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Cells have evolved complex regulatory networks that reorganize
gene expression patterns in response to changing environmental
conditions. These changes often involve redundant mechanisms that
affect various levels of gene expression. Here, we examine the con-
sequences of enhanced mRNA degradation in the galactose utiliza-
tion network of Saccharomyces cerevisiae. We observe that glucose-
induced degradation of GAL1 transcripts provides a transient growth
advantage to cells upon addition of glucose. We show that the ad-
vantage arises from relief of translational competition between
GAL1 transcripts and those of cyclin CLN3, a translationally regu-
lated initiator of cell division. This competition creates a transla-
tional bottleneck that balances the production of Gal1p and Cin3p
and represents a posttranscriptional control mechanism that en-
hances the cell’s ability to adapt to changes in carbon source. We
present evidence that the spatial regulation of GAL1 and CLN3 tran-
scripts is what allows growth to be maintained during fluctuations
of glucose availability. Our results provide unique insights into how
cells optimize energy use during growth in a dynamic environment.

protein synthesis | mRNA stability | mRNA localization | biodynamics |
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E nvironmental change invariably elicits alterations in gene ex-
pression as a cell tunes its enzymatic repertoire to a new set of
challenges (1-3). The time required to alter patterns of gene ex-
pression and create a new array of functional proteins limits the
speed at which a cell can respond to changes in its growth envi-
ronment. The concentrations of mRNA transcripts have a strong
influence on the dynamics of gene networks. In dynamic envi-
ronments, the rate of transcript turnover is one factor that controls
the rapidity and duration of gene expression responses to stimuli
(4, 5). In yeast, the transcripts of many glucose-repressed genes
become unstable when cells are returned to growth on glucose.
Sequences in the 5'-UTRs of several transcripts are known to
convey glucose sensitivity (6-9).

The galactose network is a well characterized metabolic path-
way that converts galactose to glucose 6-phosphate. In the pres-
ence of galactose, the genes of this pathway are highly expressed,;
however, like other secondary metabolic pathways, GAL genes are
suppressed by glucose at multiple levels (10). In addition to being
silenced at the transcriptional level, the half-life of GAL1 mRNA,
which encodes the first enzyme in the pathway, is reduced fourfold
when glucose is introduced into the medium (6). This observation
is in contrast to that for the Gall protein, which is highly stable in
both galactose and glucose environments (11). The mechanism
behind the regulated degradation of GAL1 mRNA has not been
reported. As part of this study, we found that, consistent with other
glucose-sensitive genes, the 5-UTR of GALI destabilizes the
transcript in the presence of glucose.

The primary response to glucose availability is that yeast cells
rapidly increase their growth rate. The decision to divide or not is
contemplated during G1 and yeast cells increase their division rate
by shortening the length of this cell cycle phase (12). Once past a
certain point in G1, called START, yeast cells are committed to
completing the division cycle. START was originally described as

www.pnas.org/cgi/doi/10.1073/pnas.1111408109

the point at which a threshold capacity for protein synthesis is
reached (13, 14). This point is sensed by the translationally regu-
lated transcript of CLN3, which encodes the earliest cyclin in the
cascade that drives the cycle forward (15).

In this study, we analyzed the biological consequence of the
glucose-mediated degradation of GAL1 mRNA. We first altered
the 5’-UTR sequence of GALI to create a strain that expresses a
glucose-resistant GALI1 transcript. We then used microfluidic
technology (16) to measure the dynamics of the galactose network
in single cells expressing this stabilized variant of GAL1 mRNA.
Our results indicate that GAL1 mRNA is rapidly degraded in
response to glucose to allow the cell to quickly increase its growth
rate by shortening the length of G1. In subsequent experiments, we
observed a reciprocally antagonistic relationship between the
synthesis of Gallp and Cln3p. When GALI translation was in-
creased, CLN3 translation was reduced and vice versa, suggesting
that these transcripts share a limited supply of translation factors.
Finally, we show that the temporal coordination of Gallp and
Cln3p synthesis may arise from spatial regulation, a common
mechanism in biological signaling pathways and an emerging
theme in translational regulation.

