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SUMMARY

Cells of Schizosaccharomyces pombwere grown in in wild-type cells. Cell mass was measured by flow
minimal medium with different nitrogen sources under cytometry as scattered light and as protein-associated
steady-state conditions, with doubling times ranging from fluorescence. The extensions of :Gvere not related to cell
25 to 14 hours. Flow cytometry and fluorescence mass at entry into S phase. Our data do not support the
microscopy confirmed earlier findings that at rapid growth  hypothesis that the cells must reach a certain fixed, critical
rates, the G phase was short and cell separation occurred mass before entry into S. We suggest that cell mass at the
at the end of S phase. For some nitrogen sources, the G1/S transition point is variable and determined by a set of
growth rate was greatly decreased, the Gphase occupied molecular parameters. In the present experiments, these
30-50% of the cell cycle, and cell separation occurred in parameters were influenced by the different nitrogen
early Gi. In contrast, other nitrogen sources supported low sources in a way that was independent of the actual growth
growth rates without any significant increase in G rate.

duration. The method described allows manipulation of the

length of G and the relative cell cycle position of S phase Key words: Fission yeast, DNA replication, Cell cycle, Growth rate

INTRODUCTION at the G/S border with a mass that is lower than required for
passage into S. In this case, the cells must delay further cell

When a culture of cells is grown under steady-state conditionsycle progression until the critical mass is attained, which

each cell goes through the same cell cycle over and over agaiasults in an extension of the @hase.

within certain limits of variation. The occurrence of DNA The above model for S phase control is supported by

replication, mitosis and cell separation at defined times and ekperiments where the protein content of mutant cells was

a defined mass under a given set of conditions reflect the tigimteasured (Nasmyth et al., 1979). Mutants that passed into

regulation of these processes and that they are in some wanjtosis with a reduced protein content were observed to extend

coupled to cell growth. Since cell mass is a monotonicallyheir G phase and continue into S only when a minimal protein

increasing function of time, it is not surprising that any cellcontent was achieved. As the protein content in mitosis was

cycle dependent event occurs at a certain cell mass, underealuced beyond a certain level, by the different mutations, the

given set of growth conditions. G;1 phase started to extend. The conclusion was that DNA
Current models for growth control in the fission yeastreplication cannot be initiated until a critical cell mass is

Schizosaccharomyces poniheolves cell mass as the critical obtained.

parameter. It is a long standing observation that mitosis occursin the present experiments, we have taken a different

at a certain mass in a given growth medium, and never at lowapproach to investigate the obligatory coupling between DNA

masses, unless mutations are introduced (Nurse, 1975; Numsplication and cell growth. Cells of wild-tyf® pombevere

and Thuriaux, 1977). Before passing from t@ S phaseS. grown in minimal medium supplemented with different

pombecells must also attain a certain mass, but here theitrogen sources to obtain a wide range of growth rates. This

situation is a little more complex. Under standard laboratorapproach allows us to study the @uration and entrance into

conditions, i.e. in broth medium or in minimal medium with S of cells that have arrived intoi @ith different cell masses.

good nutrient supply, the cells pass through mitosis with a cell

mass that is higher than that required for further passage into

S (Nurse and Thuriaux, 1977; Fantes and Nurse, 1978JATERIALS AND METHODS

Sveiczer et al., 1996). Therefore, the cells spend a minimum

of time in G and the control point at theu® border is silent.  Strain, media and growth conditions

Only under special conditions, such as inweelmutant, is  wild-type Schizosaccharomyces pomBesind the otherwise isogenic

this control expressed: thveeelmutation allows the cells to rumi1A (Moreno and Nurse, 1994b) were grown under steady-state

go through mitosis at a much reduced mass so that they arrigenditions in shaker flasks at 32°C in minimal medium, EMM2
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(Moreno et al., 1991) or in EMM2 where NEl was replaced by 20
mM of either L-cysteine, glycine, L-isoleucine, L-leucine, L- A
phenylalanine, L-proline, L-serine, DL-threonine, L-tryptophan or
uracil as nitrogen source. Growth was monitored by measuring tr /@ \
optical density (OD) at 595 nm and samples were withdrawn for flov

cytometry at an OBs of 0.2. |
v,

Fixation, staining and flow cytometry |

The cells were initially fixed in 70% ethanol as described (Skarsta
et al., 1985). Before staining with mithramycin/ethidium bromide
(MEB) the cells were fixed in methanol-acetic acid (3:1) for at leas
2 hours. For DNA staining, rehydrated cells were mixed with an equ
volume of MEB in 10 mM Tris-HCI, pH 7.4, containing 10 mM
MgCl;, (Skarstad et al., 1985). Fluorescence and light scatter signe
from individual MEB stained cells were measured with an Argus 10(
machine (Skatron, Lier, Norway) as described earlier (Skarstad et a B
1985). Alternatively, for simultaneous protein and DNA "@
measurements, the ethanol-fixed cells were rehydrated in 0.1 f@ \

