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INTRODUCTION

How cells convert shallow-input gradients into all-or-none decisions
is a fundamental problem in biology. Commitment to cell division is
thought to require a threshold level of cell growth, but how incre-
mental changes in growth are measured by the cell is unknown.
Various hypotheses have been proposed to explain growth-depen-
dent cell cycle commitment in late G1 phase in budding yeast
(called Start), including two recent models. One model (Schmoller
et al., 2015) posits that as the nucleus grows during G1 phase, the
nuclear concentration of the G1/S transcriptional inhibitor Whi5
slowly decreases, thereby increasing the probability of the Start tran-
sition. This model of passive dilution is predicated on estimates of
Whi5 nuclear concentration as assessed by wide-field epifluores-
cence microscopy as a function of time in G1 phase daughter cells.
An alternative model (Litsios et al., 2019) posits that an increase in
protein synthesis toward the end of G1 rapidly drives up the concen-
tration of the highly unstable G1 cyclin CIn3, which activates Cdc28
(Cdk1), thereby triggering the phosphorylation-mediated dissocia-
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tion of Whi5 from the SBF G1/S transcription factor complex and
activation of the G1/S program. This model of active control of Start
is supported by measurements of protein synthetic rate and CIn3
concentration as a function of time. Notably, based on wide-field
epifluorescence detection of a Whi5-fluorescent protein (FP) fusion
and mass spectrometry, Litsios et al. (2019) concluded that there is
only “a small or no change in Whi5 concentration” throughout G1,
consistent with earlier reported results (Dorsey et al., 2018) using
scanning Number and Brightness (sN&B) microscopy, a method that
allows for determination of absolute protein concentrations.

In their Letter to Molecular Biology of the Cell, Schmoller et al.
(2022) raise questions about the results and conclusions presented
in our published studies (Dorsey et al., 2018; Litsios et al., 2019).
Here, we respond to the criticisms of Schmoller et al. and demon-
strate how wide-field fluorescence microscopy experiments to de-
termine nuclear Whi5 concentration dynamics can be confounded
by uncontrolled effects, which include photobleaching, partial con-
focal effects, and nuclear-to-cytoplasmic volume scaling. Further, we
provide additional experimental evidence demonstrating that
nuclear Whi5 concentration is essentially constant as cells grow in
G1 phase and that CIn3 and protein synthesis dynamics occur as
reported in Litsios et al. (2019). These results suggest that instead of
being triggered by dilution of the stable inhibitor Whi5, Start is
rather primarily controlled by the increase in protein synthesis rate in
G1 and the concomitant production of the unstable activator CIn3.

RESULTS AND DISCUSSION

There is little or no change in Whi5 concentration during G1
It was originally proposed by Schmoller et al. (2015) that Whi5
concentration decreases during G1 and thereby triggers Start.
This model is based on estimates of Whi5 concentration during
G1 obtained by time-lapse wide-field fluorescence microscopy.
In their Letter to Molecular Biology of the Cell, Schmoller et al.
(2015) argue that normalization and alignment in time of single-
cell Whi5 traces can mask the extent to which Whi5 is diluted.
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FIGURE 1: Determination of Whi5 concentration with wide-field fluorescence microscopy may be confounded by
photobleaching. Photobleaching of sfGFP (A) and mCherry (B) expressed from the TEFT promoter. Cellular fluorescence
was quantified as average fluorescence intensity within the cell mask and normalized to the value at the first time point.
Cells were imaged over the course of 250 s for sfGFP and 270 s for mCherry to generate 49 images (“frames”) with
approximately 5 s between subsequent exposures. A change in fluorophore concentration due to protein synthesis,
dilution, and degradation over the short time course of the experiment can therefore be neglected. Comparing
fluorescence between wild-type cells and cells expressing the fluorophores from the TEF1 promoter shows that cellular
autofluorescence is negligible compared with the signal of the fluorescent proteins (inserts).

Plotting the data aligned for either birth (as done by Schmoller
et al., 2015) or for Start (as done by Litsios et al., 2019) can in-
deed lead to different visual impressions (Supplemental Figure
S1, A and B, respectively). Aligning the data for birth exagger-
ates the extremes and does not reflect the average population
behavior. This is because the rightmost part of the average Whi5
concentration profile is dominated by the few cells that spend an
unusually long time in G1 before Start. These cells grow more
and thus show a larger apparent Whi5 dilution than most of the
population. Because every cell passes Start at a different time
point, in Litsios et al. (2019), we aligned the single-cell traces at
Start, so that the average dilution of Whi5 at Start can be directly
read off the plot (Supplemental Figure S1B).

However, it is important to note that to determine the Whi5 dilu-
tion factor from single-cell Whi5 data, one does not need to align
the data at all. The dilution factor is a number that can be calculated
for each cell using the Whi5 fluorescence intensity values and cell
volume at birth and at Start, as shown in Supplemental Figure S1C.
When calculating the Whi5 dilution factor using the integrated cell
fluorescence divided by total cell volume as a proxy for protein con-
centration (as Schmoller et al., 2015), various literature sources find
the following values: Using Whi5-mCitrine, Schmoller et al. (2015)
reported an average decrease in Whi5 concentration of 25% be-
tween birth and Start in daughters grown on synthetic complete
(SC) medium with 2% glycerol and 1% ethanol as the carbon source
(Figure 1G of Schmoller et al., 2015), as measured in a bck2A strain
that is partially defective for Start and 50% larger than the wild type.
An average Whi5-mCherry decrease of 18% was observed for
daughters grown in 2% glucose minimal medium (Figure 5A of
Litsios et al., 2019; Supplemental Figure S1B, C) using the same
wide-field technique and concentration proxy as Schmoller et al.
(2015). Decreases of similar magnitude (i.e., 12-25%) have also
been reported in Qu et al. (2019) as well as in Litsios et al. (2019)
for daughter cells grown on different carbon sources. Thus, using
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wide-field microscopy and the proxy of Schmoller et al. to estimate
protein concentration consistently results in Whi5 dilution factors in
the range of 12-25%.

As these are relatively small changes in apparent Whi5 concen-
tration, it is critical 1) to assess any potential confounding effects
arising from the use of time-lapse wide-field fluorescence micros-
copy and 2) to estimate the time dependence of Whi5 concentra-
tion with alternative experimental methods.

Variables affecting Whi5 concentration quantification by
wide-field time-lapse fluorescence microscopy
Photobleaching is an inevitable confounding factor in time-lapse
quantitative fluorescence microscopy (Cranfill et al., 2016; Fadero
et al., 2018), and from our experience, it is extremely difficult, if not
impossible, to fully avoid photobleaching when the same cells are
imaged repeatedly over time. Here, we assessed to what extent our
own published Whi5 experiments (i.e., Litsios et al., 2019), obtained
using wide-field fluorescence microscopy, were affected by
photobleaching.