Results

5’-UTR of GALT Conveys Glucose Sensitivity. We used the tet-trans-
activator (tTA) expression system (17) to achieve regulated ga-
lactose-independent expression of GALI and then measured the
half-lives of variants of GAL1 mRNA in cells grown in either
glucose or galactose by quantitative RT-PCR (6). We found that
deletion of the 300 bp upstream of the first ATG of GALI (A5'-
GALI) was sufficient to stabilize GAL1 mRNA by threefold in
cells grown on glucose (half-life increased from ~3 min to ~9 min)
(Fig. 14). Likewise, fusion of the same 300-bp sequence to the
YFP gene (5-UTRG4r;-YFP) resulted in an mRNA that was
threefold more stable in cells grown in galactose than in those
grown in glucose (Fig. S1). These results suggest that the region
immediately upstream of GAL ! is both necessary and sufficient for
conferring glucose sensitivity, as is the case for other glucose-
sensitive transcripts. We next used a PCR-based method to de-
termine that the endogenous GALI transcript contains a 5'-UTR
of ~100 nt (Fig. S1). We then replaced the endogenous GALI
gene with an allele harboring either the wild type or a randomized
100-bp sequence immediately upstream of the first ATG and
a CFP tag at the 3’ end [strains WT and ST (stable), respectively].
We induced the expression of each allele from the native GALI
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Fig. 1. Cells expressing stable GAL1 transcripts do not grow well in a dynamic
environment. (A) Decay of tTA-driven GAL1transcripts, with (blue) and with-
out (red) the 5-UTR, in cells growing in glucose. Deletion of the 5-UTR in-
creased the half-life of the GAL1 transcript in glucose. (B) A schematic of the
GAL1 transcript produced in WT and ST strains. The GALT mRNA levels mea-
sured by gRT-PCR in WT (blue) and ST (red) strains are plotted as normalized
mRNA concentration vs. time after addition of glucose to the growth medium.
GAL1-CFP mRNA decayed with a half-life of ~3 min in WT and ~9 min in ST. (C)
Individual WT and ST colonies were grown in eight separate traps of a single
microfluidic chip. There were three traps for each strain fed with galactose plus
4-h pulses of glucose every 4 h and one trap each for the galactose-only con-
trols. Each colony was started from 25 to 75 cells. The growth of each colony
was monitored over time by measuring the total area of the cells in each trap.
The micrographs shown are final frames for one WT (Upper) and one ST
(Lowver) trap, both started from 31 cells, and were grown for 30 h under the
dynamic conditions. (D) Results of the dynamic growth experiment. The
number of cells in each trap was estimated from the total area of the colony
and normalized to the number of cells in frame 1. The average sizes of the WT
and ST colonies were plotted vs. time; error bars = 1 SD.

promoter (Pg.41.7) by growing the two strains in galactose and then
measured the half-life of GAL1 mRNA in WT and ST immedi-
ately after glucose addition. In the presence of glucose the ran-
domized 5-UTR stabilized the Pgy;;-driven GAL1-CFP
transcript in the ST strain by threefold compared with WT (Fig.
1B). We used these two strains to analyze the biological effects of
glucose-mediated mRNA degradation on the dynamics of the
galactose network.

ST Cells Have a Growth Disadvantage in a Dynamic Environment.
Because glucose-sensitive transcripts are a part of multiple glucose-
repressed pathways, it seems clear that the degradation of certain
transcripts in response to glucose provides a selective advantage for
cells. However, we found that the ST strain grew at least as well as
the WT strain in conditions of constant glucose or constant ga-
lactose (Fig. S1). We hypothesized that the WT growth advantage
would be realized only when cells were presented with a dynamic
environment where glucose is only transiently available. To test
this, we grew individual WT and ST colonies in separate chambers
of a single microfluidic chemostat device that allows precise control
over the growth medium (Fig. S2) (18), which was alternated be-
tween galactose only and galactose plus glucose medium every 4 h.
We monitored the size of each colony by time-lapse microscopy as
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they grew in this dynamic environment. At regular time intervals,
the area of each colony was measured (Fig. 1C) and the approxi-
mate number of cells in each frame was extrapolated on the basis of
the average area of a single cell (the sizes of WT and ST cells were
not found to be different in either static or dynamic growth con-
ditions). WT and ST colonies grew at the same rate when fed only
galactose (control colonies) (Fig. 1D). We found that WT cells
grew as well as the controls under conditions of dynamic glucose
availability. However, the periodic influx of glucose impaired the
growth of ST cells. These results show that the selective advantage
conferred by having a glucose-sensitive GALL1 transcript is realized
only in conditions of transient glucose availability.

