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Summary

A common cellular task is to match gene expression dynamically to a range of concentrations of a
regulatory molecule. Studying glucose transport in budding yeast, we determine mechanistically
how such matching occurs for seven hexose transporters. By combining time-lapse microscopy
with mathematical modelling, we find that levels of transporters are history-dependent and are
regulated by a push-pull system comprising two types of repressors. Repression by these two
types varies with glucose in opposite ways, and not only matches the expression of transporters
by their affinity to a range of glucose concentrations, but also the expression of some to how
glucose is changing. We argue that matching is favoured by a rate-affinity trade-off and that the
regulatory system allows yeast to import glucose rapidly enough to starve competitors. Matching
expression to a pattern of input is fundamental, and we believe that push-pull repression is
widespread.

Introduction

Gene expression is regulated so that genes are expressed opportunely [1]. The presence of
some regulatory molecules and the absence of others allows transcription to initiate. A more
complex but still common requirement is for a gene to be expressed only within a range of
concentrations of a regulator. A well known example occurs during the development of the fly
embryo where some zygotic genes are expressed only if their regulatory transcription factors
have concentrations that are neither too low nor too high [2]. Less recognised is that similar
regulation occurs in unicellular organisms, whose genomes often encode multiple transporters
for the same nutrient [3].

The model eukaryote budding yeast, for example, has 18 transporters for glucose [4]. Seven
of these are necessary for growth [5], and where investigated each transporter is expressed within
a specific range of glucose concentrations [6, 7, 8, 9, 10].

Using yeast’s glucose transport as an exemplar, we set out to understand mechanistically how
gene expression is matched to a range of a regulatory molecule. At the same time, we wished
to better understand why yeast has evolved so many transporters and why restricting their
expression is advantageous. Our approach was to generate time-series data. We fluorescently
tagged the transporter genes and quantified the levels of the transporters in bulk and in single
cells in dynamically changing extracellular glucose, both for the wild-type and for strains with a
perturbed regulatory network. To integrate these diverse data, we used mathematical modelling
and statistical inference.
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Yeast’s glucose transporters are hexose transporters and are encoded by genes HXT1 through
HXT17 [4] and by GAL2, a transporter for galactose that also has a high affinity for glucose [11].
At least one of HXT1 through to HXT7 is needed for growth on glucose [5]. Eight of the other
HXT genes are located near the end of chromosomes and their high number may be because
of genomic drift, generated inadvertently as the cell maintains its telomeres [12]. The network
regulating the HXT genes has mostly been identified [4, 13] and is embedded within the cell’s
larger signalling network that coordinates growth with the availability of nutrients [14].

We begin by showing that Hxts should exhibit a rate-affinity tradeoff [15] because they
use facilitated diffusion [16]. This tradeoff, together with each Hxt having a unique affinity
for glucose [11, 17], implies that there is a range of glucose concentrations for which an Hxt
imports glucose at a greater rate than any other. Although behaving broadly consistently with
our observations, cells express not only the optimal Hxt but also several others. We interpret
this behaviour as cells preparing for a change in glucose’s availability. Using microfluidics and
time-lapse microscopy, we demonstrate that for certain inputs the levels of Hxts can be history-
dependent: some increase only in rising glucose and others only in falling glucose. Extending this
data to mutants of the regulatory network and complementing it with broader studies in batch
culture, we develop a quantitative, predictive understanding of the regulation, which not only
matches expression to a range of glucose concentrations but also to how glucose is changing. The
dynamics of almost all seven Hxts is generated by four repressors that interchange at the HXT
promoters in a push-pull manner as glucose alters, in a way that is analogous to behaviour in
Drosophila embryos. Finally, we argue that the regulation and number of HXTs make budding
yeast excel at rapidly importing glucose compared to other fungi.

Results

A rate-affinity tradeoff predicts a range of expression for each HXT

Of the seven transporters necessary for growth on glucose [5], each has a different affinity for
glucose [17, 11]: HXT1 and HXT3 have a low affinity; HXT2 and HXT4 have a medium affinity;
and HXT6 and HXT7 have a high affinity (Fig. 1A). HXT5 has medium affinity too, but its
regulation is thought to be distinct [19, 20].

