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Cells sense their size and use this information to coordinate cell division with cell growth to maintain a constant cell
size within a given population. A model has been proposed for cell size control in the rod-shaped cells of the fission
yeast, Schizosaccharomyces pombe. This involves a protein localized to the cell ends, which inhibits mitotic activators in
the middle of the cell in a cell size-dependent manner. This protein, Pom1, along with another tip-localized protein, Nif1,
have been implicated as direct sensors of cell size controlling the onset of mitosis. Here we have investigated cell size vari-
ability and size homeostasis at the G,/M transition, focusing on the role of pom1 and nif1. Cells deleted for either of these 2
genes show wild-type size homeostasis both in size variability analyses and size homeostasis experiments. This indicates
that these genes do not have a critical role as direct cell size sensors in the control mechanism. Cell size homeostasis also
seems to be independent of Cdc2-Tyr15 phosphorylation, suggesting that the size sensing mechanism in fission yeast
may act through an unidentified pathway regulating CDK activity by an unknown mechanism.

Introduction

Cells have mechanisms to determine their size. This is sug-
gested by the relative constancy of cell sizes observed for par-
ticular cell types, but is most evident in the coordination of the
cell cycle with cellular growth.""® In many cell types, the com-
mitment to mitosis and cell division occurs when cells attain a
specific size, resulting in limited variation in cell size at division.
The absolute size at which division occurs varies greatly in dif-
ferent cell types,® and within a cell type it usually varies propor-
tional to ploidy and is often changed by the nutritional status and
growth rate of the cells.”*® Despite the importance of cell size for
regulating cell cycle progression, the mechanisms by which cells
determine their size have remained unclear. Recently our group
and another'"'? have proposed a mechanism for the fission yeast
Schizosaccharomyces pombe involving a gradient of a postulated
sensor protein, Pom1, which extends from the tips of the rod-
shaped cylindrical cell, reducing in level at the middle of the cell.
As the cell grows and elongates, the level of Pom1 drops in the
middle of the cell and is monitored there by a detector protein,
Cdr2.'" In this paper we test this mechanism by investigating
whether Pom1 has the characteristics and behavior expected of a
direct cell size sensor.

Fission yeast cells are rod-shaped and grow by tip exten-
sion without a significant change in cell width."" The cell cycle
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stage of any cell can be determined by its length, which is also a
good estimate of cell volume.’> Cells begin their cell cycle grow-
ing exclusively from the old end present in the previous cycle. At
around 10 pm in length, growth is initiated from the new end
created at the preceding cell division, a process termed NETO
(new end take-off). Cells then grow in a bipolar manner, until
they reach around 14 pm in length, when growth ceases and
the cell undergoes mitosis followed by septation.' There are 2
size checkpoints in the fission yeast cell cycle: the first occurs at
G,/S and the second at G,/M.>"'¢ The length of the G, phase
can be contracted or extended, such that cells undergo mitosis
at the required size."” The G,/S size checkpoint is usually cryptic
in rapidly growing wild-type cells, because the size threshold for
mitotic entry is such that, after cell division, cells enter G, at a
size that already surpasses that needed for the G,/S transition.">'®

The mitotic fission yeast cell cycle is driven by the cyclin-
dependent kinase Cdc2 in complex with 1 of 4 mitotic cyclins.”
Control of the G,/M transition is through inhibitory Cdc2-Tyr15
phosphorylation, regulated by the antagonistic activities of Weel
kinase and Cdc25 phosphatase.?’* Upstream of Cdc2 tyrosine
phosphorylation are 2 major pathways for mitotic entry. The first
is a nutrient-sensing pathway that couples TOR and nutrient-
sensing proteins with recruitment of Polo kinase to the spindle
pole body and activation of Cdc25.2¢*” The second is a cell size-
or cell geometry-sensing pathway, much less well characterized,
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Figure 1. (A) Localization of GFP-tagged protein in cells of indi-
cated size. Inverted maximum intensity projections of deconvolved
images. (B) Quantification of Nif1 localization in cells of indicated size.
Cytoplasmic Nif1 refers to cells with no visible protein enrichment. All
septated cells were 12-14 um in length. (C) Cdr2-GFP tagged cells show-
ing protein localization to medial cortical nodes. Inverted maximum
intensity projection of deconvolved image, cell outlines shown by black
dashed lines. Scale bar, 4 pm.