Stable GAL1 mRNA Causes a Prolonged G1 Phase After a Shift to
Glucose. Cells growing in galactose medium respond to glucose by
inhibiting the expression of GAL genes and by increasing their
growth rate. We began by studying the effect of glucose-mediated
degradation of GAL1 mRNA on the inhibition of the galactose
network in cells growing in a dynamic environment. We grew the
WT and ST strains in a microfluidic chemostat and recorded the
level of Gallp-CFP in single cells using time-lapse fluorescence
microscopy. Consistent with Gallp being a highly stable protein in
both glucose and galactose, in both strains Gallp-CFP was de-
pleted primarily through dilution via cell division. This process
produced a step-like decrease of fluorescence in the single-cell
trajectories (Fig. 24). On average the Gallp-CFP signal decayed
~2.5 times more slowly in ST cells than in WT cells (Fig. 2B). As
highlighted in Fig. 24 (thick trajectories), the plateaus in the CFP
trajectories show that the WT cells spent less time between cell
divisions than ST cells during the glucose phase of the experiment
(~20 min vs. ~90 min). Collectively, the results of the microfluidics
experiments suggest that the primary difference between the
strains is that WT cells divide more often in glucose than ST cells,
causing them to deplete the Gallp-CFP at a faster rate. On the
basis of the observation that both WT and ST cells accumulated
the same amount of Gallp during growth in galactose and that
Gallp had not depleted in either cell type until the first cell di-
vision after glucose addition, we concluded that the ST phenotype
was due to excess GAL1 mRNA, not protein.

The results of the microfluidics experiments indicated that ST
cells had a growth defect following a galactose-to-glucose switch;
however, it was difficult to extract cell cycle data from the trajec-
tories presented in Fig. 24. To analyze this phenomenon more
precisely, we conducted flow cytometry experiments to determine
the cell cycle profiles of both strains grown under conditions of
sudden glucose availability. As expected, both ST and WT cultures
had larger G1 fractions when grown in galactose (37% and 36%)
than when grown in glucose (25%) (Fig. S3). We next measured the
rate at which the G1 fraction of each galactose culture was reduced
after glucose addition. Here, we observed a considerable difference
in the growth characteristics of the two strains: Whereas the G1
cells of the WT culture responded to glucose immediately by en-
tering the division cycle, the ST culture was slower to respond (Fig.
2C). We then confirmed this result in synchronized cultures (Fig.
S3). These observations suggest that the ST cells have lost the
ability to tightly regulate cell cycle entry in response to glucose
when growing in these dynamic conditions. To identify the relevant
aspects of GALI repression, we assayed the cell cycle response in
cells expressing a variety of tTA-driven GALI alleles. We found
that both transcriptional repression and enhanced mRNA degra-
dation were required for the normal response to glucose; however,
most of the phenotype could be attributed to the decay of mRNA
transcripts. The cell cycle dynamics were sensitive to over-
expression of GALLI transcript, as well as to the length of the GALL1
OREF, but did not require that the transcript encode a functional
Gall protein (Fig. S3). These results are consistent with the hy-
pothesis that the GALI transcript, not its protein product, inter-
feres with cell cycle entry when glucose becomes available.
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Fig. 2. Cells expressing stable GAL1 transcripts are impaired in the cell cycle
response to glucose. (A) The cells were grown in a microfluidic chemostat under
conditions of constant 0.5% galactose, supplemented with a 5-h square wave
impulse of 0.25% glucose every 5 h. Single-cell Gal1p-CFP trajectories were
recorded in individual cells by time-lapse fluorescence microscopy. The period
of glucose addition is represented by the light blue shaded region. For each
strain, the trajectories of five cells are highlighted in blue (WT) or red (ST). Cell
divisions can be detected in the individual trajectories as sharp dips in fluo-
rescence. The time elapsed between divisions (z) is indicated for a representa-
tive trajectory for each strain, shown as a thick line. (B) The average Gal1p-CFP
level for a population of cells (n = 25) after glucose addition is plotted vs. time
(min). (C) xy plot of the change in the relative size of the G1 population over
time after glucose addition, as measured by flow cytometry. (D) Increased
global levels of protein synthesis in response to glucose lead to the production
of CIn3p. CIn3p enters the nucleus and causes Whi5p, an inhibitor of S phase, to
be expelled from the nucleus and induces the expression of a number of cell
cycle genes, such as CLN2, that promote S phase and reinforce the cytoplasmic
retention of Whi5p. (E) Cells expressing Whi5p-YFP were grown in a micro-
fluidic chemostat and imaged every 5 min, using time-lapse fluorescence mi-
croscopy. Whi5p-YFP is easily detected in the nuclei of G1 cells, but the signal is
weak when Whi5p is dispersed in the cytoplasm upon cell cycle entry. The
fluorescent micrographs show changes in Whi5p-YFP localization as a WT cell
divides in galactose medium. (F) The Whi5p-YFP trajectory of the cell shown in
E, scaled from 0 to 1. (G) The average Whi5p-YFP signal plotted against time for
single WT (n = 224) and ST (n = 493) cells growing in constant galactose with 4-h
pulses of glucose every 4 h. See Fig. S3 for individual trajectories.