Number of cells

phosphate buffer, pH 9.0, and diluted to the same proteil
concentration (1Qug/ml) before staining with FITC as described P
before (Wold et al., 1994). Afterwards, the DNA was stained with @
Hoechst 33258 (1.4fug/ml) in a 20 mM phosphate buffer, pH 7.4,

containing 0.13 M NaCl, and DNA-associated fluorescence wa \
measured in a FACStar+ flow cytometer (Becton Dickinson). |

RNase treatment

The cells were incubated with 0.1 mg/ml RNaseA (Sigma) eithe
before MEB staining or after FITC staining. v

Fluorescence microscopy 1IC ZIC
The cells were stained with DAPI'(-diamidino-2-phenylindole) in

the presence of antifadg-phenylenediamine) or with Calcofluor DNA
(fluorescence brightener 28, all from Sigma) as described (Moreno E}
al., 1991) and examined with a fluorescence microscope (Zei
Axioskop).

g. 1. Schematic DNA histograms of cells with a shortg@riod

%hd cell separation after S (A) and with a longa@&d cell separation

before S (B). The ovals represent cells where each internal line

Analysis of DNA distributions represents a unit of 1C DNA and the Y-shape indicates the process of
i . . DNA replication. The stippled arrows refer to where in the histogram

The fractions of cells in the different cell cycle phases Were, . h cell form will be found

determined with a standard program (Modfit, supplied by Skatron): '

Alternatively, the cells in two-parameter histograms were separated

into three populations, containing 1C, 2C or between 1C and 2C DNA .

content. The borders between the populations were set by eye. ~content from 2C to 4C before cell separation occurs.

Conversion from population fractions to cell cycle period durationdAlternatively, the DNA histogram contained two distinct
was performed by assuming an exponential age distribution (Wold @eaks, representing 1C and 2C cells (Fig. 1B). In this case cell
al., 1994). separation occurs iniGThe 1C cells are in lateiGafter cell
separation has occurred, and the 2C cells are eithes/M G

or in early G. The S phase cells are represented by the ridge

RESULTS connecting the 1C and 2C peaks.
. ) With NH4CI as the nitrogen source the growth rate was 0.40
Flow cytometry analysis of slowly growing cells doublings/hour and the vast majority of the cells contained 2C

Cultures ofS. pombeavere maintained at generation times of DNA (Fig. 2A). The fraction of cells in S phase is represented
between 2.5 and 14 hours (growth rates between 0.40 and 010y the shoulder in the DNA histogram stretching from 2C
doublings/hour), by varying the nitrogen source (Table liowards 4C DNA content. This experimental histogram is
column 2). Four independent series of experiments wenepresentative of cells in rich media and corresponds to the
performed, each involving cultures grown with the eleverschematic histogram in Fig. 1A.

different nitrogen sources. During steady-state growth, As a measure of cell mass we first used scattered light (see
samples were withdrawn for analysis by flow cytometry tdbelow). The light scatter signal from the S phase cells was
determine the DNA and mass of individual cells in thehigher than from the other cells in the population (Fig. 2B),
nonsynchronous population. In the present experiments, wenfirming that S phase occurred in the largest cells and
observed two classes of DNA histograms. In one, théherefore towards the end of the division cycle.

histogram contained one major peak of 2C DNA and a In contrast, DNA histograms of cells in some of the more
shoulder stretching towards 4C DNA, as shown schematicallslowly growing cultures contain a distinct 1C peak (Fig. 2E-
in Fig. 1A. In such cultures both the; @nd the G cells are  P), corresponding to the schematic histogram of Fig. 1B. The
in the 2C population since cell separation occurs close to tHeC cells can only occur because cell separation occurs.in G
S/G; border. Therefore, cells in S phase increase their DNAonsequently, at slow growth rates cells in latea@d in S