During growth in batch culture, the transporters are mostly expressed sequentially in time
following their affinity (Fig. 1B). Tagging the HXT genes with Green Fluorescent Protein (GFP),
we observed that, for cells in 2% glucose, the low affinity transporters – Hxt1 and then Hxt3
– are the first to peak when the concentration of glucose is highest, followed by the medium
affinity transporter Hxt4, and then the high affinity transporters Hxt6 and Hxt7, which peak as
glucose is exhausted. The medium affinity transporters Hxt2 and Hxt5 do not fit this pattern.
The level of Hxt5, in particular, decreases monotonically in glucose [21].

This sequential expression is consistent with the transporters having a rate-affinity tradeoff
(SI). The Hxts transport using facilitated diffusion [16]. Embedded in the plasma membrane,
their structures fluctuate – facing inwards towards the cytosol, then outwards towards the ex-
tracellular space, and then back again – and so they passively transport glucose from high to
low concentrations. The potential for a trade-off may be understood intuitively using a reaction
coordinate diagram (Fig. 1C) [22]. A transporter’s affinity is determined by the difference in free
energy between glucose in solution and glucose bound to the transporter – the larger the free
energy difference, the higher is the affinity. A transporter’s rate of import is mostly determined
by the difference in free energy between the complex with glucose and the transition state as
the transporter changes to face the intracellular space – the larger the free energy difference,
the lower is the import rate because the activation barrier is greater. We assume that the time
taken to cross this barrier is substantially longer than the time taken for glucose to unbind from
the transporter and enter the cytosol. An increase in affinity therefore necessarily decreases the
rate.
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Figure 1. A rate-affinity tradeoff explains why budding yeast has multiple different hexose
transporters. A Budding yeast has seven hexose transporters of which at least one is necessary for
growth on glucose. Each transporter has a different affinity given by the inverse of its KM (here in mM).
We show the transporters’ phylogenetic relationships (SI), with dashed lines indicating the whole genome
duplication [18]. B The different HXTs are expressed in an order approximately determined by their
KM as glucose falls (colours as in A). We follow transporters tagged with GFP in batch culture with
initially 2% (110 mM) glucose. The concentration of glucose decreases as the culture’s optical density
(OD) increases (dotted line) and is near zero when the OD plateaus. C The rate-affinity tradeoff may
be understood from a reaction coordinate diagram. High affinity transporters (green) necessarily have a
lower rate than low affinity transporters (purple). Glucose is depicted as a triangle and the transporter as
an orange polygon. D Mathematically modelling facilitated diffusion, we can calculate the rate-affinity
tradeoff for an effective rate and affinity that depend on intracellular glucose. Each line corresponds to
a different concentration of intracellular glucose with this concentration decreasing from the origin and
being zero at the bold line. E We predict that each transporter has a range of glucose concentrations
where it generates the highest flux of imported glucose (upper bar – assuming negligible intracellular
glucose for simplicity). The rate-affinity tradeoff implies that for a particular glucose concentration one
type of Hxt has the highest flux.
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Mathematically modelling facilitated diffusion supports this intuition, although with added
complexity because the transporters potentially transport glucose both into and out of the cell
[23, 24]. For symmetric transporters, the flux of imported glucose is a Michaelis-Menten function
of the difference between the extra- and intracellular glucose concentrations and has an effective
kcat and KM that depend on intracellular glucose (SI). Higher intracellular glucose undermines
import by both decreasing the effective kcat and increasing KM (Fig. 1D).