To quantitatively determine the extent to which bleaching can
contribute to a decrease in Whi5 signal, we determined the bleach-
ing rate of sfGFP and mCherry with imaging settings that closely
resemble (for sfGFP) or are identical to (for mCherry) those that we
used in Litsios et al. (2019), with which we had found 12% and 18%
drops in Whi5 concentration, respectively. For these new photo-
bleaching control experiments, we used strains that expressed the
fluorescent proteins from a strong promoter (TEF1), such that the
signal from the fluorescent protein was substantially greater than
cellular autofluorescence (Figure 1, A and B, inserts) and hence the
cellular autofluorescence can be neglected. To obtain the photo-
bleaching curve, we then imaged 49 times the same cells (same
fields of view [FOVs]) over ~4.5 min. Through this approach, which
has been used in other studies to evaluate the rate of photobleach-
ing (Fadero et al., 2018), the acquired fluorescence data are only
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minimally affected by synthesis of the fluorescent protein during the
imaging period. The amount of light per exposure (i.e., light inten-
sity times exposure duration) that we used for these bleaching tests
was equal to (for mCherry) or very closely resembled (for sfGFP) the
amount of light we used previously (Litsios et al., 2019) to measure
mCherry-Whi5 and Whi5-sfGFP. Specifically, for mCherry we used a
light intensity of 50% (amounting to 5.1 nW/pm? measured at the
specimen) and a 600 ms exposure and for sfGFP, 6% (9.8 nW/um?
measured at the specimen) and 100 ms. Even at this low-light inten-
sity, we found that the fluorescence signal of stGFP dropped by 3%
over the course of the first four exposures and then subsequently by
0.067% with each additional exposure (Figure 1A) while each expo-
sure reduced the mCherry fluorescent signal by 0.29% (Figure 1B).
While these bleaching rates appear low, with a G1 daughter
length of 60 min and a 3-min sampling interval, the determined
bleaching rate of mCherry would yield a signal drop of about 6%
(i.e., [1-0.0029]720 = 0.9435) in our wide-field microscopy experi-
ments with Whi5-mCherry, assuming minimal synthesis of Whi5 dur-
ing G1 (Litsios et al., 2019). This photobleaching effect would thus
account for approximately one third of the observed Whi5-mCherry
signal decrease of 18% in our published data (Supplemental Figure
S1B, C). With the more photostable sfGFP a lower drop in Whi5
signal would be expected, and consistently we previously found only
an about 12% decrease in the signal of Whi5-sfGFP during G1 (Litsios
et al, 2019). These controls indicate that photobleaching occurs
even with high-numerical-aperture objectives and low exposure set-
tings and that it can contribute to an apparent decrease in Whi5
concentration observed with wide-field epifluorescence microscopy.
Another potential artifact connected with the determination of
protein levels via wide-field microscopy can arise by the so-called
“partial confocal effect” (Gordon et al., 2007; Joglekar et al., 2008;
Verdaasdonk et al., 2014). Light emerging from different depths of
the specimen does not equally contribute to the overall signal that is
measured at a pixel. In other words, while light coming from the focal
plane is entirely detected and measured, slightly out-of-focus light is
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only partially accounted for. This effect, which has been observed for
yeast cell imaging with high-numerical-aperture objectives (Gordon
et al., 2007; Joglekar et al., 2008; Verdaasdonk et al., 2014), could
skew the concentration estimates as obtained by Schmoller and col-
leagues. Specifically, Schmoller and colleagues assume that the sum
of pixel fluorescence intensities of a given cell is proportional to the
amount of fluorescent protein in that cell. They then divide this sum
by the cell volume to obtain a proxy for protein concentration. How-
ever, given the fact that the fraction of the fluorescence intensity at-
tributable to out-of-focus light increases in larger cells (Gordon et al.,
2007), the concentration proxy used by Schmoller et al. (2015) could
decrease as a cell grows during G1, even if the actual protein con-
centration stays constant. The contribution of this phenomenon to
the quantification of large (e.g., severalfold) changes in protein con-
centration can be neglected but becomes potentially relevant for
small changes in protein concentration such as those reported for
Whi5. While we cannot quantitatively determine the degree of un-
derestimation of the protein concentration due to this effect, when
we alternatively use the average fluorescence intensity in a cell as
another proxy of cellular protein concentration (a common practice
in the field [Lo et al., 2015], which we also implemented in Litsios
et al. [2019] together with the concentration proxy approach of
Schmoller et al., 2015), then the fluorescence intensity drop of Whi5
during G1 is nearly zero (see WF-1 data in Figure 5A of Litsios et al.,
2019). Thus, partial confocal effects may also lead to an apparent
drop in Whi5 concentration during G1, particularly for larger cells.
Athird potentially confounding factor in the analysis of the Whi5-
mCitrine time courses of Schmoller et al. (2015) (and our Whi5-
mCherry and Whi5-sfGFP data shown in Figure 5A of Litsios et al.,
2019) lies in the fact that if Whi5 is indeed diluted during G1, then it
must be the nuclear Whi5 that gets diluted because Whi5 resides
mainly in the nucleus before Start. In this context, it is critical to note
that neither Schmoller et al. (2015), nor the other authors of
Schmoller et al. (2022), nor Litsios et al. (2019) measured the nuclear
Whi5 concentration. Instead, all these authors divided the total
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FIGURE 2: Determination of nuclear Whi5 concentration by wide-field fluorescence microscopy is confounded by
nonproportional scaling of the nuclear-to-cell volume. (A) Schematic illustration of the nuclear-to-cell volume scaling
problem. Whi5 is in the nucleus prior to Start. As time passes, cells grow, and so does the nucleus. Calculating nuclear
Whi5 concentration by dividing total cell fluorescence by cell volume (as performed by Schmoller et al., 2015)
presupposes that the nucleus occupies a constant fraction of the whole-cell volume as cells grow during G1 phase.

(B) Ratio of nuclear to whole-cell volume as a function of daughter cell volume. Nuclear volume was determined with
Nup133-yeGFP, and cell volume was determined from bright-field images (see Materials and Methods). The regression
line is shown in blue, and the confidence band for the regression line is shown in red. (C) Ratio of nuclear-to-cytoplasmic
volume as a function of daughter cytoplasmic volume. The cytoplasmic volume was calculated as the difference
between whole-cell and nuclear volumes. The regression line and confidence band for our data is shown in green. The
respective regression line from Jorgensen et al. (2007) (purple), where this relationship between nuclear and cell volume

during G1 was first reported, is reproduced for comparison.
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Whi5 signal of a cell (which they interpret as the Whi5 amount, as
discussed above) by the cell volume to obtain an estimate of Whi5
concentration. If the nuclear volume scales proportionally with cell
volume during G1, then this approach could indeed be used to es-
timate the relative nuclear Whi5 concentration dynamics during G1,
as illustrated in Figure 2A. However, it has been reported that
although the nucleus of daughter cells grows during G1, it does not
grow as fast as the cytoplasm (Jorgensen et al., 2007). We confirmed
this previous result using a strain with fluorescently tagged Nup133
(Nup133-yeGFP) to delineate the nuclear membrane and found that
the average nucleus-to-whole-cell volume ratio decreases from
around 10% in small daughter cells to around 7% in large daughters
(Figure 2B). When the ratio of nuclear-to-cytoplasmic volume is plot-
ted against cytoplasmic volume, as published previously (Jorgensen
et al., 2007), a highly similar regression line and negative correlation
coefficient are obtained (Figure 2C), demonstrating that the nuclear-
to-whole-cell volume ratio decreases through G1 phase.

To put the above numbers in perspective: given a cell volume
increase of around 60% between birth and Start for a daughter cell
in glucose medium (e.g., Figure 4 of Soifer and Barkai, 2014; Figure
3 of Litsios et al., 2019), if Whi5 concentration is calculated by using
cell volume as a proxy for nuclear volume, then the concentration of
Whi5 would reveal a drop of around 10%, even if the nuclear protein
concentration was assumed constant. This discrepancy becomes
even larger if a cell grows more during G1. This means that an ob-
served apparent Whi5 dilution of 18% based on the division of
whole-cell fluorescence with cell volume, in reality corresponds to
only a dilution of 8% for nuclear Whi5.

In summary, at least three effects can lead to an overestimation of
the drop in Whi5 signal based on wide-field microscopy data. First,
our photobleaching tests demonstrate that photobleaching can ex-
plain part of the dilution we observed with Whi5-mCherry, given the
wide-field fluorescence imaging conditions used in our experiments.
While we cannot comment on the imaging settings used previously
(Schmoller et al., 2015), these should not deviate much from the set-
tings used here. Second, the partial confocal effect in combination
with the method of Schmoller et al. to estimate intracellular protein
concentration could lead to an underestimation of protein concen-
tration, particularly as cell volume increases. Third, the incorrect as-
sumption that the ratio of nuclear-to-cell volume remains constant
during G1 leads to an overestimation of the decrease in Whi5 con-
centration in the nucleus. Together, these confounding effects could
explain a large fraction of the modest apparent dilution of 12-25%
observed by Litsios et al. (2019); Schmoller et al. (2015) and Qu et al.
(2019), in a range of different growth conditions. Given these poten-
tial confounding effects, we believe that it is absolutely crucial to in-
vestigate Whi5 concentration changes during G1 with alternative
experimental methods. In the following sections, we describe results
from such orthogonal measurement approaches.

Assessment of Whi5 concentration by mass spectrometry
does not reveal dilution

By mass spectrometric detection of Whi5 peptides, we did not ob-
serve any Whi5 dilution during G1 in cell cultures synchronized by
elutriation (Litsios et al., 2019). In their Letter, Schmoller et al. (2022)
criticize two aspects of this mass spectrometry data set, namely 1)
the potential for interference by foreign peptides from the rich
growth medium used and 2) that signals of the measured unphos-
phorylated Whi5 peptides did not decrease as cells approach Start,
which should happen due to CDK-dependent phosphorylation of
Whi5 and concomitant signal loss of the unphosphorylated pep-
tides. To demonstrate the validity of our original conclusion that
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Whi5 concentration does not decrease in G1, we performed addi-
tional mass spectrometry experiments. Specifically, we used elutria-
tion to generate synchronized populations of cells grown on mini-
mal synthetic medium, to avoid putative contamination from foreign
peptides originating from YPD (yeast extract, bacto peptone, dex-
trose) medium. Synchronized cell populations obtained by elutria-
tion were then subjected to mass spectrometric proteome analyses
at 16 different time points. In this experiment, contrary to the proto-
col used in Litsios et al. (2019), we preserved protein phosphoryla-
tion by quenching cells with 10% trichloroacetic acid (TCA) directly
after harvesting (Kanshin et al., 2015).