were the smallest in the population, in contrast to what wa
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found at the highest growth rates (Fig. 2, right column).
It should be noted that the fraction of cells with a given DNA 0.4 (NH4ch| A 0.4 (NH4Cl) | B
content reflects the time spent with that particular DNA oc 30 —
content. Therefore, when a large fraction of the cells contair 20
1C DNA the time from cell separation ta/S occupies a large @
fraction of the cell cycle. The general trend in the preser 10 —
experiments is that the frequency of 1C cells increases with tt | ol 1 |
doubling time. 027 (Froy | € 027 (Pro) | D
Cell cycle distribution at different growth rates 2C %0
The fractions of cells in G S, and G+M were estimated from 20 —
the DNA histograms by two methods, computer simulation an 10 <@
by visual inspection of the histograms (see Materials an
Methods). In a typical example, an isoleucine-grown culture l : 0 LI
was, by the simulation method, estimated to contain 16% cel 022(Leu) | E ol PRt F
with 1C DNA, 65% with 2C DNA and 19% with between 1C 2c
and 2C DNA. By the alternative, more direct method, the sam 20
histograms were estimated to contain 17% of the cells with 1 ~ ﬁ
DNA, 70% with 2C DNA, and 13% with between 1C and 2C 1c 210~
DNA. Also for the other nitrogen sources the two methods gav AN _% ob—L L |
essentially the same results. For histograms where there w 018(1e| G £ 0.18(lle) | H
no 1C peak present the simulation method could not be use 2C = 30 —
Neither method could be used to distinguish between cel 3 220 |-
containing 2C DNA in @and in G+M, and measurements of S 1c B £
the septation index were used to estimate these fractions (< % % 10 —
below). O | \ Sl o [
For growth with NHCI, the septation index was 13%. Thus, 0.14 (Cy9 | | 0.14 (Cys)| J
at any one time 13% of the cells are placed between the st oc 30
of septation (end of mitosis) and cell separation. The fractio
of cells undergoing septation varied more than twofold whel 20~ ﬁ
the growth rate was varied (Table 1, column 3), showing the 10 —
septation did not occupy a constant fraction of the cell divisiol | 0 L
cycle.
The fraction of cells in @phase was determined as follows. 0.13 (Phe) | K 30 0.13(Phe) -
For NHsCl and uracil, all @and S phase cells contain a septum 1c2C
(since the cells divide at the end of S), and the differenc 20 —
between the fractions of septated cells (Table 1, column 3) ai 10 *M
S phase cells (column 4), yielded the fraction af aglls
(column 8). For cells grown with proline and cysteine, cell * * (S
separation occurred during S phase. A similar procedure cou 0.08 Gly) |[M 0.08(Gly)|N
be used here, i.e. subtracting the fraction of S phase cells wi 2C 30 =
more than 2C DNA to obtain the fraction of Gells. For the 20
other nitrogen sources, the fraction of cells ink@fore cell
separation is equal to the septation index. The remainder 1c 10 -
cells in G are the cells with 1C DNA content (Table 1, column | 0 I
5), and this fraction could be determined from the DNA L 0.07 (Trp) | © 007 (Trp)| P
histograms. 30
The fraction of cells in &M (Table 1, column 7) could be
found by subtracting the fraction of septatedcélls from the 2C 20 = w
total fraction of cells with 2C DNA (Table 1, column 6). We 10 @ 9
have _made no attempt to estimate separately the fractions | | 0 L
cells in G and in M. 0 50 100 150 0 10 20 30 40

Cell cycle phase durations vary with growth rate

941

. . . Fluorescence signd (channel no.
The fractions of cells in the different cell cycle phases wer: gnal ( )

use_d to calculate f[he duration of,&, G+M, and the septation Fig. 2. Flow cytometry histograms of individu8l pombeells

period. The duration of all four was strongly dependent on thgrown at different growth rates and with different nitrogen sources,
nitrogen source used (Fig. 3A). Extensions of all cell cycles indicated in each panel. The left column shows DNA histograms
phases could be observed when the nitrogen source waaile the right column displays the two-parameter DNA contents
changed, but which phases that were extended varied with thersus scattered light histograms.
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Table 1. The fractions of cells in the different cell cycle phases as determined by flow cytometry and fluorescence

microscopy
2. Growth rate 3. Septated 4. S phase 5. Cells with 1C 6. Cells with 2C
1. Nitrogen source (doublings/hours) cells cells DNA DNA 2+M cells 8. G cells
NH4CI 0.40 0.13 0.09 0.00 0.91 0.87 0.04
Uracil 0.33 0.11 0.09 0.00 0.91 0.89 0.02
L-proline 0.27 0.11 0.13 0.00 0.87 0.76 0.11
L-leucine 0.22 0.11 0.19 0.06 0.75 0.64 0.17
L-isoleucine 0.18 0.10 0.13 0.17 0.70 0.60 0.27
L-serine 0.15 0.12 0.08 0.09 0.83 0.71 0.21
L-cysteine 0.14 0.05 0.05 0.00 0.95 0.90 0.05
L-phenylalanine 0.13 0.06 0.11 0.29 0.60 0.54 0.35
DL-threonine 0.11 0.05 0.09 0.13 0.78 0.73 0.18
Glycine 0.08 0.05 0.04 0.01 0.95 0.90 0.06
L-tryptophan 0.07 0.06 0.10 0.54 0.36 0.30 0.60