The tradeoff implies that for a given concentration of extracellular glucose there is a partic-
ular transporter, defined by its effective KM , that maximises the flux of imported glucose. A
transporter with a lower effective KM generates less flux because of the corresponding decrease
in its effective kcat; a transporter with a higher KM generates less flux because of its lower
affinity (SI). Using the measured KM values (Fig. 1A) [17, 11], we predicted the order in which
the transporters should be expressed if the cell is to maximise its import of glucose (Fig. 1E).
This prediction relies on strong assumptions – that there is a fixed amount of cellular resources
dedicated to hexose transporters, negligible free intracellular glucose, and that steady-state be-
haviour is reached quickly – yet the predicted order is broadly consistent with the peak of each
transporter’s expression as glucose decreases (Fig. 1B).

A rate-affinity tradeoff also implies that the cell should express the HXTs one at a time to
maximise the import of glucose. It is always best to put the available intracellular resource into
synthesising the transporter optimal for a given concentration of extracellular glucose than to
share that resource between optimal and suboptimal transporters.

One-at-a-time expression is not, however, what we observed (Fig. 1B). Including rates of syn-
thesis and degradation of the transporters in the mathematical model shows that co-expressing
two Hxts – the optimal transporter and the transporter closest to being optimal – may increase
the overall steady-state flux (SI). If transporters are synthesised from a fixed, common pool of
precursors, such as amino acids, and replenish that pool when degraded, then this increase in
overall flux arises because more of the precursors are put into use when two transporters are
expressed. With two transporters, the total rate of synthesis is higher than with only one trans-
porter. Although expressing the second transporter reduces the amount of optimal transporters
and so lowers the flux they generate, this loss can be more than compensated by the flux through
the suboptimal transporters – if both their numbers are sufficiently high and the flux through
each is sufficiently close to the optimal transporter’s flux.

Yet the cells’ response is richer even than this prediction because more than two Hxts are
co-expressed (Fig. 1B), although in batch culture which is not at steady state. The level of in-
tracellular resources also appears not to be fixed because there is substantially higher expression
of transporters when glucose is scarce compared to when it is plentiful (Fig. 1B).

To investigate simpler and steady-state-like behaviours, we used microfluidics and time-
lapse microscopy [25, 26, 27], where cells grow in a constant flow of medium with a controlled
concentration of glucose.

Levels of the Hxts are history-dependent

After 10 hours of growth in constant glucose, we find that multiple transporters are still co-
expressed for all concentrations of glucose tested (Fig. 2A). The affinities of the mostly highly
expressed transporters match the glucose concentration – Hxt6 and Hxt7 in low 0.01% glucose;
Hxt2 in medium 0.1% glucose; and Hxt1 and Hxt3 in high 1% glucose. As expected from
our modelling, the co-expressed transporters have similar affinities to the optimal transporter,
but the data are inconsistent with cells regulating expression to maximise their import for the
current concentration of glucose.

Rather our results suggest that cells regulate the Hxts to satisfy two goals: both to have high
import of the glucose currently available and also to prepare for possibly impending changes in
the concentration of glucose [28, 29].

To test this hypothesis, we submitted cells to a rising, constant, and then falling glucose
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Figure 2. In changing glucose, levels of Hxts are history-dependent. A After 10 hours in
constant concentrations of glucose, not one but multiple Hxts are present. Except for Hxt2, only trans-
porters with similar values of KM are co-expressed. We show fluorescence for GFP-tagged Hxts averaged
over the last hour of each experiment. B In changing glucose concentrations, multiple HXTs express
simultaneously and their levels are history-dependent. Some even respond only to falling concentrations
of glucose. Top: time-lapse microscopy images of cells in a single trap of the ALCATRAS microfluidic
device [25] showing GFP-tagged Hxts. The central cell is outlined in white. Bottom: The mean levels
of Hxts shown as a function of time for cells growing in SC medium where glucose rises from zero to a
concentration of 1% at approximately 3 hours and falls to zero again at approximately 11 hours. Errors
are standard deviations over at least two experiments. C Clustering the single-cell time series from B
shows the similarities in the mean behaviours of the different Hxts is maintained at the single-cell level
and largely reproduces the phylogenetic relationships of Fig. 1A.
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concentration in a dynamic but controlled environment, switching from a sugarless medium into
eight hours of a constant glucose and back to the sugarless medium.