Six Whi5 peptides were identified (Figure 3A), the signals of
which were normalized to the summed signals of peptides of house-
keeping proteins (Tdh3, Eno2, Act1) whose abundances reflect total
protein content. The concentration of three Whi5 peptides
(SPPTAAR, SEVFLSPSPR, NGFGTPSPPSPPGITK) declined (Figure
3B) until the budding index (Figure 3C) reached a value of ~0.5, at
which point Start had occurred in most of the cells. These three
peptides contain CDK phosphosites and are therefore expected to
be phosphorylated as cells approach Start (Costanzo et al., 2004;
De Bruin et al., 2004; Wagner et al., 2009). As our mass spectrom-
etry analysis detected only the unphosphorylated form of these
peptides, the concentration of these forms should decrease over
time, which is exactly what the data show (Figure 3B). As a control,
the samples were treated with phosphatase to allow the entire pool
of Whi5 peptides to be detected. In this test, we found that the
concentration of two phosphatase-treated peptides (one with two
documented phosphosites, SEVFLSPSPR, and as a control one with-
out a phosphosite, LNYALVK) remained constant throughout G1
(Supplemental Figure S3), supporting the notion that the signal re-
duction for these peptides is due to increasing phosphorylation as
cells approach Start, and contradicting Whi5 dilution. Furthermore,
two other Whi5 peptides that do not bear CDK sites (LNYALVK,
LONGWTDK) and another peptide that contains a single CDK site
(TLPELETELAPAVQTPPR) remained unchanged over the entire 300
min observation period (Figure 3, D and E). It should be noted that
the presence of the CDK consensus site on the latter peptide does
not imply that it is phosphorylated as cells grow; our data suggest
that the phosphorylation status of this peptide does not change
during G1. Collectively, these new mass spectrometry results sug-
gest that Whi5 concentration is constant during G1, consistent with
the conclusion drawn previously (Litsios et al., 2019).

Assessment of Whi5 concentration by scanning 2-photon
microscopy reveals invariant Whi5 concentration in G1 cells
Time-lapse wide-field fluorescence microscopy is subject to photo-
bleaching and partial confocal effects and furthermore cannot di-
rectly measure nuclear protein concentrations, as demonstrated
above. Mass spectrometry, like immunoblot detection, is a popula-
tion-level analysis method that also cannot resolve nuclear Whi5
concentration. Alternative experimental methods are therefore re-
quired to substantiate conclusions on nuclear Whi5 dynamics. Such
alternatives are offered by microscopy methods that can directly
measure nuclear Whi5 concentration.

In Dorsey et al. (2018), we used 2-photon (2p) scanning number
and brightness (2psN&B) to show that nuclear Whi5 concentration is
constant as a function of cell size during G1. In their Letter, Schmoller
et al. (2022) stated that they are not familiar with 2psN&B and thus
cannot judge the approach. 2psN&B is a well-established and
widely used fluorescence fluctuation—based method for quantitative
single-cell imaging (e.g., Nagy et al, 2010; Hellriegel et al.,
2011; Moutin et al., 2014, Bourges et al., 2017; Cutrale et al., 2019;
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FIGURE 3: Mass spectrometry analysis demonstrates that Whi5 concentration is constant during G1. (A) Whi5 amino
acid sequence; six peptides identified in our mass spectrometry analysis are indicated by colored boxes; red letters:
known phosphosites according to BioGRID (https://thebiogrid.org/34481/protein); turquoise boxes: CDK sites

according to Wagner et al. (2009). (B, D, E) Signals from six Whi5 peptides, normalized to the signals from housekeeping
proteins (Tdh3, Eno2, Act1). The normalized values of a peptide from an experiment were then divided by the peptide’s
median value within this experiment. Data are from three independent cultivations, elutriations, and mass spectrometric

analyses. Time point 0 indicates the moment when the elutriated cells were released into the fresh glucose minimal
medium. Sampled cells were quenched with 10% TCA to prevent abiotic changes in protein phosphorylation. Note
that the protein extraction protocol used in Litsios et al. (2019) was not explicitly designed to preserve protein
phosphorylation such that any adventitiously dephosphorylated phosphopeptides would be expected to show a flat
temporal behavior. (B) The signals of three Whi5 peptides that contain a CDK site and drop in signal. (D) The signals
of two Whi5 peptides that do not contain any phosphosites. (E) The signal of a peptide with a single CDK site.

An alternative normalization against all detected peptides in the proteome (instead of only those from the three
housekeeping proteins) generated identical results (Supplemental Figure S2). (C) Budding indices as obtained in

the three independent experiments.

Zamai et al., 2019). 2psN&B can provide absolute protein concen-
trations, protein complex stoichiometry, and/or dynamic informa-
tion on diffusion rates and has several advantages over wide-field
fluorescence imaging. First, 2p imaging eliminates contributions
from out-of-focus light because the 2p excitation volume is <1 fl and
thus it is possible to gather light that emanates only from the yeast
nucleus. Hence, 2psN&B is immune to partial confocal effects and
nucleus-to-whole-cell volume ratio scaling effects. Second, because
2p microscopy excites in the infrared range (1000 nm), it diminishes
the contribution of autofluorescence to the overall signal. Using this
approach for GFP protein fusions at concentrations above 100 nM
(such as nuclear Whi5-GFP), the contribution of autofluorescence is
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negligible (Dorsey et al., 2018). Third, the lower excitation energy
(1000 nm compared with 488 nm) causes less phototoxicity than
visible light laser scanning confocal microscopy.

Using these advantages of 2psN&B microscopy, Dorsey et al.
(2018) implemented an experimental approach that completely
avoids photobleaching while determining nuclear Whi5 concentra-
tion during G1. Specifically, individual FOVs with cells of an asyn-
chronously growing cell population were imaged only once and
Whi5 concentration was then assessed as a function of size, not time.
These results showed that the nuclear concentration of Whi5 was
~120 nM and that it remained constant with cell size in G1 phase
(Figure 2 of Dorsey et al., 2018). In the paper by Dorsey et al., an
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average relative Whi5-GFP intensity for all 34 cells is plotted in red. Cells were followed until they passed Start (and
Whi5 exited the nucleus), as discussed in the text. (B) Cell size was determined at two points: before the first Whi5-GFP
time point and after the last Whi5-GFP time point from the masking of the entire cell images obtained from imaging at
750 nm. In gray are individual relative cell sizes, and in red is the average relative cell size for all 34 cells. A few of the
cells had already passed Start at the end of the Whi5 imaging time course. The lines merely connect the initial and final
size for each cell and do not represent growth curves per se. (C) Number of post-Start cells as a function of time (of the
34 daughter cells chosen at time point 1 and followed throughout the time course). Cells were counted as post-Start at
the time point at which they exhibited no apparent nuclear Whi5-GFP localization.

additional approach where single cells were repeatedly imaged by
2psN&B as a time lapse series was also used to estimate changes in
Whi5 concentration during G1. In this experiment, photobleaching
was assessed by simultaneous imaging of a control strain expressing
free GFP and was used to correct Whi5 concentration. We note that
while Schmoller et al. (2022) criticize our time series analysis of a
limited number of single cells, this experiment was only a confirma-
tory experiment for the main single-exposure 2psN&B results de-
scribed above. This time-series control also demonstrated the im-
portance of correction for photobleaching. The main conclusions of
Dorsey et al. (2018) rest on the analysis of Whi5 concentrations as a
function of cell size in hundreds of cells by a 2psN&B experiment
that is immune to photobleaching. In their Letter, Schmoller et al.
also criticize the differential absolute intensities in the single-image
analysis experiment using 1p confocal microscopy published by
Dorsey et al. (2018) (their Figure 3, G-J), where we imaged Whi5-
GFP in thousands of cells from asynchronous populations in two dif-
ferent strain backgrounds (5288C, used in Dorsey et al., 2018; W303,
used in Schmoller et al., 2015) on glucose and glycerol/ethanol me-
dium. However, this criticism is not relevant because Schmoller et al.
overlook the differences in autofluorescence between the two
strains, which explain their differences in total signal intensity. A de-
tailed analysis of autofluorescence in these strain backgrounds is
provided in Supplemental Figure S4.

To further support the conclusion of Dorsey et al. (2018) that
nuclear Whi5 concentration remains constant in individual cells dur-
ing G1, we sought to perform time-dependent imaging of individ-
ual cells while mitigating photobleaching to the greatest extent pos-
sible. To this end, we repeatedly imaged asynchronously growing
cells using 2p microscopy and analyzed the time-course data for
small G1 daughter cells. We performed this experiment with our 2p
system, where we further optimized the imaging parameters to min-
imize photobleaching: 1) 2p excitation laser intensity at 1000 nm for
GFP detection was reduced to 30%; 2) a pixel dwell time of 64 ps
was used to improve signal-to-noise ratio; 3) only five scans were
acquired per time point and only at a single z-position; and 4) im-
ages were acquired only every 20 min (i.e., only six time points for
the whole experiment). Using these imaging parameters, each pixel
in the image was exposed to the exciting light for a total of less than
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4 ms over the entire time course. We stress that because of point 3,
we could not use the full fluctuation-based sN&B analysis procedure
to extract the absolute Whi5 concentration; however, thanks to the
advantages of the scanning 2p imaging system described above,
we directly assessed the nuclear Whi5-GFP intensity free of the arti-
facts associated with wide-field imaging discussed above and used
this nuclear Whi5-GFP intensity as a proxy for Whi5 nuclear concen-
tration as a function of time/size in G1.