nitrogen source. There was no clear correlation betwedpy the nitrogen source, independent of the actual growth rate
increase in the doubling time and extension of any of thebtained.
different cell cycle phases. The length afvaried from about ) )
10 minutes to 7.2 hours ancd/1 varied from about 2 hours Pre-Start G 1 is extended during slow growth
to 11 hours. The period of septation varied by a factor of twdDuring rapid growth the & period is very short and
Thus, although cell separation is probably coupled to mitosisommitment to another mitotic cycle is made in a narrow time
in some way, it is not coupled by a mechanism involving avindow called Start, located close to the/$border. The
constant timer. The duration of S phase varied from around 20m1 protein is an important regulator in &nd it is required
minutes for the most rapidly growing cultures to almost 2 hourfor an extended pre-Start; @Moreno et al., 1994a; Moreno
for the tryptophan-grown culture. There was no goodand Nurse, 1994b). To investigate whether the extension of G
correlation between growth rate and duration of S phase. Alszbserved in the present experiments occurs before or after
for the relative duration of the cell cycle phases there was rtart, or both, we comparedmi1A and wild-type cells, grown
correlation with the doubling time (Fig. 3B). with isoleucine as nitrogen source at the same growth rate (0.18
The main conclusion from the above data is that none of thdoublings/hour). In contrast to wild-type cells (Fig. 2G), the
cell cycle periods occupy a fixed length of time nor a fixedNA histogram fromrumlA mutant cells did not show
fraction of the cell cycle. This is in contrast to earlier dateevidence of any 1C cells (data not shown). There are two
(Nasmyth, 1979), where the growth rateSofpombeells was  alternative explanations for this finding. First, the rum1 protein
limited by nitrogen supply in a chemostat. The duration ofmight be instrumental in the extension of @der the present
S+G& was found to be independent of growth rate and altonditions, and this extension carries with it a relocation of cell
increases in generation time could be accounted for by separation to g resulting in 1C cells. Without rum1p the cells
lengthened @ Also, our data are different from those reportedare unable to extend theirn@nd cell separation occurs in or
for S. cerevisiaeyhere there is a proportional expansion of allafter S phase, yielding DNA histograms with no 1C cells and
cell cycle phases as the doubling time is increased (Rivin andainly 2C cells. Second, 1Gs extended even in the absence
Fangman, 1980). of rumlp, but in theuml14 mutant cell separation is delayed
so that it occurs in S phase. However, the fraction of septated
The cell cycle is not determined by growth rate cells was the same in the two cases, showing that duration of
The correlation between longer generation times and a largseptation was the same, which argues against the second
fraction of cells with a 1C DNA content does not hold for twoalternative. We conclude that rumlp is required for the
of the nitrogen sources used. First, in cysteine the cells greextension of Gin the present experiments. Given the role of
very slowly (0.14 doublings/hour), but their DNA histogramrumlp in pre-Start regulation (Moreno et al., 1994a; Moreno
reveals no cells with 1C DNA (data not shown) and their DNAand Nurse, 1994b), it is likely that the extension occurs before
histogram (Fig. 21) is similar to that of cells grown much moreStart, presumably by a mechanism involving cdc2p
rapidly. Second, in glycine, at a growth rate of 0.08phosphorylation.
doublings/hour, the DNA histogram (Fig. 2M) is similar to that
found for leucine-grown cells (Fig. 2E), which gave a growthCell mass at G 1/S
rate of 0.22 doublings/hour. The small 1C-peak in thes8y flow cytometry, we have obtained estimates of the cell mass
histograms (glycine and leucine) is evidence that the cellat entrance to S. As measures of cell mass we have used
divided near the entrance to S phase. Thus, slower growth asdattered light and FITC fluorescence. Scattered light is a
poorer growth conditions does not necessarily lead to Gparameter commonly used to measure cell mass, e.g. in
extension and a concomitant movement of cell separation intneasuring optical density to monitor cell growth in suspension.
G1. These exceptions to the general trend are significant affthere is good evidence that scattered light gives a good
give us important information: first, the temporal placement ofmeasure of cell mass in bacteria (Wold et al., 1994). FITC is
cell separation and S phase relative to one another and to &¢Mcompound which binds quantitatively to protein and its
phase is not constant and depends on the growth conditiorfsiorescence per cell is a good measure of total cell protein
Second, this pattern, reflecting the cell cycle kinetics, is ngfFreeman and Crissman, 1975).
determined by the growth rate alone but is strongly influenced The G/S mass could be found from the two-parameter
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Fig. 3. Durations of the different cell cycle phasessopombeells
when grown with different nitrogen sources. (A) Absolute duration;
(B) relative duration. All cell cycles have been aligned at the start o
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with decreasing growth rate until it reached a lowest value at
about 0.22 doublings/hour (Fig. 4A). Thereafter, the light
scatter signal again increased. There did not seem to be a
monotonic increase in #5 mass on either side of the lowest
point. On the contrary, the variation observed between cultures
grown on different nitrogen sources but with almost the same
growth rate was in some cases much larger than the scatter of
the four data points for one and the same medium, see e.g. the
difference between cysteine and phenylalanine (0.14 and 0.13
doublings/hour, respectively). No straight line could be drawn
through the data with a reasonable correlation coefficient. The
data suggest that there is no simple relationship between
growth rate and @S mass, when measured as scattered light.