The events leading to cell cycle entry in yeast have been well
characterized and involve the activation of a pathway that leads to
the nuclear export of a cell cycle inhibitor, Whi5p (19-21) (Fig.
2D). We decided to monitor cell division in our WT and ST cells by
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following changes in the cellular localization of WhiSp-YFP.
‘Whi5p-YFP was readily detected in the nucleus of unbudded cells,
and as expected, just before bud formation the signal was dispersed
throughout the cytoplasm. We made WT and ST versions of this
strain and grew them in our microfluidic device while monitoring
the WhiSp-YFP signal by time-lapse fluorescence microscopy (Fig.
2E). The WT and ST strains behaved similarly under conditions of
constant galactose (Fig. S4). In the dynamic glucose experiments,
the length of G1 in WT cells was strongly influenced by the pres-
ence of glucose. Under these conditions, G1 phases were long
during the galactose phase (~70 min), but rapidly shortened when
glucose was added (to ~10-20 min). In contrast, in ST cells the
length of G1 did not respond to changes in carbon source. In both
the galactose and the glucose phases, G1 was long and highly
variable in duration. The scaled average WhiSp-YFP signal for
each population is plotted over time in Fig. 2G. The results indicate
that ST cells are defective in the growth response to glucose, up-
stream of Whi5p in the pathway that promotes cell cycle entry. (See
Fig. S4 and ST Text for complete dataset and further discussion.)

Stable GAL1 Interferes with CLN3 Translation. We next assayed the
G1 pathway upstream of WhiSp (Fig. 2D). CIn3p activation leads
to the transcription of the CLN2 gene, the product of which
reinforces WhiSp nuclear export and S-phase entry. We found that
10 min after glucose was added to galactose cultures, WT cells
expressed twofold more CLN2 mRNA than ST cells, as de-
termined by qRT-PCR (Fig. 34). When we raised the level of
CLN3 expression in ST cells by deleting the endogenous gene and
replacing it with a plasmid-borne copy, we found that the level of
CLN2 mRNA detected in this assay was restored to that of WT
cells. Increasing the expression of Cln3p even further by mutating
the regulatory upstream ORF of the CLN3 plasmid (43157~
CLN3), which raises the translation efficiency of CLN3 without
affecting the amount of mRNA, increased the level of CLN2 ex-
pression to twofold above the level measured in WT cells. These
results show that the pathway connecting CLN3 to CLN2 ex-
pression is intact in ST cells. Because WT and ST cells had the
same amount of CLN3 mRNA, and the pathway downstream of
Cln3p appeared to be functional in ST, we concluded that the
defect was in the up-regulation of CLN3 translation that occurs in
response to glucose. We corroborated these findings by measuring
the cell cycle response of ST + CLN3 cells in a flow cytometry
assay (Fig. 3B and Fig. S5). The added CLN3 allowed the ST cells
to respond to glucose as quickly as the WT cells. This result was
then confirmed in synchronous cultures (Fig. S34).