but involving Cdrl and Cdr2, which phosphorylate and inhibit
Weel. Upstream of Cdrl and Cdr2 are the mitotic inhibitors
Poml and Nif1.'1228

Poml is the key sensor component of the proposed gradient
mechanism for cell size control at mitotic entry and is a dual-
specificity tyrosine-phosphorylation regulated kinase (DYRK).?
It is enriched at the cell tips and forms a gradient along the
length of the cell. It acts as a mitotic inhibitor, because pomIA
cells divide at a shorter size compared with wild-type, and this
inhibitory effect is dose-dependent.!™* Cdr2 is a mitotic activa-
tor localized to cortical nodes located in the middle of the cell.
Pom1 phosphorylates and inhibits Cdr2, implicating it as part of
the mechanism sensing size at mitotic entry. The model proposes
that the concentration of Pom1 in the middle of the cell is length-
dependent, and as cells grow during G,, Pom] concentration
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Figure 2. (A) Brightfield images of wild-type cells in a microfluidic
chamber after loading (0 h) and then after 6 h of growth in the cham-
ber. Scale bar, 4 pm. (B) Growth rate values of mother cells plotted
against the average values calculated for the 14 progeny. G = E/(BL - CT).
Regression slope 0.04.

around the cortical nodes decreases. Below a critical threshold
Cdr2 is no longer inhibited, Weel inhibition of Cdc2 is lifted,
and CDK is activated driving mitotic entry. This model was sup-
ported by data showing that ectopically localized Poml in the
middle of the cell or around the cell periphery resulted in delayed
mitotic entry.""'? Nif1 could also be implicated in the mechanism
due to the tip localization of the Nifl protein and the small cell
phenotype of nifIA cells.!>*

We have tested this model by investigating whether Poml
behaves like a cell size sensor. If it is a molecular component of
the mechanism directly sensing cell size, then pomIA cells should
be affected in their ability to measure cell size at mitosis. Cells
deleted for poml are advanced into mitosis at a small size, so
Pom1 clearly has a potentially rate-limiting role in mitotic onset.
However, this role could be in modulating the absolute size of the
cell at mitosis, for example in modifying the inputs in or outputs
from the sensor. If Pom1 was directly involved in the size-sensing
mechanism, then cells lacking Pom1 should exhibit greater vari-
ability in size at division and would be less “homeostatic”; that
is, larger or smaller cells would not return efficiently to a normal
size. Experiments testing these possibilities are described in this
paper. In addition, we have investigated how growth rate varies in
individual cells within a population to determine whether there is
any significant heritability in growth rate.
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Results

Cell size variability in pomIA and nifIA cells

First, we confirmed that we could detect Pom1 and Nifl at
the ends of the cell, as has been shown previously.'"'? Pom1-GFP
and Nif1-GFP were localized to the cell tips and division site
(Fig. 1A). While Pom1 was always seen at both cell ends, we
observed that Nif1 was localized to either one or both tips. The
majority of cells shorter than 10 pm, presumed to be prior to
NETO, were enriched for Nifl at one end only, whereas in longer
cells we saw an increasing proportion of cells with Nifl at both
ends (Fig. 1B). Just prior to septation (12—14 pm) the majority
of cells had Nif1 localized to both cell tips, thus for many cells,
Nif1 could be working with Pom1 cooperatively in late G, cells
to form a gradient sensor of cell size. As expected, Cdr2-GFP was
located in central cortical nodes (Fig. 1C).

We performed cell length at division analyses on WT, pomIA
and nifIA populations. To do this we used time-lapse images of
over 800 cells growing in microfluidic chambers (Fig. 2A). Cell
length at birth and division plus cycle time data was collected
from these films, and this enabled us to carry out an analysis of
a wild-type population to determine if the growth conditions in
these microfluidic chambers adversely affected the cells. For 600
wild-type cells we calculated a value, G, representing the growth
rate based on the assumption that growth rate per cell is propor-
tional to cell size: G = E/(BL-CT), where E is length at septation
minus birth length. This value varied around a mean of 0.4 ¢!,
with a coefficient of variation (CV) of 0.12. We showed that this
growth rate value was not significantly affected by the position
of a cell in a colony within the chamber. Cells completely sur-
rounded on all sides by other cells had a value only 3.5% higher
than those cells on the edge of the colony. We also measured
cells over 6-8 h to obtain data for 3 generations of growth in
the microfluidic chambers. The growth rate value varied only
slightly with time, increasing by about 4% with each successive
generation. We conclude that cells were not significantly affected
by growth in the microfluidic chambers.