We observed a remarkable diversity of behaviour (Fig. 2B). As expected if cells prepare for
likely future levels of glucose, there is a clear dependence on history, with the response differing
if glucose is rising or falling. Levels of the medium affinity transporter Hxt4 and the low affinity
transporters Hxt6 and Hxt7 spike but only in decreasing glucose; levels of the medium affinity
transporter Hxt2 spike when glucose both starts to increase and to decrease; levels of Hxt5
appear to increase exclusively in the absence of glucose, consistent with earlier work [30]; and
only the low affinity transporters Hxt1 and Hxt3 behave as conventionally expected – their levels
increase if and only if the glucose concentration is sufficiently high.

These behaviours hold too at the single-cell level and there are no detectable sub-populations.
Using mutual information to cluster the single-cell time series [31] (SI), the clusters match those
anticipated from the mean behaviour (Figs. 2C & 2B) and, excepting Hxt2, that expected from
phylogeny (Figs. 2C & 1A).

Given these history-dependent responses, we asked if they are consistent with the known
regulation of the HXT genes.

The Hxts are a focal point of regulation

Appropriately, considering glucose’s central metabolic role, regulation of the HXTs is complex.
There are three main contributors [14]: the Snf3-Rgt2 network that directly senses extracellular
glucose; SNF1 kinase – a complex of three proteins and known as AMP kinase in higher eukary-
otes, which promotes growth on other sources of carbon as glucose falls; and protein kinase A,
which regulates the biogenesis of ribosomes and promotes growth if glucose rises.

The Snf3-Rgt2 network comprises a low affinity sensor for glucose – Rgt2, a high affinity
sensor – Snf3, and a transcriptional regulator, Rgt1, together with its two co-repressors Mth1
and Std1 [32] (Fig. 3A). If Rgt1 forms a complex with at least one of Mth1 and Std1 [33], it
recruits the general repression machinery to the HXT promoters and inhibits expression [6, 34].
In the presence of glucose, however, Snf3 or Rgt2 or both cause the co-repressors Mth1 and
Std1 to inactivate [35], enabling the HXTs to express. Mth1 is inactivated by degradation [36].
Although both Mth1 and Std1 are actively degraded in glucose, only levels of Mth1 decrease
because of compensatory expression from the STD1 gene [37, 38]. Std1 is inactivated by forming
condensates outside of the nucleus if the glucose concentration is sufficiently high [39] (Fig. 3B).

SNF1 kinase responds indirectly to low intracellular glucose, possibly through the availability
of ADP [40], and regulates the HXTs through two repressors Mig1 and Mig2 [37] (Fig. 3A).
Active SNF1 promotes HXT expression by both phosphorylating Mig1 [41], which then exits
the nucleus (Fig. 3B), and inducing the degradation of Mig2 [42]. The MIG2 gene is regulated
by Rgt1 and so expresses in glucose [37]. Mig1 and Mig2 repress the HXTs and also the MTH1
gene for the co-repressor [37].

Furthermore, SNF1 binds the other co-repressor Std1 [43, 44], which also functions as a
signalling protein. When bound, Std1 stimulates SNF1’s activity [45], but cannot do so when
driven into condensates by glucose [39].

Finally, protein kinase A (PKA) affects HXT expression by phosphorylating Rgt1 when Rgt1
is free of Mth1 and Std1 [46]. This phosphorylation turns Rgt1 into an activator, at least at
the HXT1 promoter, but Rgt1 eventually unbinds the DNA when fully phosphorylated by PKA
[46, 36].