For accurate cell size assessment and to verify that cells grow
normally under these conditions, we also acquired autofluorescence
images in this experiment. To this end, we took advantage of the
fact that 2p imaging allows separate excitation of autofluorescent
molecules (hex = 750 nm) and GFP molecules (Ae, = 1000 nm). The
autofluorescence images acquired only at the beginning and at the
end of the Whi5-GFP imaging time course allowed us to detect the
individual cell contours with high contrast and accuracy. This obvi-
ates the criticism by Schmoller et al. (2022) that the smallest cell
sizes were underestimated in Dorsey et al. (2018), where the weak
cytoplasmic Whi5-GFP signal was used to estimate size.

After completion of the imaging time course, the small daughter
cells present at the first time point were indexed and their size was
calculated by masking the autofluorescence images and counting
the pixels within the masked region of each cell. Subsequently, the
nuclei were masked in the Whi5-GFP images and the average inten-
sity of the pixels within the individual nuclei was calculated. Here,
we found that nuclear Whi5-GFP intensity in single cells remained
constant as a function of time (Figure 4A), confirming that Whi5-GFP
was not diluted as cells grew during G1 phase. The small daughter
cells clearly grew over time (Figure 4B), and most (28/34) passed
Start within 100 min (Figure 4C). These growth kinetics demon-
strated that cells were not unduly stressed by the imaging
conditions.

While the repeated-imaging approach described above can be
used to follow Whi5 concentration over time, it is inherently low
throughput and photobleaching cannot be fully excluded. On the
other hand, while the assessment of Whi5 concentration as a func-
tion of cell size in asynchronous populations bypasses the photo-
bleaching issue (as done in Dorsey et al., 2018), it does not directly
capture protein concentration as a function of time. To combine the
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advantages of time-lapse imaging while eliminating any possibility
of photobleaching, we additionally implemented a new approach in
which a population of elutriated G1 cells was allowed to progress
synchronously through G1 over time while residing on the micro-
scope stage. Then, using 2p microscopy we imaged cells over dif-
ferent FOVs at each time point, such that each cell was illuminated
only once during the 110 min duration of the experiment. We then
determined the average nuclear Whi5-GFP intensity in the individ-
ual cells from these images and plotted these data as a function of
time, which here corresponds to the progression through G1 of the
synchronized population.

Analysis of these images demonstrated that the nuclear Whi5-
GFP intensity was independent of the time elapsed after elutriation
(Figure 5A, population 1; top bracket; averages shown in Figure 5B)
and of the cell size in G1 cells (Figure 5C, population 1; top bracket).
The slope for the linear fit of the population 1 data as a function of
cell size (Figure 5D) was —-0.004 + 0.005 (R? = 0.004) and was not
significant (p = 0.43). A second population of cells had no obvious
nuclear localization of Whi5 (Figure 5, A and C; bottom bracket).
These cells were evidently post-Start because Whi5-GFP had relocal-
ized to the cytoplasm. The fraction of cells in this population in-
creased as time elapsed after the elutriation (Figure 5E; Supplemen-
tal Figure S5); the imaged cells passed Start (as detected by loss of
Whi5-GFP nuclear localization) with a midpoint at about 1 h (Figure
5E). Cells also grew over time, nearly doubling in size (Figure 5F;
Supplemental Figure S5), indicating that they were not unduly
stressed by the imaging conditions. The results of this experiment,
which completely eliminates photobleaching, further substantiate
the conclusion that no significant dilution of nuclear Whi5 occurs dur-
ing G1 phase, despite cells undergoing a substantial increase in size.

Finally, for Whi5 concentration to remain constant as the cell
grows during G1 phase, Whi5 must obviously be synthesized. Evi-
dence for Whi5 synthesis in G1 phase comes from experiments in
which the Whi5 concentration in G1 phase cells exceeds that pre-
dicted by volumetric dilution (Barber et al., 2020) and by superreso-
lution PALM microscopy experiments in which Whi5-mEos3.2 copy
number scales with nuclear size (Black et al., 2020). Further support-
ing Whi5 synthesis in G1, in a fluorescence recovery after photo-
bleaching (FRAP) experiment we found that after complete bleach-
ing of Whi5-mNeonGreen fluorescence in single cells, the nuclear
intensity partially recovers as cells grow in G1 (Supplemental Figure
S6; Supplemental Table 1).

In summary, wide-field microscopy time-course experiments
yield a drop in Whi5 intensity over the course of the G1 phase of
12-25% when the Whi5 concentration is determined with the
method of Schmoller et al. (2015). However, as we demonstrate
here, this apparent decrease could be caused by photobleaching,
by partial confocal effects, and by the assumption of a constant nu-
clear-to-cytoplasmic volume during G1. Orthogonal mass spec-
trometry approaches and microscopy techniques that avoid photo-
bleaching and/or measure Whi5 directly in the nucleus reveal that
there is no nuclear Whi5 dilution during G1.

CLN3 LEVELS PULSE PRIOR TO START

Averaging of single-cell time traces masks the CIn3 pulses
prior to Start

We recently proposed that a burst in protein synthesis occurs in G1,
which rapidly drives up the concentration of the highly unstable G1
cyclin CIn3, triggering Start (Litsios et al., 2019). In their reanalysis of
the published data from Litsios et al. (2019), Schmoller et al. aver-
aged single-cell CIn3 concentration traces (obtained by dividing the
Cln3 synthesis rate, which is proportional to CIn3 abundance, by the
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cell volume) aligned at budding on a real-time axis and drew conclu-
sions from this single average curve. However, due to the pulsatile
dynamics of CIn3 concentration and intrinsic cell-to-cell variability in
G1 phase duration, this approach averages out the information pres-
ent in the single-cell data generated in Litsios et al. (2019) (shown
here in Figure 6A). The correlation between the CIn3 pulses and Start
is visible in a heat map of the single-cell data (Figure 5B in Litsios
et al., 2019) replotted here on a real time axis (Figure 6B). Further-
more, while for most cells Start occurs after a single pulse of CIn3, in
some cells a second pulse is required. Two CIn3 pulses occur mostly
in cells with a long G1, likely because they failed to pass Start during
the first pulse, as explained in Litsios et al. (2019). The CIn3 pulses
are not random but are associated with other measured features (i.e.,
pulses in the rate of NAD(P)H change and the relocalization of Whi5
from the nucleus to the cytoplasm, which is only partial during the
first pulse), as demonstrated (Figure 3F and Extended Data Figure
3D in Litsios et al., 2019). As can be seen in the single-cell data
shown in Figure 6C, the increase in CIn3 concentration is much larger
than the 50% inferred by averaging the single-cell CIn3 signals
(Figure 6C, red line). When accounting for the variability in G1 dura-
tion by averaging the single-cell CIn3 concentration traces on a nor-
malized time axis, a 3.5-fold increase in the average CIn3 concentra-
tion is evident (Figure 4D in Litsios et al., 2019). Thus, summarizing a
variable single-cell data set by a single average value obscures the
underlying single-cell dynamics and leads to incorrect conclusions
with respect to the magnitude of CIn3 concentration changes.

Schmoller et al. criticize the analysis of single-cell time traces in
Litsios et al. (2019) because 1) they believed that CIn3 abundance
(i.e., total CIn3 signal) measurements were not converted into con-
centrations and 2) the fluorescence of the bud was not added to the
fluorescence of the mother cell. First, CIn3 signals were in fact con-
verted into concentrations in Litsios et al. (2019) (see their Figure
4D). Second, in all cases where protein synthesis rates were esti-
mated for cell cycle phases in which the bud is present (i.e., Figures
2D and 4C in Litsios et al., 2019), the total fluorescence intensity of
both the mother and bud cell were included in the measurements.
For the cases where only G1-specific protein production rates were
of interest, mother cell fluorescence and volume were additionally
measured for 18 min after bud appearance (identified by the ap-
pearance of a dark spot in the cell wall in bright-field images), in
order to facilitate the smoothing of the trajectories around budding.
In those cases, bud volume was not recorded because the volume
of the growing bud at this stage is too small to be measured and
represents only a tiny fraction of the mother volume. Truncation of
the single-cell data at the moment of bud emergence demonstrates
that the shape of the CIn3 concentration curves during G1 is not
affected (Supplemental Figure S7). Thus, the criticism of Schmoller
et al. on these aspects is not justified.