The FITC signal at the entrance to S also varied greatly with
growth rate, and not in a monotonic fashion (Fig. 4B). Again,
the variability between the results of four parallel experiments
with the same nitrogen source was sometimes relatively large,
but the variability between the different nitrogen sources was
considerably larger. The data were analyzed by one way
analysis of variance (ANOVA) to find out whether the FITC
fluorescence in fact was independent of growth rate. The
results show that the deviations are much greater than would
be expected by chancB=0.001). As was found for the light
scatter data the best straight line through the data has a very
low correlation coefficient (R=0.37), suggesting that there is
no simple relationship between protein content @SG&Gnd
growth rate.

There was one major discrepancy between the data from
measurements of FITC fluorescence and scattered light,
namely for tryptophan-grown cells. Whereas these cells had the
lowest FITC fluorescence (Fig. 4B), they had almost the
highest light scatter value (Fig.4A). In control experiments,
average size of NiCI-grown cells, measured by phase
contrast microscopy, was about 40% larger than tryptophan-
grown cells. This means that there is about a threefold
difference between the sizes of ME+ and tryptophan-grown
cells, at the time of entrance to S phase, sinceQ¥kells
enter S at the end of the division cycle, when they are largest,
whereas tryptophan-cells enter S at the start of the division
cycle, when they are at their smallest. This threefold difference
compares reasonably well with the 3.6-fold difference in FITC
fluorescence at ££S (Fig. 4B) but not at all with the similar
¢light scatter values obtained (Fig. 4A). The reason for the lack

S phase, so that the black box at the left margin represents S phasé?f correlation between size and scattered light is not clear, but

Then comes &M (light grey), followed by @ (dark grey). Relative

age at cell separation is indicated by an arrow.

presumably the shape or intracellular structure of tryptophan-
grown cells make them scatter light to a much larger extent
than expected from their size or protein content. We have
independent evidence (not shown) that scattered light is not a
good measure of yeast cell mass (see Discussion).

histograms where the DNA content and scattered light (Fig. 2) The relative duration of Gvas highly variable (Fig. 4C) and

or FITC fluorescence was measured. The point in the twonight conceivably reflect that the cells were spending different
parameter histogram where S phase starts can be conveniedggths of time in @in order to reach a certain critical mass.
found as the point where a ridge of cells leaves the 2@ this were true, all the nitrogen sources giving an extended
population (or 1C, in some cases) towards higher DNA value$; should have the sameifS mass (the critical mass), while
The channel number on the ordinate gives the value of scatteréet other nitrogen sources, giving a shoit hould give
light or FITC fluorescence for individual cells as they enter Shigher G/S mass. However, a plot of the/G mass versus
For cells that entered S with two nuclei (2C DNA), therelative length of G does not show any evidence for a
scattered light and FITC fluorescence values were divided byinimum mass independent of, Guration (Fig. 4C).
two, for comparison with cells that had gone through
cytokinesis before S and entered S with 1C DNA. Variability of mass at G 1/S