We next assayed the translation of CLN3 mRNA in WT and ST
cells immediately after the addition of glucose, following the ex-
perimental design diagrammed in Fig. SS. First WT and ST cul-
tures were grown for 2.5 h in galactose medium and then glucose
was added. Immediately following the addition of glucose, cyclo-
heximide and ice were added to the cultures to arrest translation.
Cell lysates were prepared and fractionated over sucrose gradients
by ultracentrifugation to separate translation complexes by den-
sity. The column graphs in Fig. 3C show the distribution of CLN3
mRNA in the fractionated WT and ST lysates, increasing in
density from left to right, after glucose was added. The A,s4 traces
show the polysome profiles for each strain and the polysome
peaks, representing transcripts that were being translated by
multiple ribosomes, are indicated (see Fig. S5D for direct com-
parison of WT and ST absorbance spectra). The results show that
under these conditions, CLN3 transcripts exist in polysome com-
plexes in WT cells, but in ST cells CLN3 messages are primarily
associated with only single ribosomes. In contrast, the distribution
of GAL1 transcripts was shifted toward higher ribosome occu-
pancy in response to glucose in both strains, although the ST strain
maintained high levels of this mRNA, whereas in WT cells GAL1
was quickly depleted (see Fig. S5 for GAL1 polysome dis-
tributions). These results confirm that the induction of CLN3
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Fig. 3. GAL1 and CLN3 transcripts are mutually antagonistic. (A) Summary
of CLN3 and CLN2 mRNA levels, as measured by gRT-PCR in WT, ST, ST +
CLN3, and ST + A315T-CLN3 strains 10 min after glucose addition. (B) xy plot
of the change in the relative size of the G1 population over time after
glucose addition, as measured by flow cytometry. (C) Polysome distribution
of CLN3 mRNA in WT (Left) and ST (Right) cells just after glucose addition;
error bars indicate +1 SD. The sucrose gradient increases from left to right.
Assg signal identifies the fractions containing translation complexes with
increasing numbers of ribosomes. These graphs are representative of results
obtained from at least three independent experiments. See S/ Text for
polysome distributions of cells growing in galactose. (D) Average Gal1p-CFP
accumulation in WT (Left) and WT + CLN3[A315T] (Right) cells growing in a
microfluidic chemostat; error bars are +1 SD.

translation that normally occurs in response to glucose is impaired
in the ST strain. We conclude that this is the source of the cell cycle
defect exhibited by these cells when they are grown under
dynamic conditions.

CLN3 Translation Interferes with Gal1p Synthesis. Although over-
expression of CLN3 was able to hasten the response of ST cells to
glucose, it had the unexpected consequence of slowing the accu-
mulation of Gallp-CFP in cells during growth in galactose (Fig.
S6). qRT-PCR results showed that the level of GAL1 mRNA was
not decreased in this strain (Fig. S6), suggesting that the ability to
efficiently produce Cln3p came at the expense of GALI trans-
lation, not transcription. It appeared that the relationship of GAL
and CLN3 was reciprocal and that excess CLN3 transcripts could
interfere with the translation of GAL1 mRNA when cells were
switched from glucose to galactose. To explore this, we created
a set of WT strains that harbor one of the CLN3 plasmids in ad-
dition to their endogenous CLN3 gene. We studied the accumu-
lation of Gallp-CFP in these strains by time-lapse microscopy. Fig.
3D presents the average trajectories for WT and WT + CLN3 cells
growing in galactose under dynamic conditions. Upon being pre-
sented with galactose medium, WT cells immediately began to
accumulate Gallp-CFP. Despite expressing WT levels of GAL1
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mRNA (determined by qRT-PCR), WT + CLN3 cells were
delayed in Gallp-CFP expression by almost 50 min. In addition,
the steady-state levels of Gallp-CFP were fivefold higher in WT
cells relative to WT + CLN3 cells. Furthermore, WT cells reached
steady-state levels in half the amount of time (75 min vs. 150 min).
Eliminating the translational regulation of the plasmid-derived
CLN3 (WT + A315T) had the same effect on the average Gallp-
CFP accumulation, but dramatically increased the variation be-
tween individual cells, illustrated by the error bars in Fig. 3D. In
fact, >10% of these cells never induced expression of Gallp-CFP
over the course of the experiment (300 min).

We considered the possibility that GAL1 translation may be
subject to cell cycle position and that, by decreasing the G1 frac-
tion of the cell population, increased CLN3 expression may have
indirectly prevented Gallp-CFP accumulation. However, the sin-
gle-cell trajectories do not support this hypothesis. In both WT and
WT + CLN3, the cell cycle was responsive to Gallp levels rather
than the other way around (Fig. S6 and SI Text). To confirm that
CLN3 expression was not inhibiting Gallp accumulation through
its effect on cell cycle position, we replaced the CLN3 plasmid with
one encoding a nonfunctional protein, Cln3p-ANLS, which is in-
capable of regulating cell cycle entry (22). The dynamics and
steady-state levels of Galp1-CFP in these cells were similar to what
we observed in WT + CLN3 cells (Fig. S6).