This analysis of growth rate of cells within single lineages also
enabled us to determine whether there is heritability in growth
rate in successive cell generations. We found no relationship
between the growth rate of a single cell compared with the aver-
age growth rate of its 14 progeny over 3 generations (Fig. 2B),
suggesting that variation in growth rate was not inherited. We
confirmed this result by showing that, across the whole popula-
tion, the difference in growth rate between 2 sister cells was the
same as the difference in growth rate between a single sister cell
and the average of the population. This data reveals that there
was no systematic structure within the population of cell growth
rate variability that would influence the interpretation of our cell
length studies and cell size homeostasis experiments described in
the next sections. It also shows that there is no significant herita-
bility in growth rate within wild-type cell lineages.

We measured cell length at mitosis in wild-type, pomIA, and
nifIA cells. In accordance with previous data,'>'** we found
that both pomIA and nifTA mutants entered mitosis prematurely
at a small cell size, dividing on average at around 90% of the
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Figure 3. (A) Histogram distribution of cell length at division of wild-
type, pomIA and niflA cells. For each strain, 800-900 cells were mea-
sured in a microfluidic chamber using brightfield images. Bin size
0.5 um. (B) Cell length at division of WT, pomTA, nif1A, and pom1AnifiA
calcofluor-stained cells. Boxes represent 25-75% of the data and the
central lines indicate the median. Whiskers show 10-90% of the data
and individual dots represent the outer 20%. One hundred cells of each
strain were measured in exponential growth phase.

wild-type length (Table 1). As can be seen from the histogram
distributions of cell size at division, pomIA cells had greater size
dispersion at mitosis, whereas 7if1A had a distribution of lengths
more similar to that of wild-type cells (Fig. 3A). Because Poml
also has a role in septum positioning, pomIA cells often divide

293132 and so we determined the contribution of

asymmetrically,
this asymmetric division to the increased size variability by cal-
culating the coefficient of variation for size at birth as well as at
division. The asymmetric divisions create greater size dispersion
at birth compared with the wild-type population (Table 1), but
if cells were able to sense and correct for this variation, we would
expect the size at division to have reduced variability. This was
the case for the pomIA cells we studied, which had a coefficient
of variation of 0.22 at birth and 0.15 at division (Table 1). This
suggests that the size dispersion at birth of pomIA cells is reduced
during the cell cycle. Wild-type and n#fIA cells had similar

size distributions at birth compared with division, as would be
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Table 1. Cell length measurements

Cell length cv Cell length at cv
at birth (m) division (.m)

WT MF 8.7 0.10 14.7 0.08

LC - - 13.6 0.05

pomIA MF 7.8 0.22 12.5 0.15

LC - - 11.9 0.15

niflA MF 8.0 0.08 13.2 0.08

LC - - 12.2 0.07
pom1AniflA MF - - - -

LC - - 1.1 0.24

cdc13-L-cdc2 MF 9.4 0.07 16.1 0.07
LC - - - -

cdc13-L-cdc2AF | MF 8.2 0.13 13.1 0.15
LC - - - -

Average cell length measurements and coefficient of variation (CV) values for

the strains indicated. Abbreviations: MF and LC refer to growth conditions used
for the measurements. MF, microfluidics (brightfield images); LC, liquid cul-
ture (calcofluor-stained cells). For MF, number of cells (N) = 700-900 per strain.

For LC, N = 100 per strain.
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Figure 4. (A-D) Cell length recovery of the indicated strains after elongation

with the S phase inhibitor hydroxyurea. HU added for 4 h then washed out at

time zero. Average cell length at division was measured for each time point and

exponential curves fitted to the data.

expected for symmetrically dividing cells. These data indicate

that some size correction is taking place during each cell cycle.
We checked that the culture conditions for these experiments
in microfluidic chambers were not significantly affecting cell

www.landesbioscience.com
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morphology by carrying out cell length measurements
of 100 cells grown and measured in liquid culture. We
observed the same cell length at division reductions in both
pomIA and nifIA mutants (Table 1). However, we were
unable to carry out large-scale measurements of the double
pomIAnifiA cells, because they often displayed very irreg-
ular shapes under time-lapse microscopy in microfluidic
chambers. However, our measurements of cells in liquid
culture confirmed that the cell length phenotype of pomIA
and nifIA was additive, with cells dividing significantly
shorter than either of the single mutants (Fig. 3B).”? The
coefficient of variation of the double mutant strain was
also significantly greater than either the pomIA or nifiIA
populations alone (Table 1).