Regulation is revealed by the response of Hxt4 to dynamic inputs and genetic
perturbations

To understand how this network generates history dependence, we focused on the regulation of
Hxt4, which has distinct behaviour in rising and falling glucose (Fig. 2B). Our approach was
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Figure 3. Levels of Hxt4 are controlled by repressors Mth1 and Std1 interchanging with
repressors Mig1 and Mig2 at the HXT4 promoter. A HXT genes are regulated by four repressors.
Mth1 and Std1 repress when bound with the transcription factor Rgt1 at the HXT promoters and are
inactivated by the sensors Snf3 and Rgt2. Mig1 and Mig2 are inactivated by SNF1, which is activated
by low levels of metabolised glucose and by interacting with Std1. The MIG2 gene is repressed by Mth1
and Std1; MTH1 is repressed by Mig1 and Mig2; and STD1 by Rtg1 (not shown because levels of Std1
are constant as glucose changes). B This regulatory network causes Mth1 and Std1 to be in the nucleus
(inner circle) and repressing in sufficiently low glucose. In contrast, Mig1 and Mig2 are in the nucleus
and repressing in sufficiently high glucose. C A systematic microfluidics-based study of Hxt4 enables a
quantitative determination of its regulation. We expose cells to dynamic inputs of glucose that rise from
zero, remain constant – at a concentration of either 0.2% (purple), 0.4% (cyan), or 1% (orange) – and
then fall back to zero. Both the wild-type and strains deleted for a component of the regulatory network
are investigated. We fit a mathematical model of the network of A – top shows mean fluorescence with
the standard deviation across at least two replicate experiments as errors; bottom shows the best-fit
model. Notice the different y-axes for the mth1 ∆ and mig1 ∆ strains. D Nuclear Mig1 and Mig2 are
predicted to respond faster to changing glucose than Mth1 and Std1, which enables a spike of expression
from HXT4 in falling glucose. Using our model, we plot the log2 of the predicted level of repressor scaled
by its dissociation constant of binding to the HXT4 promoter. The transcription factors repress only
when these variables are positive. The peak of the spike in Hxt4 levels corresponds with the point when
Mth1 starts again to repress.
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to apply similar inputs of glucose to mutants missing a gene of the regulatory network and so
infer the role played by the deleted gene through comparing the mutant levels of Hxt4 with the
wild-type response. For Mig1 and Mig2, we focused on the mig1 ∆ strain because Mig2 typically
acts redundantly with Mig1 [47].

Inspecting these data reveals four key points (Fig. 3C):
i. The repressors Mth1 and Std1 are not redundant [48, 38, 49] and differently affect expres-

sion of HXT4.

ii. HXT4 is strongly repressed both by Mth1 in the absence of glucose and by Mig1 in the
presence of glucose.

iii. As expected, deleting SNF3 – the high affinity sensor – affects the behaviour most in low
glucose [50], and deleting RGT2 – the low affinity sensor – affects the behaviour most in
high glucose [32].

iv. Counterintuitively, the levels of Hxt4 decrease in the wild-type strain when the constant
concentration of glucose midway through the time series increases in value, and this effect
is enhanced if the repressor gene STD1 is deleted.

History dependence is generated by an interchange of repressors

We used mathematical modelling to determine quantitatively whether the data supports the
known regulation of HXT4, focusing on the Snf3-Rgt2 network and SNF1 because the regulation
by PKA appears mostly to boost already active expression [46]. We assume that Rgt1 is always
bound to the HXT4 promoter for simplicity. Although we allow MTH1 to be repressed by Mig1
and Mig2 and MIG2 to be repressed by Std1 and Mth1 [37], we do not model expression of STD1
and MIG1 because their levels are mostly constant [38, 51]. Through the sensors Snf3 and Rgt2,
we let glucose inactivate Std1 and degrade Mth1. SNF1 kinase is inactivated by glucose and
activated by Std1, and active SNF1 reduces repression by Mig1 and Mig2, causing Mig1 to exit
the nucleus and Mig2 to be degraded. Comparing the response of GFP expressed from the
HXT4 promoter to GFP-tagged Hxt4 (SI), we allow glucose to protect Hxt4 from degradation
[52]. Finally, we assume that the magnitude of all regulation caused by intracellular glucose to be
proportional to the level of extracellular glucose – an assumption that subsumes the activities
of Hxt4, the other Hxts, and glycolysis. This assumption is retrospectively justified by the
accuracy of the fitting we perform.