Mass spectrometry measurements reveal a clear CIn3 pulse
prior to Start

Schmoller et al. raise the possibility that foreign peptides from the
growth medium introduced artifacts in our CIn3 detection by mass
spectrometry (Litsios et al., 2019) and that putative noise from extra-
neous peptides invalidates our conclusions. Below, we demonstrate
that the presence of foreign peptides does not bias our results and
that our mass spectrometry data provide clear orthogonal evidence
for Cln3 pulses prior to Start.

Because CIn3 is a low-abundance, extremely unstable protein,
before our work CIn3 peptides had never been observed in any
mass spectrometric analysis to our knowedge. To increase the
chances of detecting CIn3 in our experiments, cells were grown in
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FIGURE 5: Whi5-GFP intensity vs. size and time in a synchronous G1 population. Different FOVs of elutriated Whi5-GFP
cells in SC + 2% glucose were imaged at each time point. (A) Whi5 intensity vs. time. Blue dots indicate cells that had
strong nuclear Whi5-GFP signal (termed population 1; see also Supplemental Figure S5) and had not passed Start, while
red dots indicate cells that had no apparent nuclear Whi5-GFP localization (i.e., post-Start cells; termed population 2).

A few yellow dots represent cells that were evidently in the process of transitioning through Start. (B) Average
Whi5-GFP nuclear intensity of pre-Start cells as a function of time. (C) Whi5-GFP intensity as a function of size. In plots
for either time (panel A) or size (panel C), there is a clear bimodal distribution of nuclear Whi5-GFP intensity (indicated
by brackets) corresponding to pre-Start (high intensity, population 1) and post-Start (low intensity, population 2) cells, as
shown by representative cellular images to the right of each graph. (D) Whi5 nuclear intensity vs. cell size for cells in
population 1 (pre-Start). A linear fit yielded a slope of —-0.004 + 0.005, with a nonsignificant correlation coefficient, R?, of
0.004; the p value for slope significantly <0 was 0.43. (E) Fraction of post-Start cells vs. time as indicated by lack of Whi5
nuclear localization. (F) Cell size vs. time. The linear fit yielded a slope of 5.1 + 0.8, a correlation coefficient, R?, of 0.176,
and the p value for slope significantly >0 was <0.0001. The individual cell intensity values correspond to the brightest of
the three z-positions imaged in order to obtain the best focus on individual nuclei (Supplemental Figure S5). Of the 231
cells imaged, only three or four (<2%) (yellow in A and C) exhibited intermediate Whi5-GFP intensities. These cells were
likely caught in the act of passing Start. The excitation wavelength was 1000 nm. Images were averages of five scans
with 40 ps pixel dwell time.

rich medium (YPD) to maximize the protein synthesis rate. In addi-
tion, cell pellets were not washed after removal of growth medium
because any washing step could have resulted in CIn3 degradation
before freezing the samples (Kanshin et al., 2015). These consider-
ations meant that interfering yeast peptides might in principle origi-
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nate from the small amount of residual YPD medium, although such
effects have never been observed as far as we are aware. To test for
potential interfering yeast peptides from the medium, we carried
out a tryptic digest and mass spectrometric analysis on pure YPD
medium (Supplemental Figure S8). Here, only ~100 peptides could
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FIGURE 6: CIn3 levels pulse prior to Start. (A) Single-cell traces of CIn3 concentration in daughter cells during G1 (i.e.,
from birth up to bud appearance). For each cell, we first estimated the abundance of CIn3 over time using Gaussian
process regression (cf. with Litsios et al., 2019) and then divided this abundance by the cell volume. The vertical lines
indicate the complete exit of Whi5 from the nucleus as a marker of Start. (B) The same data as in A, presented as a
heatmap, where the color scheme represents the CIn3 concentration. For each cell, the CIn3 concentration time series
was divided by the maximum value attained during the corresponding observation window. The dark rectangles indicate
the moment of Start in each cell. (C) The same data as in A aligned for budding. Here, clearly one (or two) peaks are
visible. The small histogram shows the distribution of times when Start happened in the monitored cells. The red line
corresponds to the average, which is what Schmoller et al. (2022) plot in their Letter (their Supplemental Figure S8). As
can be seen, this average cannot capture the true range of CIn3 dynamics. (D) CIn3 concentrations determined by mass
spectrometry from four independent elutriation and analysis runs for cells grown on YPD; data are from Litsios et al.
(2019). Uncertainty is estimated with Gaussian process regression. The orange line denotes the posterior mean function
(smoothed estimate of the data), and the blue lines denote the band of 70% posterior confidence. The time at which
budded cells reached 50% of the population (BI@0.5) is indicated. (E) Western blot data published in Lucena et al. (2018)
for an elutriated cell population. CIn3 abundance is relative to a loading control. Data normalized at t = 0. Original

data were obtained from Lucena et al., including an additional unpublished replicate experiment; red and blue

lines indicate the two experiments. The times at which budded cells reached 17.5% and 37.5% of the population

(BI@0.175, BI@0.375) are indicated.

be detected in total compared with 9,000 total peptides in our pub-
lished experiments, and none of these peptides was derived from
Whi5 or CIn3. This demonstrates that our previously reported mea-
surements were not confounded by medium-derived peptides. By
combining the signals from the two measured CIn3 peptides, which
as demonstrated stem from the yeast cells, across four independent
elutriation time courses and estimating the uncertainty in the data
with Gaussian process regression, we observe a clear increase in
ClIn3 concentration prior to Start followed by a decline (Figure 6D),
supporting our published conclusion that CIn3 pulses occur prior to
Start (Figure 4D from Litsios et al., 2019).

CIn3 oscillations have been documented in the recent
literature

In their Letter, Schmoller et al. also counter the evidence for a CIn3
pulse prior to Start based on their reanalysis of previously published
Western blot experiments on synchronous cell populations ob-
tained by elutriation (Lucena et al., 2018). We have reservations
about the Western blot quantification in the reanalysis of this data
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by Schmoller et al. (i.e., their Supplemental Figure S4D, E). First, the
concentration of the stable Whi5 protein appears to drop by 300%
despite an increase of only 60% in cell volume. Second, only the first
100 min of the elutriation time course are plotted. Plotting the CIn3
concentration over the full time course reveals a clear pulse of CIn3
(Figure 6E). This CIn3 pulse is consistent with earlier elutriation-
Western blot experiments (Thorburn et al., 2013; Zapata et al.,
2014), with recent new experiments (Sommer et al., 2021), and with
our published findings (Litsios et al., 2019).

GLOBAL PROTEIN SYNTHESIS RATES INCREASE PRIOR
TO START

Finally, we observed a two- to threefold increase in the global pro-
tein synthesis rate prior to Start (Litsios et al., 2019) based on the
accumulation of stable sfGFP driven by the constitutive TEFT pro-
moter. On the basis of their own data from another stable protein
(mCitrine) whose expression was driven by the ACTT promoter,
Schmoller et al. (2022) state that they did not find any evidence for
an increase in the global protein synthesis rate. Our reanalysis of the
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Schmoller et al. data, however, reveals that, in fact, the protein syn-
thesis rate monitored by the ACTT-mCitrine reporter does increase
in G1. Even from the average of single-cell mCitrine abundance
time traces in the Letter of Schmoller et al. (aligned at budding;
Figure 3A of their Letter and reproduced here in Supplemental
Figure S9) it can be readily seen that mCitrine accumulates slowly
during early G1 (=100 to =60 min before budding) but then the rate
of accumulation increases considerably as cells approach Start in
late G1. Linear regression of these two phases of the digitized data
from Figure 3A (Schmoller et al., 2022) reveals that the protein syn-
thesis rate is more than threefold faster in late G1 compared with
early G1 (slope of first phase: 4.58; slope of second phase: 15.9)
(Supplemental Figure S9). This reanalysis supports our conclusion
that an increase in the global protein synthesis rate occurs in late G1
prior to Start. Furthermore, consistent with the global proteins syn-
thesis dynamics we reported in Litsios et al. (2019), recent work
shows that protein synthesis occurs predominantly in G1 and de-
creases thereafter (Campbell et al., 2020).