GAL1 and CLN3 Transcripts Are Spatially Coregulated in Dynamic
Environments. The GAL1 and CLN3 transcripts were each exqui-
sitely sensitive to the expression level of the other in cells that were
growing in dynamic glucose conditions. Considering that the ge-
netic changes that revealed this relationship would not significantly
impact the overall level of mRNA in the cell, it is unlikely that this
sensitivity was due to a general phenomenon of protein synthesis.
We began to contemplate possible scenarios that might cause
these transcripts to be specifically influenced by each other. The
first clue came from live cell images of WT and ST cells growing in
galactose medium. We frequently observed one or two bright spots
in the CFP channel in these cells as they induced the expression of
Gallp-CFP (WT images in Fig. S5 and Fig. 44). This observation
suggested that Gallp synthesis may be spatially regulated. The
number of cells with Gallp-CFP foci was sensitive to the history of
growth conditions before galactose induction. In cultures that had
received only galactose in the past 24 h, cells with Gal1p-CFP foci
were rare (6.5% vs. 42%) (Fig. 4B).

We used fluorescence in situ hybridization (FISH) to determine
whether the observed Gallp-CFP spots could result from the spa-
tial regulation of GALLI transcripts. We found that GAL1 tran-
scripts were often clustered into one or two large foci in the
cytoplasm (43% of cells that showed any TRITC hybridization). We
also detected smaller signals dispersed throughout the cytoplasm,
indicating that not all GALLI transcripts were contained in these foci
(Fig. 4C). Similarly, when we probed cells for CLN3 transcripts, we
detected one or two large foci in many cells (62% of cells that
showed any TRITC hybridization); however, in this case there was
little signal outside of foci. In two-color FISH experiments where
we simultaneously probed for GAL1 (TRITC) and CLN3 (FITC),
we found near perfect overlap in 99% of the cells that displayed
both GAL1 and CLN3 foci (Fig. 4D). On the other hand, the
transcript of another galactose-induced gene, GAL2, did not
colocalize with GALL1 spots (Fig. 4E). Consistently, the expression
of Gal2p was not inhibited by CLN3 overexpression (Fig. S6F).

We repeated the two-color FISH experiment in the WT and ST
strains, but modified the protocol so that the three-dimensional
shape of the cells was better preserved. We found that 95% of WT
cells in which both GAL1 and CLN3 foci were detected had near
perfect fluorescence overlap (Fig. 4G), whereas 77% of the CLN3
foci overlapped with GAL1 in ST cells. WT + CLN3 cells also
displayed colocalizing GAL1 and CLN3 foci; however, we did not
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Fig. 4. GAL1 and CLN3 mRNA are spatially coregulated. (A) Live cell imaging.
Gal1p-CFP was detected in one to two foci in WT and ST cells growing under
dynamic conditions. In contrast, Gal1p-CFP foci were rarely seen in WT cells
that had been growing in galactose for >24 h. (B) Quantitation of Gal1p-CFP
foci in WT and ST cells. (C) FISH of GAL1 and CLN3 transcripts in K699 cells
(parent strain), 2.5 h after being switched from glucose to galactose. GAL1
mRNA was detected as one to two large brightly stained foci, with several
smaller foci distributed throughout the cytoplasm. CLN3 mRNA was mostly
detected in one to two large foci. (D) Two-color FISH of GAL1(TRITC) and CLN3
(FITC) in K699 cells, 2.5 h after being switched from glucose to galactose; 99%
of the CLN3 foci overlapped with a GAL1 focus, in cells for which both signals
were detected. As a control, we observed the expected localization pattern for
ASH1 mRNA (bud neck) (23). (E) Two-color FISH of GAL1(TRITC) and GAL2(FITC)
in K699 cells, 2.5 h after being switched from glucose to galactose. No overlap
between the two transcripts was observed. (F) Quantitation of foci detected in
one-color and two-color FISH experiments. These results are averaged from at
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observe Gallp-CFP spots in these cells during galactose induction
in the microfluidics experiments (Fig. S6).