The light scatter signal at entrance to S decreased slightly each individual culture we could measure the variability of
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0.9 cell mass at entry into S phase. In each two-parameter
histogram (Fig. 2, right column) S phase cells were clearly
08 A separated from cells in1@r Gy, and the variability in scattered
& 07 % light or FITC-signal could be determined at different DNA
2 contents through S phase. For most of the cultures, the
) 06 %H coefficient of variation (CV) of this distribution is in the range
(% 05 E HP e 10-15%, except for tryptophan, where the CV is about 20%.
@ 0.4 % + § The low CV for most nitrogen sources most likely reflects a
o % tight coupling between cell mass and start of DNA replication.
g 03 Such a tight coupling is a necessary consequence of steady-
g 02 state growth conditions (see Introduction) and should not be
' interpreted as a control by cell mass over DNA replication.
0.1
0.0 : ; ; ‘
00 01 02 03 04 05 DISCUSSION
Growth rate (doublings/hour) Cells ofS. pombavere grown under steady-state conditions at
0.7 widely different growth rates by varying the source of nitrogen.
B The durations of ¢ S, G+M, and the septation period varied
0.6 as the nitrogen source was varied, but there was no discernible
’g pattern in how the phases depended on growth rate.
T 05 He Presumably, another spectrum of variations could be obtained
?{4{ % by using alternative sources of nitrogen, carbon, and
g 04 phosphorus, but this was not attempted in the present work. For
4 { % %% some of the nitrogen sources a considerable extension of the
9 03 § G1 phase was observed. These growth conditions may be
.% 0.2 exploited to unravel the order and kinetics of-gpecific
T events, since the Gphase ofS. pombeis, in standard
= 01 } laboratory media, extremely short.
0.0 ‘ ‘ ‘ ‘ A parameter related to mass determines entrance to S
00 01 02 03 04 05 The main purpose of this work was to investigate whether cell
_ mass at entrance to S is constant or variable. We found a large
Growth rate (doublings/hour) variability of the G/S mass with growth rate and our data do
0.7 not support a constancy of tha/& mass. We will emphasize
06 C the important finding that there are large and significant
o : differences in @S mass between cells grown at almost the
E o5 same growth rate, but with different nitrogen sources. This
S «% argues for another and more likely hypothesis, nhamely that the
4 0.4 G1/S mass is variable and determined by the nutritional status
(% } 3 % of the cells. More specifically, this means that théSGnass
g 03 } § is determined by the status of a set of molecular determinants,
© e.g. their concentration, activity, and/or localization. The
® 02 components supplied by the growth medium feed into the
¢ } intracellular biochemical pathways in different ways and fill up
01 the pools of intermediates in ways that are unique to each and
every medium supplement. Thus, the intracellular composition
0.0 ‘ ‘ ‘ is defined by the medium in which the cells are grown. Since,
00 01 02 03 04 05 06 presumably, one or a set of intracellular metabolites determine

Relative length of G1 the mass at entrance to S, it is reasonable that this mass should
vary not only with growth rate but also with the actual nutrients
Fig. 4. Relationships between the mass atSGand growth rate orG  supplied. Implicit in this idea is that the use of growth rate as
length. Cell mass was measured as scattered light (A) or as FITC g parameter in plots like those shown in Fig. 4 is misleading:
fluorescenqe (B) for cells grown with different nitrogen sources and {pe parameter along the abscissa, in effect the nitrogen source,
plotted against growth rate. In both A and B the value for®l-at is not meaningful since it affects the relativg$mass in a

about 0.4 doublings/hour, is normalized to 0.5. The mean and f . S -
standard deviation of four measurements are shown. Also, FITC discontinuous way. Our conclusion is that théSanass is not

fluorescence is plotted against the fraction of the cell cycle occupieoa continuous function of the growth rate.

by Gi1 (C). The symbols for the nitrogen sources are, in order of A similar conclusion was suggested from earlier
decreasing growth rate, N8I (@), uracil ), proline V), leucine experiments (Fantes and Nurse, 1977), where the protein
(V), isoleucine @), serine [(J), cysteine #), phenylalanine), content in G/M was shown to decrease after a shift to nitrogen

threonine Q&), glycine (0), tryptophan @). sources giving lower growth rates. The exception was serine,
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which gave a lower growth rate but no concomitant decreasgument that cell mass (or protein content) is not a relevant
in cellular protein content. parameter for @S control.

Our explanation is similar to that proposed for thgM5 The variability in cell mass at 5 is significantly lower
control (Fantes and Nurse, 1977; Nurse and Thuriaux, 1977&han the variation in growth rate that we applied. In fact, within
In a given culture the observation is that the cells reach @ertain limits of growth rate variations, the/& mass appears
minimal, defined mass before entrance to S. The minimuro be fairly constant (Fig. 4). This is not a valid argument for
mass is dependent upon the growth conditions, suggesting thaass as the controlling parameter, but it emphasizes that the
the critical parameter is not mass itself but rather a parameteontrolling parameter is tightly coupled to cell mass.
related to mass. The use of mass as a parameter in this context ) )
is, in effect, misleading, since it implies that mass is ar he relationship between G 1/S mass and G 1
important parameter in cell cycle control. Rather, mass shouluration
be considered a composite parameter only indirectly related tohas been presumed that, in rich media,isGshort because
cell cycle control. the cells are so large when passing through mitosis that they