CONCLUSION

In this Response, we have provided additional experimental evi-
dence and analyses demonstrating that our previous conclusions
on Whi5, CIn3, and protein synthesis dynamics (Dorsey et al.,
2018; Litsios et al., 2019) are robust. As the present study shows,
for any biological phenomenon purported to derive from modest
time-dependent changes in protein concentration, extreme care
must be exercised to account for experimental factors that lead to
potential signal loss. Our previous studies (Dorsey et al., 2018;
Litsios et al., 2019; Black et al., 2020) and the additional experi-
ments reported here provide a coherent body of evidence that
Whi5 is not diluted by measurable amounts during G1 phase,
hence making less likely the hypothesis that Start is primarily trig-
gered by Whi5 dilution. Results inconsistent with the Whi5 dilution
model of Start control during G1 phase have also been reported
elsewhere (Blank et al., 2018; Garmendia-Torres et al., 2018;
Barber et al., 2020; Sommer et al., 2021). In addition to evidence
from our groups, other previous work also suggests that Start is
controlled primarily by the increase in the protein synthesis rate in
G1 phase and the concomitant synthesis of the unstable Start ac-
tivator CIn3 (Thorburn et al., 2013; Zapata et al., 2014; Sommer
et al., 2021). We emphasize that while CIn3 is a primary activator
of Start, the commitment decision undoubtedly depends on
multiple different inputs (Chen et al., 2020), including the accumu-
lation of SBF subunits (Harris et al., 2013; Dorsey et al., 2018),
titration of G1/S promoters (Wang et al., 2009), additional signal-
ing events (Talarek et al., 2017), metabolic status (Litsios et al.,
2019), and other as-yet-undeciphered genetic determinants
(Jorgensen et al., 2002; Zhang et al., 2002; Soifer and Barkai,
2014). While we do not dispute that dilution of Whi5 or any other
repressor is one theoretical mechanism that could help cells sense
growth, we do not find evidence for Whi5 dilution in the experi-
mental contexts we have tested.

Data availability
Figure 1: https://doi.org/10.34894/SWRBYR
Figure 2: https://doi.org/10.34894/TFC012
Figure 3: https://doi.org/10.6019/PXD029959
Figure 4: https://doi.org/10.34894/IVWACK
Figure 5: https://doi.org/10.34894/HNWBYM
Figure 6: https://doi.org/10.34894/PKZZ0J
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MATERIALS AND METHODS

Yeast strains and growth media

Strain backgrounds used were the prototrophic Saccharomyces cere-
visiae strain YSBN6 (MATa; genotype: FY3 ho::HphMX4 derived
from the S288C strain background [Winston et al., 1995]), the BY4741
derivative of $288C, and W303. Standard yeast medium formula-
tions were used as detailed for each type of experiment below.

Quantification of photobleaching rates

Light intensity at the specimen was measured using a Thorlabs
S121C light sensor (400-1100 nm, 500 mW). First, to determine the
area of the objective from which light was emitted during these
measurements, a wild-type S. cerevisiae cell suspension in deminer-
alized water containing trace amounts of the green fluorophore
5(6)-carboxy-2’,7’-dichlorofluorescein was prepared and loaded on
a microscopy slide. While live imaging in the GFP channel, the focal
plane was chosen by focusing on the yeast cells. The fluorescent
dye provided contrast to clearly show the opening of the manually
operated pinhole of the microscope. This pinhole was closed to
such an extent that a hexagon was visible inside the FOV. The area
of this hexagon was determined by masking it by hand using NIS
Elements AR software (Nikon). Next, the light was switched to the
wavelength and intensity we wanted to measure. The light sensor
was set to low-bandwidth measurement and was held over the ob-
jective at the specimen location. The optimal sensor position was
determined by reading the live output of the sensor and recording
the maximum power (in pW) measured. Finally, this power was di-
vided by the aforementioned pinhole area from which the light was
emitted, yielding the light intensity in nW/um?. The light intensity of
the GFP excitation light was measured at 470 nm while the intensity
of the RFP excitation light was measured at 565 nm.

For the bleaching experiments, we used S. cerevisiae YSBN6 ex-
pressing sfGFP or mCherry from the pTEF1 promoter, mixed with
wild-type cells at a ratio of 4:1. Cells were placed under an agar slab
and were imaged with a 5 s gap between exposures. For pTEF1-
mCherry, we used 50% light intensity and a 600 ms exposure. For
pTEF1-sfGFP, we used 6% light intensity and a 100 ms exposure.
The imaging interval was corrected for the actual exposure time,
that is, 5.6 s for p TEF1-mCherry and 5.1 s for pTEF1-sfGFP. To ob-
tain 49 frames for either fluorophore, the total experiment duration
was 4 min 30 s for RFP autofluorescence/pTEF1-mCherry and 4 min
10 s for pTEF1-sfGFP/GFP autofluorescence. Each position was im-
aged in bright field before and after completion of the bleaching
experiment.

Fluorescence images were background corrected using a 50
pixel rolling ball algorithm. Cell masks were obtained by applying
the ImageJ plug-in BudJ (Ferrezuelo et al., 2012) on bright-field im-
ages. For the bleaching experiments, cell segmentation was per-
formed on the bright-field image obtained after each experiment.
The cell masks were applied to the background-corrected fluores-
cence images so that average cellular fluorescence could be calcu-
lated. Small cells (with a volume <20 fl) were excluded from analysis
because their relative growth over the experiment might be
nonnegligible.

We normalized the average cell fluorescence of individual cells
to the value recorded in the first frame. Then, to determine the ex-
ponent of the fitted decay function, we took the natural logarithm of
the population-averaged normalized fluorescence and determined
its slope and offset. For mCherry, all data were used because the
decay rate is constant. For sfGFP, on the other hand, the first three
data points were not used because the constant exponential decay
set in only after the third exposure.
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All images were acquired on Nikon Eclipse Ti-E inverted wide-
field fluorescence microscopes fitted with the Nikon Perfect Focus
System (PFS) to maintain focus during time-lapse movies and Andor
iXon Ultra 897 DU-897-U-CDO-#EX cameras. For fluorescence im-
ages, the readout mode was set to 1 MHz at 16 bit with an EM gain
factor of 25. For bright-field images, excitation came from a halogen
lamp fitted with a 420 nm beam splitter and the readout was per-
formed at 1 MHz and 16 bit without gain amplification. To image
Whi5-mCherry and autofluorescence in the RFP channel, we used a
100x Plan Apo VC Oil objective (NA 1.40; Nikon), excitation at 565
nm from a CooLED pE-2 excitation system, a 560/40 nm band-pass
filter, a 585 nm beam splitter, and a 630/75 nm emission filter. Auto-
fluorescence in the GFP channel and Whi5-sfGFP were imaged us-
ing a 100x S Fluor Oil objective (NA 1.30; Nikon), a Lumencor AURA
excitation system to excite at 485 nm, a 470/40 nm band-pass filter,
a 495 nm beam splitter, and a 525/50 nm emission filter. The tem-
perature of the specimen was kept constant at 30°C using a micro-
scope incubator box (Life Imaging Services).

Nuclear volume determination

Wide-field microscopy experiments were performed using an in-
verted fluorescence microscope (Eclipse Ti-E; Nikon Instruments).
Temperature was kept constant at 30°C using a microscope incu-
bator (Life Imaging Services). A 100x Nikon S Fluor (N.A. = 1.30)
objective was used. Images were recorded using an iXon Ultra 897
DU-897-U-CDO-#EX camera (Andor Technology). Fluorescence
measurements were performed using an LED-based excitation sys-
tem (Lumencor; AURA). For GFP measurements, cells were excited
at 470 nm (excitation filter: 450-490 nm, dichroic: 495 nm, emission
filter: 500-550 nm). During bright-field imaging a long-pass
(600 nm) filter was used. The Nikon PFS was used to prevent loss of
focus.

For the determination of the nucleus-to-cell volume ratio across
daughter cells of different sizes, we imaged daughter cells at the
moment of birth and at budding. Cells expressing Nup133-yeGFP
were grown in synthetic complete (SC) medium with 2% glucose,
placed under a prewarmed agar pad (synthetic complete medium +
2% glucose + 1% agarose) and imaged for several hours. Multiple,
nonoverlapping XY positions were recorded, and for each position
bright-field and GFP fluorescence images were obtained every
5 min.

Fluorescence channel images were background corrected using
the rolling ball background subtraction plug-in in ImageJ. For
daughter cells the moment of birth was identified by the darkening
of the bud neck while the moment of budding was identified by the
appearance of a dark spot on the cell wall. Cells were first seg-
mented using the semiautomated ImageJ plug-in BudJ (Ferrezuelo
et al., 2012), and the cell volume output from BudJ was used for
subsequent analysis. For the segmentation of the nucleus the back-
ground-corrected fluorescence images were subsequently analyzed
using a custom-made Python script and the segmentation boundar-
ies detected by BudJ. First, for each cell, an intensity threshold was
applied in the fluorescence channel inside the boundaries detected
by BudJ; the generated mask was subsequently cleaned by apply-
ing several morphological operations (hole filling, dilation, and ero-
sion). The boundaries of the mask were detected by using the find-
Contours function from the OpenCV library in Python (Bradski,
2000), and an ellipse was fitted to the boundaries by using the func-
tion fitEllipse from OpenCV. The volume of the nucleus was calcu-
lated assuming the segmented ellipse as the middle section of an
ellipsoid with the third radius equal to the semiminor axis of the
segmented ellipse.
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2-photon imaging

For all 2p imaging, Whi5-GFP was imaged exciting at 1000 nm,
while autofluorescence was imaged exciting at 750 nm. Emission
for both was obtained in the green channel (530 + 50 nm band-
pass filter). Autofluorescence images were masked by threshold-
ing the counts outside cells and using our MATLAB scripts for
edge detection. Cell size was calculated as the number of pixels
within the cell outlines obtained from the autofluorescence mask-
ing. To calculate the average nuclear Whi5 intensity, nuclei were
masked using a threshold to remove cytoplasmic intensity and the
same edge detection techniques. The intensities for all pixels
within each nucleus were summed and divided by the total num-
ber of pixels to obtain the average nuclear intensity. Cell indices
were matched manually between the autofluorescence and Whi5-
GFP images.