Consistent with the live cell imaging of Gallp-CFP foci, we
found that GAL1 mRNA foci were rare when WT cells were
grown in a static galactose environment (Fig. S74). However, the
few GAL1 mRNA foci we did detect in these cells were colocalized
with CLN3 mRNA. In all cases where GAL1 mRNA was found
outside of foci, it was not associated with CLN3 mRNA (Fig. S74,
Lower). The apparent lack of spatial regulation of GAL1 and
CLN3 under static conditions suggests that these foci form in re-
sponse to dynamic conditions to allow cells to rapidly respond to
glucose. In support of this, we have found that WT cells do not
respond to glucose, either by rapidly degrading GALI transcripts
or by shortening the length of G1 phase, without prior exposure
(Fig. S7 D and E). Although our results are not definitive, there is a
trend consistent with the dynamic response to glucose arising from
the spatial colocalization of GAL1 and CLN3 transcripts.

Discussion

GAL1 Transcripts Are Degraded in Response to Glucose to Optimize
Growth in Dynamic Environments. We began this study with the goal
of understanding why glucose-induced GAL1 mRNA degradation
leads to a selective advantage in cells growing in environments
where glucose is only transiently available. The results of polysome
fractionation experiments revealed that persistent GAL1 mRNA
can inhibit CLN3 translation, which is normally induced by glucose.
The observation of Whi5p-YFP strains showed that the rapid cell
cycle response to glucose allowed WT cells to divide more often
during bursts of glucose availability. In the absence of this regula-
tion, ST cells missed the opportunity to increase their growth rate
in glucose. We also discovered that when glucose was suddenly
removed from the galactose-rich environment, cell division was
stalled in both strains to allow Gallp to accumulate again. For WT
cells, this decrease in growth rate was balanced by the extra cell
divisions in the glucose phase, and these cells wound up breaking
even; i.e., their net growth in dynamic conditions was equivalent to
their growth in a static galactose environment. Because ST cells did
not gain a growth advantage in glucose, the occasional burst of
glucose into the galactose-rich environment ultimately inhibited
the growth of this strain. We conclude that the glucose-induced
decay of metabolic transcripts is what allows cells to maintain op-
timal growth rates when carbon sources are fluctuating.

CLN3 Could Scavenge Ribosomes from GAL1 When Glucose Becomes
Available. In this study, we present evidence that the synthesis of
Gallp is spatially regulated under certain conditions. First, con-
centrated Gallp-CFP signals were often detected in cells that were
inducing GAL1 expression. The percentage of cells in the pop-
ulation that exhibited CFP foci was sensitive to prior growth con-
ditions. We observed the largest number of foci when the culture
had recent exposure to both galactose and glucose media. Like-
wise, we observed few foci in cultures that had been exposed only to
galactose. These results suggest that the spatial regulation of Gallp
synthesis is something that occurs in response to dynamic shifts in
glucose availability. Consistent with the apparent spatial regulation
of Gallp, GAL1 mRNA was detected in large foci in cells that were
expressing high levels of Gallp. This result, along with the early
appearance of foci during Gallp-CFP induction (Fig. S5), implies
that these are sites of protein synthesis rather than aggregates of
mature protein, although this hypothesis remains to be formally
tested. The results of FISH experiments show that GAL1 and
CLN3 transcripts are spatially coregulated when the environment

least three independent hybridizations. (G) Two-color FISH results from
experiments in which the detergent wash was omitted to preserve the three-
dimensional shape of the cells. GAL1(TRITC) and CLN3(FITC) foci overlapped in
WT and ST strains, 2.5 h after being switched from glucose to galactose.
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is alternated between galactose and glucose. We propose that these
transcripts compete for a local pool of translation components.
Our hypothesis is supported by the mutual sensitivity of GAL1 and
CLN3 translation to reciprocal changes in mRNA levels. When
glucose becomes available, GALL1 transcripts are rapidly degraded,
freeing up ribosomes (and other translation factors) in the region,
which CLN3 transcripts can take advantage of. However, if GAL1
degradation is blocked, CLN3 translation continues to lag and the
cell cycle response is delayed, as we saw in the ST strain. In this
scenario, the region of concentrated GALLI transcripts acts like a
ribosome bank for CLN3 in the event that glucose is suddenly
added to the environment (Fig. S8).

Materials and Methods

Plasmids and Strain Construction. The plasmids used in this study are described
in Table S1; strains are listed in Table S2. All cloned genes were amplified by
PCR, using primers to incorporate the necessary flanking restriction sites for
subsequent ligations. See S/ Text for details.