These data indicate that in the absence of Nif1, the cell
size variability at division is not greatly increased, and that
in the absence of Pom1, although there is increased cell size
variability compared with wild-type due to asymmetric sep-
tation, the cell size variability is less at division than at birth,
and so cells of both strains are homeostatic. This behavior
would not be expected if either Pom1 or Nif1 acted as direct
sensors in the mechanism for detecting cell size.

Poml and Nifl are not required for cell size
homeostasis

To test the involvement of Pom1 and Nifl in the cell
size-sensing mechanism more directly, we assessed how
well cells lacking these proteins could return to a normal
size if they were perturbed from the mean. To address this
question, we first performed a set of perturbation experi-
ments using the DNA replication inhibitor hydroxyurea.
Addition of this drug to cell cultures arrested cells in S
phase without affecting cell growth.*® After incubation
with the drug for 4 h, cells were extended to around 20-26
pm in length. Upon release from the arrest, we measured
cell size at successive cell divisions to observe how rapidly
cells recovered to a normal size at division. Wild-type cells
released from this cell cycle arrest divided at progressively
smaller sizes and returned to their normal size within 2
cell cycles (Fig. 4A). This indicates the presence of an
effective homeostatic size correction mechanism that is
able to detect the increased size and rapidly return to the
correct size. We would expect cells directly defective in
the cell size-sensing mechanism to recover to a normal size
at a slower rate compared with wild-type, or perhaps not
return at all.

This experiment was performed in pomIA, nifIA, and
double pom1AnifiIA mutant cell populations. All 3 strains
showed the same response as wild-type cells, returning to
a normal size at the same rate and within 2 cell cycles after
washout of hydroxyurea (Fig. 4B-D). This indicates that
these genes have no direct role in the sensing and correc-
tion of cell size in enlarged cells. However, this experiment
does not enable us to determine if these genes are involved

in a size-sensing system to set a minimum cell size for division.
In this case, Pom1 and Nif1 would function only in small cells to
delay entry into mitosis until the required size has been reached.
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the entire range of birth lengths that arise.”” In the
case of very long cells, correction will be slower and

will take more than one cycle due to this minimum
period. This can be seen at the inflection points where
the BL/E ratio changes.

The slope of the BL/E plot we obtained for wild-
type cells was -0.8 (Fig. 5A). This is similar to the
previously reported slopes of Fantes” and Sveiczer et

Figure 5. (A-C) Cell length at birth plotted against length extension from time-lapse
images of around 800 cells for each strain indicated. Data shown excludes the outer
2% of birth length and length extension values. Points show mean value and error
bars represent SEM. Regression lines best fitted to the data are shown. (D-F) Same
cells as in (A-C) with cycle time plotted against birth length. Data shown excludes
the outer 2% of birth length and cycle time values. Mean with error bars showing
SEM. Regression lines best fitted to the data are shown.

al.,’* although our technique allowed a greater num-

ber of cells to be measured, and so we have been able

to extend our plot to longer birth lengths. Both pomIA and
nifIA cells showed a wild-type relationship between birth length
and length extension, with slopes of -0.8 (Fig. 5B) and -0.7
(Fig. 5C), respectively, indicating that neither of these genes are
involved in maintaining size homeostasis. Due to the asymmet
rical divisions in the pomIA population we were able to analyze a
greater distribution of birth lengths for this strain. This enabled
us to clearly observe the incompressible G, period for pomIA
cells with birth lengths greater than 7 pm. For these cells the
slope of -0.18 shows that size deviations will take longer than
one cell cycle to be corrected (Fig. 5B).
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Figures 5SD-F show birth length plotted against cycle time
(CT) for the cell populations described above, confirming that
the BL/E relationships are a result of altered cycle times rather
than altered growth rates. We conclude that the strength of
homeostasis, the ability of naturally varied cells in a population
to return to the mean, is not significantly changed in pomIA and
nifIA cells compared with wild-type. This indicates that neither
Pom1 nor Nif1 are directly involved as sensors of cell size.