The model is able to reproduce the behaviour observed (Fig. 3C). We used approximate
Bayesian computation to both fit the model to the data and compare models, which showed
that there is not strong evidence for a simpler model, lacking some of the regulatory interactions
(SI).

The data support HXT4 being controlled by push-pull repression with the four repressors
interchanging at the HXT4 promoter when extracellular glucose switches [37] (Fig. 3D). The
relevant variables are the nuclear levels of the repressors scaled by their dissociation constants
of binding to the HXT4 promoter because only when these variables are greater than one do
the repressors actively repress. The repressors work in a push-pull manner. When glucose
rises, repression by Mth1 and Std1 decreases – their repression is ‘pulled’ – and is replaced by
repression by Mig1 and Mig2 – their repression is ‘pushed’; when glucose falls, the opposite
push-pull happens, and repression by Mig1 and Mig2 decreases and is replaced by repression by
Mth1 and Std1.

Repression by Mig1 and Mig2 principally determines levels of Hxt4 in rising glucose (Fig.
3D). In a switch into high 1% glucose, repression by Mig1 – our model predicts that Mig1’s
repression dominates Mig2’s when both are present (SI) – is both fast and strong enough to
prevent any expression even though Mth1 and Std1 are inactivated (Fig. 3D). In a switch into
lower glucose (below 1%), there is less Mig1 in the nucleus and levels of Hxt4 do rise. In 0.2%
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glucose, Std1 activating SNF1 helps reduce Mig1’s repression slightly, but this interaction has a
negligible effect at higher glucose concentrations (SI).

The increased repression by Mig2 in higher glucose concentrations (Fig. 3D) is through
glucose inactivating Std1 and so de-repressing MIG2 – the inferred parameters are such that
Std1 represses the MIG2 promoter substantially more than Mth1 (SI). Although the resulting
increased levels of Mig2 little affect HXT4 expression in the wild type because Mig1 dominates
and is always present when Mig2 is present, Mig2’s effects are revealed by the mutants. For
the mig1 ∆ strain, it is Mig2 that brings down levels of Hxt4 in increasingly higher glucose, and
over-expression of MIG2 in the std1 ∆ strain flattens Hxt4’s response.

Levels of Hxt4 spike in falling glucose because of the slow interchange of repression by Mig1,2
to repression by Mth1 and Std1, which creates a window of time where repression is weak
and HXT4 expresses. Consistently, the peak in Hxt4 levels for all concentrations of glucose
approximately occurs when Mth1 begins again to repress (Fig. 3D).

Time-series data suggest how the other Hxts are regulated

To investigate how the other Hxts are regulated, we complemented this microfluidics-based work
with a broader study performed in batch culture using the same mutants but in strains with
one of HXT1–7 fluorescently tagged (Fig. 4). To set the basal level of glucose transport, each
strain was pre-cultured in pyruvate where cells perform gluconeogenesis rather than glycolysis
before being transferred into glucose.

Although the HXTs respond to glucose, we cannot straightforwardly measure its concen-
tration in all these experiments and so instead estimate the concentration from each culture’s
optical density (OD). Assuming a constant yield – a fixed amount of glucose must be imported
for a cell to replicate, we estimate the glucose concentration as a linear decreasing function of the
OD. This function has the culture’s initial glucose concentration at the minimal OD when the
experiment begins and is zero when the experiment finishes because the OD has then plateaued
(SI).