Measurement of mRNA Decay Rates. Total RNA preparations and experiments
to determine the half-lives of specific mMRNAs were performed as described in
ref. 6. Primers used for gRT-PCR are listed in Table S3.

Microfluidics. Microfluidics devices were prepared as described in ref. 6 and Fig.
S2. Medium containing glucose was labeled by trace amounts of a fluorescent
dye, sulforhodamine 101 (0.01 mg/mL). Image acquisition was performed on
a Nikon Eclipse TI epifluorescent inverted microscope outfitted with fluores-
cence filter cubes optimized for CFP, YFP, and rhodamine imaging and a phase-
contrast-based autofocus algorithm. Images were acquired using a Photo-
metrics CoolSNAP HQ2 cooled CCD camera, controlled by Nikon Elements
software. The cell chamber was photographed every 5 min in three channels to
record cell morphology (40x phase), Gal1p-CFP (434 nm) or Whi5-YFP (520 nm),
and glucose (560 nm). Single cell trajectories were generated using custom cell-
tracking software developed in our laboratory (18), and CFP or YFP vs. time
plots was created using Matlab or Microsoft Excel.

Flow Cytometry. Cells were processed for flow cytometry, as follows: Cells were
briefly pelleted and resuspended in 2 mL 70% ethanol (EtOH) and stored at —20
°Covernight. The next day, the EtOH-fixed cells were rehydrated in 5 mL dH,0,
sonicated for 10 s at 40% power, and washed twice in 50 mM Tris, pH 8.0. Cell
pellets were then resuspended in RNaseA (2 mg/mL) and incubated overnight
at 37 °C. Cells were pelleted again, treated with pepsin (5 mg/mL) for 30 min at
37 °C, and then stained with propidium iodide (50 pg/mL) and run through a
FACScan flow cytometer (Becton Dickinson). Flow cytometry data were
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analyzed using Gatelogic software. The size of the G1 fraction in each sample
was estimated by measuring the percentage of cells in the 1N peak; the po-
sition of the G1 gate was kept constant for all samples. The reported results are
averages of three independent experiments run in parallel. See S/ Text for
detailed protocol.

Gene Expression Measurements. GAL1, CLN2, and CLN3 mRNA levels were
measured by quantitative RT-PCR, as described for Fig. 1. Each experiment was
performed in triplicate. Gene expression is displayed relative to results from
WT. Measurements of Gal1p levels were derived from Gal1p-CFP signals in
single cells at t = 150 min in the microfluidics experiments and are represented
in the graph relative to the WT sample. See S/ Text for detailed protocol.

Polysome Fractionation. Yeast polysomes were prepared and fractionated
according to the protocol at http:/openwetware.org/images/4/47/PlyriRNA.
pdf. Polysomes were fractionated on 36-mL 10-47% sucrose gradients by ul-
tracentrifugation (27 K, 4 h, 4 °C) in an SW28 Beckman rotor. Fractions (1 mL)
were collected from the flow-through into an equal volume of cold 100%
EtOH in 2-mL microfuge tubes, stored overnight at —20 °C, and pelleted by
centrifugation (14 K, 30 min, 4 °C), and the RNA was purified using the RNeasy
kit (QIAGEN) following the manufacturer’s protocol for RNA cleanup. Equal
volumes of purified RNA (usually 10 pL) were used for qRT-PCR, as described
above, to measure the relative amounts of GAL1 and CLN3 in the fractions of
that region of the gradient containing ribosomes (usually fractions 17-32). See
SI Text for detailed protocol; the primer sequences are listed in Table S3.

FISH. For experiments shown in Fig. 4 C and D, cells were fixed and hybridized
according to the protocol at (http://Awww.singerlab.org/protocols). Fluorescent
probes were labeled using ULYSIS Nucleic Acid labeling kits (Alexa Fluor-546
and Alexa Fluor-488), according to the manufacturer's instructions (Invi-
trogen). Images were processed with Imagel. For experiments shown in Fig. 4F,
a modified version of the FISH protocol for hybridization of yeast in solution
found at http://web.mit.edu/biophysics/data.html was used, except we used
the same fluorescent probes for GAL1 and CLN3 described above instead of the
oligo probes recommended in the published protocol and included an extra
high-stringency wash step in 2x SSC/40% formamide for 30 min at 37 °C.
Quantitation represents results from 100 to 300 individual cells per hybrid-
ization. See S/ Text for detailed protocol.
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