We have shown that cells lacking Pom1 and Nifl have good
cell size homeostatic mechanisms. One possible explanation could
be that they are controlling their cell size at division through the
G,/S size-sensing mechanism followed by a “timer” reflecting
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Table 2. Yeast strains used in this study

Strain Genotype Source
PN3141 pom1-GFP::kanMX6 h— 29

LW138 nif1-GFP::hph h— This study
PN10503 cdr2-GFP::kanMX6 ura4-D18 leu1-32 ade6-M21X h— 38

PN1 972 h— Lab collection

FR495 pom1A:kanMX6 h+ 28

FR538 nif1A::kanMX6 h+ 28

LW61 pom1A:kanMX6 nif1A:kanMX6 h+ This study

PN369 weel-50 h— Lab collection

DC235 leu1A::Pcdci3::cdc13-L-cdc2::cdc13 3' UTR::ura4+ cdc2A::kanMX6 cdc13A:natMX6 35

cig1Azura4+ cig2Az:ura4+ puciAzura4+ ura4-D18 h+
leuTA::Pcdci3::cdc13-L-cdc2AF::cdc13 3'UTR::ura4+ cdc2A:kanMX6
DC276 cdc13A:natMX6 ciglAz:urad+ cig2A::urad4+ puclA:z:ura4+ ura4-D18 h+ 35

the minimum cell cycle time connecting that mechanism to the
onset of mitosis. If this were the case then the sizing mechanism
at G,/M would be absent. This possibility can be tested, because
the G,/M cell size-sensing mechanism is modulated by nutrients
in the media. Shifting cells from nitrogen-rich to nitrogen-poor
media lowers the G,/M size threshold and therefore accelerates
cells through the cell cycle resulting in a peak in the septation
index.'® This has been previously demonstrated to be lacking
in weel-50 cells."® Wild-type, weel-50, pomIA and nifIA cells
were grown at 25 °C in minimal media containing glutamate as a
nitrogen source. Cells were then shifted to the restrictive temper-
ature for 2 cell cycles to inactivate weel and then transferred to
minimal media containing proline. In the wild-type population
a peak in the number of septated cells was seen between 30-60
min of the nitrogen shift-down, confirming the presence of a
nutrient-sensitive size threshold at mitosis (Fig. 6A and B). In the
weel-50 population no such peak is observed, since these cells
have no G,/M size threshold, rather a G /S threshold followed
by a G, timer (Fig. 6A and B). Both the pomIA (Fig. 6A) and
nifIA (Fig. 6B) cells showed a peak in septation index similar to
that observed in a wild-type population. The slight delay in the
pomIA peak is most likely due to the cell separation defect seen in
these cells. This confirmed the presence of a size threshold at the
G,/M transition in both of these mutant populations that is able
to respond to changes in nutrient conditions. This result argues
against pomIA and nif1A cells lacking a G,/M size control.

Size homeostasis at G,/M is independent of Cdc2-Tyrl5
phosphorylation

So far our data has shown that neither Pom1 nor Nif1 are direct
sensors of cell size and are therefore not involved in size homeo-
stasis. We next investigated whether a size-sensing mechanism is
perhaps acting through an unknown pathway upstream of weel
or ¢cde25, or whether in fact it is independent of Cdc2-Tyrosinel5
phosphorylation. To investigate this we used a strain express-
ing a Cdcl3-L-Cdc2 fusion protein, which is characterized in
Coudreuse and Nurse.” We made use of the ability of this fusion
protein strain to tolerate a mutant Thrl4Ala Tyr15Phe (AF) Cdc2
kinase, rendering the kinase non-phosphorylatable. We used a
wild-type fusion protein strain as a control. Both fusion strains

www.landesbioscience.com

were deleted for the wild-type copies of cdc2 and cdcl3 in addition
to the other 3 mitotic cyclins, cigl, cig2, and pucl.

Histogram distributions of cell size at division showed that
the AF fusion protein strain displayed greater size variability
compared with the wild-type fusion strain and wild-type cells
(Fig. 7A).> However, despite this increased size variability, BL/E
plots for both of the fusion protein strains showed a wild-type
relationship, whereby small cells extended more than longer cells
in order to maintain a constant size at division (Fig. 7B and C).
The slopes for these strains were 0.7 for the fusion protein and
-0.9 for the mutant AF strain. We also showed, as before, that
this relationship was due to altered cycle times rather than altered
growth rates (Fig. 7D and E). We therefore conclude from this
data that size homeostasis in fission yeast cells does not appear to

be acting through Cdc2-Tyrl5 phosphorylation.