Cell size distributions were measured on a Beckman-Coulter Z2
multisizer. For steady-state asynchronous population imaging, cells
from a single colony were grown overnight in 1 ml of SC 2% glucose
medium until saturation. A small volume of this preculture was used
to inoculate 1 ml of fresh SC + 2% glucose medium and allowed to
grow to exponential phase (ODggg of 0.16-0.18, cell density 1-2 x
10° cells/ml). Two hundred microliters of the log-phase culture was
pelleted in a microfuge at 1300-1500 rpm for 30 s and 195 pl of su-
pernatant discarded. Cells were immediately resuspended in the re-
maining 5 pl and then 3 pl of the suspension placed on an agarose
pad (62 pl) to a final cell density of ~2-3 x 10¢ cells/ml. Images were
taken at 256 x 256 pixels in a 20 um x 20 um area. For the time course
on the same cells, asynchronously growing cells were grown to log
phase and placed on agarose pads as above at the same density.

For the time-course experiments on different FOVs, G1 cells
were obtained using centrifugal elutriation. Cells were grown in 1|
of SC + 2% glucose overnight and centrifuged in a Sorvall SLC-6000
rotor at 1100 rpm for 10 min at 4°C. Cells were collected and lightly
sonicated (30 s, 1 s intervals at power level 1) and elutriated at
1500 rpm using the supernatant as the sample medium. Cells were
loaded into the elutriator at 8 ml/min and eluted at 12 ml/min. Frac-
tions with cell size peak <20 fl (fraction number 2), as measured by a
Beckman-Coulter multisizer, were used for subsequent time-series
image analysis of nonoverlapping FOVs.

Whi5-GFP intensity versus size and time on different FOVs of elu-
triated wild-type Whi5-GFPmut3 cells (referred to as Whi5-GFP, de-
rived from the BY4741 [S288C] strain background) grown in SC + 2%
glucose was obtained from 2p images for each time point. The
excitation wavelength was 1000 nm at 35% input power. Images
(256 x 256 pixels in 20 ym x 20 pm) were averages of five scans with
40 ps pixel dwell time. The reported individual nuclear intensity val-
ues correspond to the highest average value for all nuclear pixels in
each cell of the three z-scan positions (0 and £ 500 pm) imaged in
order to obtain the best focus on individual nuclei (Supplemental
Figure S5). Autofluorescence was imaged for each FOV at each time
point at a single z-position with only three scans acquired also at
40 ps pixel dwell time.

To minimize photobleaching in time courses of the same FOVs,
2p excitation intensity at 1000 nm was reduced to 30%, and scans
were acquired at a single z-position per time point with a slightly
longer pixel dwell time of 64 ps to maximize the signal-to-noise
(S/N) ratio. Furthermore, images were acquired only every 20 min
(six time points only). Autofluorescence images used for accurate
size assessment (excitation at 750 nm) were acquired only twice,
once before the first Whi5-GFP time point acquisition and once af-
ter the last time point at a single Z position at 30% power also with
a 64 ps pixel dwell time.
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Whi5 FRAP-FLIM measurements

Wild-type cells expressing a Whi5-mNeonGreen (Whi5-mNG) con-
struct from the WHI5 endogenous promoter (Dorsey et al., 2018)
(derived from BY4741, S288C strain background) were grown to
saturation overnight in SC + 2% glucose medium at 30°C in a rotary
incubator and then diluted 100-fold in fresh SC + 2% glucose me-
dium 6 h before imaging. The resulting asynchronous Whi5-mNG
cultures were prepared for imaging on agarose pads as described
(Dorsey et al., 2018) and in the preceding section (2-photon imag-
ing). The culture growth medium was reused to make the imaging
pads in order to prevent nutrient up- or downshifts. For this pur-
pose, T ml of cell culture was pelleted at 15,000 rpm for 1 min and
500 pl of the cell-free supernatant was mixed with 10 mg of agarose
and warmed for 1-2 min at 98°C to melt the agar, followed by de-
position of 62 pl on a coverslip to make the agarose pad. Cells were
added after 20 min of pad cooling. Samples were imaged on an ISS
Alba system composed of an inverted confocal Nikon Eclipse micro-
scope equipped with a 100x water objective, a Fianium Whitelase
continuous white laser with 488 nm emission filters, and single-pho-
ton APD detectors. Imaging was performed in time-domain fluores-
cence lifetime imaging mode (TD-FLIM [Lakowicz et al., 1992]),
whereby photons were collected over three raster scans of the same
30-pm-wide FOVs of 256 pixels (pixel size 117 nm), using an excita-
tion power of 1-2 uW at 488 nm wavelength (20 MHz pulse fre-
quency) and a 64 ps pixel dwell time.

G1 cells showing a prominently nuclear Whi5 localization were
photobleached sequentially using a single-point FCS acquisition of
30 s, which was sufficient to completely suppress both mNG and
autofluorescence signals. The z-focus was adjusted every 4-5 cells.
Postbleaching control images were acquired after 20 min, followed
by recovery for 60 min, and the same FOVs were imaged again in
TD-FLIM mode.

The fluorescence lifetime was analyzed using the ISS Vistavision
software. For each FOV separately, the fluorescence decay curve
was constructed by accumulating Whi5-mNG photons from all G1
cells before photobleaching and after 60 min of recovery. Bins (n =
256) covering the 50 ns time interval between consecutive laser
pulses were used to define the decay curves. Decay curves could be
well fitted with a single-component exponential decay, from which
the FOV-averaged lifetime was extracted. This single exponential
decay was inconsistent with autofluorescence (Bhatta et al., 2006;
Maltas et al., 2015). Cells expressing monomeric mNG from the in-
ducible GALT promoter (pGALT-mNG) were used as a control for
mNG fluorescence lifetime.

Measurement of Whi5 peptides by mass spectrometry in
cell-cycle-synchronous cultures

For the proteomics experiments, single colonies of a YSBNé Whi5-
mCherry Hta2-sfGFP strain (Litsios et al., 2019) were used to inocu-
late minimal medium (Verduyn et al., 1992) with 20 g/| glucose. After
overnight growth, cultures were diluted in fresh media and, when at
ODgqp 2, used to inoculate a 1.5 | bioreactor. The ODgqq in the bio-
reactor was then kept at 2 using a custom-build turbidostat device.
Elutriation was performed similarly as described previously
(Rosebrock, 2017). For each elutriation run, 1 | of turbidostat culture
was loaded into a large elutriation chamber (40 ml) at a pump speed
of 40 ml/min and rotor speed of 3200 rpm. The elutriation buffer
was minimal medium prewarmed at 30°C, with glucose and ethanol
concentration adjusted to reflect their concentration in the flask cul-
ture at OD 2 (16 and 1.4 g/l, respectively). Approximately 300 ml of
media containing small-sized cells were collected by increasing the
pump speed to 68 ml/min. The elutriated cells were immediately
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incubated at 30°C with shaking. Sampling took place every 20 min.
A volume between 9 and 35 ml was mixed with ice-cold 100% TCA
to a final TCA concentration of 10% and centrifuged (5 min; 3200 x
g) and the pellet was washed twice with ice-cold phosphate-buff-
ered saline and flash-frozen in liquid nitrogen. At each time point,
100 pl of culture was also used to measure the cell size distribution
of the population using CASY TT and 200 pl of culture was fixed with
4% formaldehyde for determining the budding index via
microscopy.

Cell pellets were reconstituted in 400 pl 8 M urea, 50 mM Tris-
HCI, pH 8, and bead beaten for 10 min at 30 Hz with a Retsch
MM400. Cysteines were reduced for 1 h at 37°C in 5 mM TCEP. The
protein concentration was determined by BCA assay (Thermo;
23252). Alkylation was performed by the addition of iodoacetamide
to a final concentration of 40 mM and incubation for 30 min in the
dark at 25°C. Samples were diluted 1:5 using 50 mM Tris-HC| and
mass spectrometry-grade trypsin (Promega; V5280) was added at a
ratio of 1:50 (ug trypsin: pg protein) and incubated overnight at
37°C at 400 rpm. The reaction was stopped by adding trifluoroace-
tic acid (TFA) to a final concentration of 1%. Sample cleanup by solid
phase extraction was performed with Strata C18-E 50 mg/1 ml col-
umns on a CHROMABOND vacuum stand, as follows. Columns
were first conditioned with 50% acetonitrile (ACN) and equilibrated
with 0.1% TFA. Each peptide sample was loaded, washed twice with
5% ACN, 0.1% TFA, and eluted with 50% ACN, 0.1% TFA. The elu-
ate fraction was dried under vacuum and reconstituted with 0.1%
formic acid at a peptide concentration of 0.5 pg/pl.