Building on previous work [4, 6, 32], we draw three conclusions about how the sensors Rtg2
and Snf3 function:

i. The low affinity sensor Rgt2 predominately inactivates the repressor Std1. In glucose
(above 0.2%) and when repressed, the low affinity transporters Hxt1 and Hxt3 are re-
pressed almost entirely by Std1 because deleting STD1 but not the other repressor MTH1
substantially increases their levels (Fig. 4A & 4C). This repression by Std1 is relieved in
2% glucose only if Rgt2 is present (Fig. 4A). We observe that Hxt3 is at low levels in 0.2%
glucose only if Snf3 is present (Fig. 4C), implying that Snf3 weakly inactivates Std1.

ii. Snf3 predominately inactivates Mth1. Focusing on the medium affinity transporter Hxt2
(Fig. 4B), HXT2 is strongly regulated by Mth1 because deleting MTH1 – and only MTH1
– increases its expression in pyruvate. Hxt2’s levels are reduced more by deleting SNF3
than by deleting RGT2 in 0.2% glucose implying that Snf3 most efficiently inactivates
Mth1. There is, however, still some increase in levels of Hxt2 in the snf3 ∆ strain, and so
Rgt2 does inactivate Mth1 if weakly. In agreement, HXT6 and HXT7 are also repressed
predominately by Mth1 in low glucose and yet partly express if SNF3 is deleted (Fig. 4F
& SI).

iii. Mth1 is inactivated at lower concentrations of glucose than Std1. Hxt1 and Hxt3 are absent
in pyruvate in a mth1 ∆ and in a std1 ∆ strain implying that both genes are repressed by
Mth1 and Std1 (Fig. 4A & 4C). Yet in 0.2% glucose, Hxt3 levels increase if STD1 is deleted
but are unaffected if MTH1 is deleted (Fig. 4C), implying that Mth1 but not Std1 has
already been sufficiently inactivated at this concentration of glucose to no longer repress
HXT3.
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Figure 4. Deviations of HXTs from the wild-type response in strains deleted for regulators
suggest particular transcriptional regulation that is supported by mathematical modelling.
The wild-type regulation of the Hxts (black) causes most to have their highest levels when their KM

approximately matches the concentration of extracellular glucose (c.f. Fig. 1A). We transformed time-
series measurements of GFP-tagged HXTs in batch cultures into functions of extracellular glucose by
estimating glucose from the culture’s OD (SI). Time increases from left to right as glucose falls and the
OD increases. At the extreme left – corresponding to t = 0, the level of Hxt is the level attained in the
pyruvate used for pre-growth. We show only representative examples of the full data set (SI). Data are
the average of at least two experiments, each with four biological replicates. Errors are 95% confidence
intervals. A HXT1 is strongly repressed by Std1, and Rgt2 is required to relieve Std1’s repression. B
HXT2 is strongly repressed by Mth1 but not Std1, and Snf3 is required to relieve Mth1’s repression. C
HXT3 behaves similarly to HXT1, but expresses in low glucose and requires Snf3 to do so. D HXT4
is regulated by Mig1,2 because its levels in high glucose decrease when STD1 is deleted and increase
when RGT2 is deleted. E HXT5 is only weakly regulated by the network – all mutants behave similarly
to the wild-type strain. F HXT6 is strongly repressed by Mth1 but not Std1 in low glucose. HXT7
behaves similarly (SI). G The predicted strength of repression of Mth1 inferred from the data of Fig. 2B
shows that Mth1 represses the medium affinity transporters Hxt2 and Hxt4 more than the high affinity
transporters Hxt6 and Hxt7. We define the strength of repression as the maximum of (R/Kd)n (SI),
where R is the time series of the repressor concentration predicted from the regulatory model (Fig. 3B).
Kd is the inferred dissociation constant of binding to the promoter and n is the inferred cooperativity
of binding. H The predicted strength of repression of Mig1,2 has the opposite behaviour: stronger
repression for the high compared to the medium affinity transporters. I Std1 predominately specialise to
high extracellular glucose. Std1’s predicted strength of repression is greater for transporters with a lower
affinity for glucose.
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We are also able to infer aspects of each HXT’s transcriptional regulation. As observed in the
microfluidic data (Fig. 3C), deleting the repressor STD1 can decrease levels of an Hxt compared
to wild-type in sufficiently high glucose and if so deleting RGT2 increases the Hxt’s levels. In
batch culture, this phenomenon is most obvious for Hxt4 (Fig. 4D), but occurs too for Hxt2,
Hxt6, and Hxt7 (SI) and is absent for Hxt1 and Hxt3 (Fig. 4A & SI). There are two mechanistic
explanations (Fig. 3A), which may work together. Std1 inhibits repression by both Mig1 and
Mig2 indirectly through promoting SNF1’s activity and by Mig2 directly by repressing the MIG2
gene. Deleting STD1 should therefore reduce levels of an Hxt if its promoter is repressed by
Mig1,2. In contrast, deleting RGT2 causes Std1 to hyper-activate increasing its inhibition of
Mig1,2’s repression and so raises levels of the Hxt.

