the eluate overnight at 65°C. DNA was purified using QIAGEN

PCR purification kit (Cat. No. 28104). One microliter of the sample
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was loaded on an NP80 Spectrophotometer (Implen GmbH, Ger-

many), and the concentration was determined by absorbance at

260 nm. To compare the ChIP-DNA yield between replicates, the

measured DNA concentrations were normalized to the concentra-

tions from the arrested cells of the same experiment.

Data availability

Representative raw imaging data for each figure from this publication

have been deposited to the Bioimage Archive database https://www.

ebi.ac.uk/biostudies/studies/S-BIAD449 and assigned the identifier

S-BIAD449. All raw data and all strains and constructs from this

study are available from the corresponding author upon request.

Expanded View for this article is available online.
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