For enzymatic peptide dephosphorylation, sample aliquots con-
taining a total of 10 pg of desalted peptides were dissolved in 50 pl
of reaction buffer (50 mM HEPES, 100 mM NaCl, T mM MnCl,,
1 mM MgCly, pH 7.4), and 2000 U of Lambda Protein Phosphatase
(Lambda PP) and 20 U of Alkaline Phosphatase Calf Intestinal (CIP,
both from New England Biolabs) were added and the sample was
shaken at 600 rpm and 30°C for 1 h, as recently described (Dreier
et al., 2018). Peptide samples were cleaned up by solid-phase ex-
traction as before, dried under vacuum, and reconstituted with 0.1%
formic acid at a peptide concentration of 0.5 pg/pl.

For the targeted PRM-LC-MS analysis of the Whi5 protein, in a
first step, parallel reaction-monitoring (PRM) assays (Peterson et al.,
2012) were generated from a mixture containing 500 fmol of each
heavy reference peptide (JPT Peptide Technologies GmbH), iRT KIT
peptides according to the manufacturer’s protocol (Biognosys,
Schlieren, Switzerland), and shotgun data-dependent acquisition
(DDA) LC-MS/MS analysis on a Q-Exactive HF platform. The setup
of the pRPLC-MS system was as described previously (Ahmé et al.,
2016). Chromatographic separation of peptides was carried out us-
ing an EASY nano-LC 1000 system (Thermo Fisher Scientific),
equipped with a heated RP-HPLC column (75 pm x 30 cm) packed
in-house with 1.9 pm C18 resin (Reprosil-AQ Pur; Dr. Maisch). Pep-
tides were analyzed per LC-MS/MS run using a linear gradient rang-
ing from 95% solvent A (0.1% formic acid in water [vol/vol]) and 5%
solvent B (80% ACN, 19.9% water, 0.1% formic acid [vol/vol/vol]) to
45% solvent B over 60 min at a flow rate of 200 nl/min. Mass spec-
trometry analysis was performed on a Q-Exactive HF mass spec-
trometer equipped with a nanoelectrospray ion source (both
Thermo Fisher Scientific). Each MS1 scan was followed by high-col-
lision-dissociation (HCD) of the 10 most abundant precursor ions
with dynamic exclusion for 20 s. The total cycle time was approxi-
mately 1s. For MS1, 3e® ions were accumulated in the Orbitrap cell
over a maximum time of 100 ms and scanned at a resolution of
120,000 full width at half-maximum (FWHM) (at 200 m*z"). MS2
scans were acquired at a target setting of 1e° ions, accumulation
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time of 50 ms, and a resolution of 30,000 FWHM (at 200 m/z").
Singly charged ions and ions with unassigned charge state were
excluded from triggering MS2 events. The normalized collision en-
ergy was set to 28%, the mass isolation window was setto 1.4 m*z ",
and one microscan was acquired for each spectrum.

The acquired raw files were searched against a yeast database
(UniProt: download date: 30/10/2014, total of 6652 entries) by Max-
Quant software (version 1.0.13.13) using default parameters. The
best six transitions for each peptide were selected automatically us-
ing an in-house software tool and imported to Spectrodive software
(version 10.0). Mass isolation lists containing six peptides for the
target protein were exported from Spectrodive and imported into
the Orbitrap Fusion Lumos operating software for SureQuant analy-
sis. Chromatographic separation of peptides was carried out using
an EASY nano-LC 1200 system (Thermo Fisher Scientific) equipped
with a heated RP-HPLC column (75 pm x 37 cm) packed in-house
with 1.9 pm C18 resin (Reprosil-AQ Pur; Dr. Maisch). For SureQuant
analysis, peptide samples were spiked with the heavy reference
peptide mix at 10 fmol/peptide/ug of total peptide mass. The pep-
tides were separated using a following linear gradient: from 95%
solvent A (0.1% formic acid in water [vol/vol]) and 5% solvent B (80%
acetonitrile, 19.9% water, 0.1% formic acid [vol/vol/vol]) to 45% sol-
vent B over 60 min at the constant flow rate of 200 nl/min. MS data
were acquired with the following settings: The resolution of the Or-
bitrap was set to 30,000 (120,000) FWHM (at 200 m/z) for heavy
(light) peptide ions, and the fill time was set to 54 (246) ms, respec-
tively, to reach a target value of 1 x 10 ions. The ion isolation win-
dow was set to 0.4 m/z, and the scan range was set to 150-1500 m/z.
The mass window for triggering heavy PRM scans was set to 10 ppm,
and the depended PRM triggering threshold for the light channel
was set to a minimum of two detected transitions. For each MS cy-
cle, a full MS1 scan at 120,000 FWHM (at 200 m/z) was included. In
addition, a few selected samples were also analyzed in DDA mode
using the same LC gradient and parameters as above.

For the quantitative analysis, the PRM files were imported and
processed using Spectrodive software with the SureQuant default
settings. For each target peptide, the total peak areas of the most
intense transitions were exported. Only peptides with the Elution
Group Q.Value <0.01 were considered for quantitative analysis. To
control for variation in sample amounts, the total ion chromatogram
(comprising only peptide ions with two or more charges) of each
sample was determined by Progenensis Ql (version 2.0; Waters) and
used for normalization. In addition, as the alternative normalization
approach, the raw files were imported into Skyline software (version
4.2) to extract and sum the MS1 intensities of peptide ions belong-
ing to constitutively expressed proteins (glyceraldehyde-3-phos-
phate dehydrogenase 3, enolase 2, and actin; two peptides for each
protein were selected). PRM (MS2) intensities of target peptides
were then normalized to the summed (MS1) intensity of selected
peptides from the constitutively expressed proteins.

Mass spectrometry analyses of a tryptic digest of YPD
medium

Lysis buffer (80 pl) (8 M urea [Sigma], 1700 mM ammonium bicarbon-
ate) was added to 20 pl of YPD medium. Samples were sonicated
using a Bioruptor (10 cycles, 30 s on/off; Diagenode). Proteins were
reduced with 5 mM Tris(2-carboxyethyl)phosphine (TCEP) for 60 min
at 37°C and alkylated with 10 mM chloroacetamide for 30 min at
37°C. Urea was diluted with 100 mM ammonium bicarbonate to the
final concentration of 1.6 M, and proteins were digested with se-
quencing-grade modified trypsin (1/50, wt/wt; Promega, Madison,
WI) overnight at 37°C. Samples were then acidified with 5% TFA,
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and peptides were desalted on C18 reversed-phase spin columns
according to the manufacturer's instructions (Macrospin; Harvard
Apparatus). The eluate fraction was dried under vacuum and recon-
stituted with 0.1% formic acid to 0.5 pg/pl peptide concentration.
MS analysis was performed as described above.

Gaussian process regression for mass spectrometry data

The mass spectrometry measurements of CIn3 of Litsios et al. (2019)
were smoothed using Gaussian processes (GP) regression (further
details on this method can be found in Litsios et al., 2019). We used
a GP with zero prior mean and a rational quadratic covariance func-
tion and assumed that each measurement was corrupted by addi-
tive Gaussian noise with unknown variance. The measurements from
all replicates that passed the quality criteria at each time point were
used together in the GP smoothing process, so that the smoothing
algorithm would correctly account for the variability present in the
measurements. The hyperparameters of the GP covariance function
and the measurement noise variance were estimated by maximizing
the marginal likelihood of the measurements using multistart opti-
mization started from 20 random initial points. At the end of this
step, an optimized posterior GP was obtained. The mean and SD of
this posterior GP was evaluated over a dense grid of time points to
generate Figure 6D.

Quantification of Western blot data

ImageJ software (v.1.52n; Java 1.8.0_202) was used to quantify the
bands in the Western blot images of Lucena et al. (2018). After con-
verting the images to grayscale, we selected a region of interest
(ROI) corresponding to the largest protein band across the row and
measured the mean gray value of the protein of interest (POI) as well
as the loading control (LC) and the background (BC). The latter was
measured below or above each band where no stain is present on
the blot. To obtain the background-corrected value for each POI
and LC, the BC corresponding to each band was subtracted. Finally,
for each time point the POI/LC ratio was calculated and plotted.
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