Discussion

Pom]1 and Nif1 clearly act as negative regulators of the G,/M
transition and have roles in setting a threshold size for entry into
mitosis. In this paper we have tested whether they act as direct
sensors of cell size through their gradient distribution extending
from the ends of the cell. We used 2 approaches, an analysis of cell
size variability at mitosis and cell size homeostasis experiments.

Cells deleted for nif1 have wild-type size dispersion at mitosis,
suggesting Nifl does not have a direct role as a sensor of cell size.
Cells deleted for pomI, however, have a greater size distribution at
mitosis compared with wild-type, which could suggest a role for
Poml as a cell size sensor. However, the asymmetric division of
these cells creates much size variability within a population, and
so we cannot conclude that these cells are less homeostatic on this
frequency distribution data alone. We found that size distribu-
tion in a pomIA population is greater at birth than at division,
indicating that variability created by the asymmetric division
of these cells is significantly corrected within one cell cycle. We
therefore conclude that ponI mutant cells appear to be homeo-
static in terms of cell size.

This conclusion is supported by our cell size at division homeo-
stasis experiments using the natural variation of sizes within a
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population. Time-lapse studies following cells from birth to divi-
sion enabled us to analyze the degree to which cells are able to
correct for deviations in size. We showed that WT, pomIA, and
niflA cells are all homeostatic; that is, small cells at birth extend
more than long cells to maintain a constant size at the subse-
quent division. This would not be the case if either Pom1 or Nif1
were required for size sensing. The time-lapse experiments also
allowed us to conclude that there is no significant heritability in
growth rate within wild-type cell lineages.

These results do not support a model whereby a Poml and
Nifl gradient act as a direct sensor of cell size. The proposal that
Pom]1 behaves in this way was based on the cell size phenotype of
pomIA cells and the tip localization of Pom1 protein. The Pom1
concentration at the middle of cells was proposed to be measured
by cortical nodes containing the SAD kinases and activators
of mitosis, Cdrl and Cdr2. This model was supported by data
indicating that Pom1 directly phosphorylates and inhibits Cdr2
kinase in a dose-dependent manner, and that length-depen-
dent medial Pom1 concentration is important for the timing of
mitotic entry.'"? From our results presented here, we argue that
the Pom1 gradient does not form the major part of a size-sensing
mechanism to coordinate cell growth and division. We conclude
that although both Pom1 and Nifl modulate absolute size for
mitotic entry, the proteins are not direct sensors of cell size.

One possibility for the role of Poml and Nifl is that these
tip-localized proteins are preventing mitosis occurring too near
to the cell ends. There is strong evidence to suggest that at high
concentrations, such as at the cell tips, Pom1 phosphorylates and
inactivates Cdr2 leading to mitotic delay.'"'? This could explain
the size dependency of Cdr2 phosphorylation by Pom1 and the
role of Pom1 on the restriction of the cortical nodes to the cell
middle, yet places less importance on the Poml concentration
differences in the middle of cells, which has been suggested to
play a part in a size-sensing mechanism. Another possibility is
that Pom1 and Nifl are acting alongside other factors as part of a
mechanism to sense cell size. We do not think this is likely given
the strong relationship between birth length and length exten-
sion during the cycle of pomIA and nifIA cells. Any role these
proteins may have in directly sensing cell size would have to be
minimal, since it is unlikely that we would see this relationship
for any protein playing a major role in a size-sensing mechanism.

We have also shown here that the mechanism of size homeo-
stasis is independent of Cdc2-Tyrl5 phosphorylation. Our
results indicate that Poml is not involved directly in cell size
sensing, and also that cell size sensing can occur in the absence
of Cdc2-Tyrl5 phosphorylation, long considered the primary
mechanism for regulating the onset of mitosis. This means that
cell size sensing can operate through an as-yet-unidentified
mechanism, which interacts with CDK regulation by an as yet
unidentified pathway. In this context it is important to note that
there are at least 3 genes which have been found to advance cells
into mitosis independently of Tyrl5 phosphorylation in fission
yeast.?® Perhaps these genes, snf5, so/l, and zf51, could form part
of additional regulation acting on the CDK at the G,/M transi-
tion, with a role in maintaining size homeostasis through a sens-
ing and correction mechanism.
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Figure 6. (A) Septation index of a pomTA population compared with
wild-type and weel-50 cells after nutritional shift-down from glutamate
to proline as a nitrogen source. (B) Experiment as in (A) with nif1A cells
compared with wild-type and weel-50 controls. All cells grown at 25 °C
in EMM-N + 20 mM glutamic acid and shifted to 36 °C for 2 cycles then
transferred at time zero to EMM-N + 10 mM proline. Number of septated
cells counted and represented as a percentage of the whole population.