The fact that cells in a given culture reach a certain massan pass into S without any mass increaseirfNarse and
before passing through a certain point is not evidence tha@thuriaux, 1977; Fantes and Nurse, 1978; Sveiczer et al., 1996).
mass is the parameter regulating this event (see IntroductioMhis has led to the further assumption that whers @xtended
but only that the crucial parameter is in some way coupled tonder certain conditions it is because the cells pass mitosis with
cell growth. The constant mass rule that appears to be valadlow mass and must grow im ®efore they are allowed to
when the growth rate is fixed, does not apply when the growtpass through to S (Nasmyth et al., 1979). Therefore, when the
medium is varied, since the composition of the growthcells are growing in media giving progressively lower growth
medium changes the relationship between cell mass and tretes G should remain short and constant in length until the
critical parameter(s). The nature of the molecularGy/M mass reaches a certain minimum, whereafteria G
mechanisms that regulate entry into S are not knowrgxtension is required to accommodate a mass increase before
although several factors that are required for this event eveakit from G.. The present data (Fig. 4C) are not consistent with
have been identified, such as;-§pecific transcriptional the above model. There is no evidence of a minimum cell mass
activity (Aves et al., 1985; Tanaka et al., 1992; Lowndes eat entrance to S. Fig. 4C also does not support the idea that
al., 1992; Caligiuri and Beach, 1993; Zhu et al., 1994there is a minimum cell size which varies continuously and
Miyamoto et al., 1994; Nakashima et al., 1995; Koch et al.nonotonically with growth rate. In particular, cells grown with
1996), establishment of a pre-replication complex (Diffley,serine has a 65 mass about as large as cells grown with
1996; Rowles and Blow, 1997) and cyclin-dependent kinas®H4Cl and yet the Gphase is extended in these cells. This is
activity (Jallepalli and Kelly, 1997). in agreement with earlier data (Fantes and Nurse, 1977)

In the present work, the mass of cells coming out of mitosishowing that serine-grown cells have an unexpectely high mass
was varied by varying the growth medium, in contrast to amt exit from mitosis. Thus, under certain conditions cell mass
earlier report, where the mass was varied by using differemd sufficiently large but the cells are still unable to enter S.
mutations (Nasmyth et al., 1979). The mutant cells were growresumably, growth in serine affects the critical parameter(s)
in the same medium and the cells with the lowest masses waresuch a way that the 1Ghase must be extended before the
observed to extend theiriGand only pass into S when a criteria for S entry are fulfilled. This is further evidence that
minimum mass was achieved. Since all the mutant strains wecell mass is not the parameter determining entry into S.
grown in the same medium the relationship between cell mass
and the G/S-determining parameter was probably the same iMVhy cell mass?
all experiments, and the mass at/$should be constant. Over the last 30 years, experiments with bacterial, yeast and
Analysis of cells grown at different growth rates in a nitrogenmammalian cells, have been claimed to support the existence
limited chemostat (Nasmyth, 1979) concluded that tiS G of a mass control over certain cell cycle events. This can be
protein content is independent of growth rate. However, thexplained as follows. First, mass or size or protein content are
authors note that there is no perfect correlation between tloenvenient parameters to measure. It is much more
execution of the limiting @event and protein content. And, complicated to measure the relative occurrence of an mRNA
again, it can be argued that the medium was the same in afpfecies, a protein, or an enzymatic activity. Second, under a
these experiments, except for the concentration of the nitrogertain  set of steady-state growth conditions, cell
source. Therefore, we feel that there is no discrepancy betwesize/mass/protein content at a certain cell cycle event is
our model and the earlier data. Our data may also be vieweecessarily determined by the growth conditions, giving the
in a different way. When mutant cells leave mitosis with ampression that mass is controlling the cell cycle event. Only
reduced mass, {s prolonged only when the mass at mitosiswhen the growth parameters are changed is it possible to test
has been reduced by about 50% (Nasmyth et al., 1979). It coulte hypothesis that mass is the controlling parameter.
be argued that, in the present experiments, mass at mitosis wagt is important to make a distinction between the observation
not reduced to the proposed minimum mass necessary/®r G that all cells in a steady-state population carry out a certain cell
passage. From Fig. 2, right column, it seems that the highesgcle event with well defined mass and the conclusion that
mass in each panel does not vary very much, and certainly lessss is the parameter the cell can ‘measure’ and use to regulate
than twofold. It may be that we have not achieved the maghis event. We show here that in a given cultur&opombe
reduction predicted to be necessary in order for théS G the cells enter S phase when they have attained a certain protein
control to be operative. However, in spite of this, we observedontent, and the cell-to-cell variation in protein content is very
that the G phase is significantly extended. This is a furthersmall. However, this protein content is not a universal constant
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but varies with the growth conditions. Similar conclusions have by a growth-modulated size control over nuclear divisExp. Cell Res.
been reached for the constant ‘initiation massEséherichia 107, 377-386. o o
coli (Donachie 1968) which was later shown to vary WithFantes, P. A. and Nurse, R1978). Control of the timing of cell division in