Materials and Methods

Yeast strains and growth conditions

S.pombe media and methods used are described in Moreno
et al.’ Strains are listed in Table 2. Cells for Figures 1A and B
and 4 were grown at 32 °C in minimal media supplemented
with 0.15 mg/ml L-histidine, L-leucine, adenine and uridine
(EMM4S). Hydroxyurea (Sigma) was added at a final concen-
tration of 11 mM. Cells for Figure 1C and length measure-
ments for Table 1 and Figures 2, 3, 5, and 7 were from cells
growing at 32 °C in yeast extract complex media supplemented
with 0.15 mg/ml L-histidine, L-leucine, adenine and uridine
(YE4S). Cells were either transferred to an YO4C microfluidic
plate (CellASIC) (Figs. 2, 3A, 5 and 7, see below) or measured
in liquid culture on a glass slide (Figs. 1C and 3B). Media for
Figure 6 was EMM, in which ammonium was replaced by either
L-Glutamic acid (20 mM) or L-Proline (10 mM) as a nitrogen
source. Cells were grown at 25 °C and shifted to 36 °C for 5 h
before the nutrient shift.
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Figure 7. (A) Histogram distribution of cell length at division of wild-type, cdc13-
L-cdc2, and cdc13-L-cdc2AF cells. For each strain, 700-900 cells were measured in a
microfluidic chamber using brightfield images. Bin size 0.5 um. (B and C) Cell length
at birth plotted against length extension from time-lapse images of around 800 cells
for each strain indicated. Data shown excludes the outer 2% of birth length and length
extension values. Points show mean value and error bars represent SEM. Regression
lines best fitted to the data are shown. (D and E) Same cells as in (B and C) with cycle
time plotted against birth length. Data shown excludes the outer 2% of birth length
and cycle time values. Mean with error bars showing SEM. Regression lines best fitted
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Imaging

Gene tagging was performed by PCR and homol-
ogous recombination.” For protein localization,
cells were imaged in liquid media under a coverslip
using a DeltaVision Elite (Applied Precision) com-
prised of an Olympus IX71 wide-field inverted fluo-
rescence microscope, a PLAN APO 60x oil, 1.42
NA objective, and a Photometrics CoolSNAP HQ2
camera. The microscope was contained within an
IMSOL “imcubator” Environment Control System
set at 32 °C. Images were acquired in 0.2 or 0.4 pm
Z-sections over 4.8 pm using SoftWoRx (Applied
Precision) and processed using SoftWoRx and
Huygens. All images are maximum intensity projec-
tions of deconvolved images.

Microfluidic cell culture

The ONIX Microfluidic Perfusion System from
CellASIC was used for many cell measurements.
Microfluidic plates were set up as described here
heep:/fwww.cellasic.com/ONIX_yeast.heml.  Fifty
pl of cell culture was loaded at a density of 1.26 x
106 cells/ml, and cells were imaged in the 3.5 pm
and 4.0 pm chambers. YE4S medium was used, and
a flow rate of 3 psi was maintained throughout the
experiment. Time-lapse imaging was started 1 h
after loading the plate and was performed at 32 °C
using the DeltaVision Elite system described above.

Cell length measurements

Images were acquired using the CellASIC
Microfluidic system with the DeltaVision Elite
(described above) or a Zeiss Axioskop 40 microscope
equipped with a 63x/1.4 NA objective and a Zeiss
AxioCam MRm camera. Cell length was either mea-
sured from brightfield images acquired using the
DeltaVision microscope or images of cells stained
with calcofluor (Sigma) acquired using the Axioskop
microscope. For the size homeostasis analysis cells
were only measured during the first 2 generations
after loading into the plate. Measurements were taken
using the PointPicker plug-in of Image] (National
Institutes of Health); septated cells were chosen
as cells with a visible septum. For the homeostasis
experiments, images were acquired at 10 min inter-
vals for 12 h. Cycle time was given as the time interval
between the birth and division length measurement.
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