fissi t. Cell si tant ! d control patEwpyCell
growth rate (Churchward et al., 1981; Wold et al., 1994; ;{f;?lnlgegf?_;g_s'ze mittants feveal a second control palvay-e

Bipatnath et al., 1998). Freeman, D. A. and Crissman, H. A(1975). Evaluation of six fluorescent
) protein stains for use in flow microfluorometStain Technol50, 205-
Scattered light versus FITC measurements 210.

: : palli, P. V. and Kelly, T. J.(1997). Cyclin-dependent kinase and initiation
The present data for mass measured as scattered |Ight IS Hﬂa‘f eukaryotic origins: a replication switcurr. Opin. Cell Biol.9, 358-

very similar to parallel data for FITC-measurements (compare 3g3.
Fig. 4A and B). A plot of average scattered light versus FIToch, C., Schleiffer, A., Ammerer, G. and Nasmyth, K(1996). Switching
fluorescence for all the different growth rates show no transcription on and off during the yeast cell cycle: CIn/Cdc28 kinases
; ctivate bound transcription factor SBF (Swi4/Swi6) at start, whereas
correlation between t.he Wo parameters (nOt Shown)' Based Or@Ib/CchS kinases displace it from the promoter inGnes Dev10, 129-
several control experiments, e.g. the data for tryptophan-grown,;_
cells discussed above, we conclude that scattered light is Nnot@wndes, N. F, Mclnemy, C. J., Johnson, A. L., Fantes, P. A. and
good measure for cell mass for fission yeast cells. Scatteredlohnston, L. H.(1992). Control of DNA synthesis genes in fission yeast
light is a very complex parameter and, in addition to cell mass _bzr;hoioce,\'/'l'cgﬁ;lkznicg%%akgl;g%? :‘g;ﬁ- es2. & now member
parameterg such as cell shape, Imemal.StTUCture.’ angle f the cdc10+/SWI4 family, controls the ‘start’ of mitotic and meiotic cycles
collected light, and wavelength of the incident light are ij fission yeastEMBO J.13, 1873-1880.
important. Within one culture, scattered light is reasonablyoreno, S., Klar, A. and Nurse, P.(1991). Molecular genetic analysis
good, and the largest cells have twice the scattered light of thegfzgssmn yeast Schizosaccharomyces ponibeth. Enzymol194, 795-
Sm”a”eSt Cetl)ls' ';'ka\)/ever'hm Compaf'”g dlgerﬁm CUItuJer?’ th oren-o, S., Labib, K., Correa, J. and Nurse, P(1994a). Regulation of the
cells must be of about the same size and shape and have %i &Il cycle timing of Start in fission yeast by the fdrgene.J. Cell Sci.
same internal structure. These problems are considerablysuppi.18, 63-68.
bigger when scattered light is measured in a laser-basétbreno, S. and Nurse, P(1994b). Regulation of progression through the G
instrument (e.g. the FACStar+). In these machines forward phase of the cell cycle by the rlihgene [see commentdjature367, 236-
light scatter or S|de scatter |s_measured within a narrow anglﬁakas'hima’ N., Tanaka, K., Sturm, S. and Okayama, H(1995). Fission
and in that case light scattering cannot be used as a measUlgast Rep2 is a putative transcriptional activator subunit for the cell cycle
of cell mass even within the same culture (T. Stokke, ‘start’ function of Res2-Cdc1EMBO J.14, 4794-4802.
unpublished). For these reasons, we believe that protein contéismyth, K. (1979). A control acting over the initiation of DNA replication

; ecinrn the yeasSchizosaccharomyces pombeCell Sci.36, 155-168.
(FlTC ﬂuorescence) is a better measure for the mass of fISSIRQsmythy K., Nurse, P. and Fra)ger Ig S1979). The effect of cell mass on

yeast cells. the cell cycle timing and duration of S-phase in fission y@agell Sci.39,
215-233.
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