Our data therefore support these inferences:
i. HXT1 and HXT3 are repressed by Std1 and by Mth1 in sufficiently low glucose, but only

weakly if at all by Mig1 and Mig2.

ii. HXT2, HXT6, and HXT7 are repressed predominantly by Mth1 in low glucose and by
Mig1 and Mig2 in high glucose. Repression by Std1 is weak at best.

iii. HXT6 and HXT7 are likely repressed by other regulators in the absence of glucose, such as
Msn2 [53] – the master transcription factor for the general stress response, because there
is only weak expression in pyruvate when MTH1 is deleted (Fig. 4F & SI) and where we
also expect no repression by Mig1,2.

iv. In line with the microfluidic data, HXT4 is repressed by Mth1 and Std1, with Mth1 being
dominant in a history of low glucose and Std1 being dominant in a history of high glucose,
and by Mig1 and Mig2 in high glucose (Fig. 4D & SI).

v. HXT5 is weakly regulated by the Snf3-Rgt2 system [20] because deleting any one of SNF3,
RGT2, MTH1, or STD1 leaves Hxt5’s behaviour unchanged (Fig. 4E & SI). HXT5 is
unlikely to be redundantly regulated by Mth1 and Std1 because deleting STD1 at glucose
concentrations where Mth1 is expected to be inactivated has no phenotype.

Together the data (Figs. 3 & 4) suggest how cells match transporters of the appropriate
affinity to the concentration of glucose. Consider three basic types of transporters with either
a high, medium, or low affinity for glucose and whose genes are regulated by two types of
repressors. The first type – Mth1 and Std1 – repress when extracellular glucose falls; the second
type – Mig1 and Mig2 – repress when extracellular glucose rises. Both types respond together
in a push-pull manner in proportion to the concentration of glucose. It is known that Mth1,
at least, has a graded inactivation [38], and the level of nuclear Mig1 increases proportionally
with the glucose concentration when cells are switched into higher glucose [51] and decreases
proportionally when cells are switched into lower glucose [31].

For the high affinity transporters, a rudimentary regulation that allows their expression only
in low glucose is to be weakly repressed by Mth1 and strongly repressed by Mig1,2. In the
absence of glucose, Mth1 prevents expression. In low glucose, transcription activates because
of the reduced level of Mth1, its weak binding to the promoter, and the at best low levels of
nuclear Mig1,2. In higher glucose, Mig1,2 increase and shut down transcription.

To enable expression only for intermediate concentrations of glucose, the promoters of the
medium affinity transporters should, in contrast, have the binding strengths of Mth1 and Mig1,2
reversed. The promoters should be strongly repressed by Mth1 and weakly repressed by Mig1,2.
Mth1 prevents expression both in the absence of and in low glucose because it binds the pro-
moters sufficiently strongly even when its levels decrease in low glucose. In intermediate con-
centrations of glucose, there is expression because levels of Mth1 become too low to bind and
Mig1,2, although present in the nucleus, are not at high enough concentrations to repress given
their weak binding. At still higher concentrations, Mig1,2 do prevent transcription.

Expressing the low affinity transporters only in high glucose is simpler. Their promoters
should be repressed by both Mth1 and Std1, but not by Mig1,2. Mth1 and Std1 prevent tran-
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scription together in the absence of and in sufficiently low glucose. Std1 prevents transcription in
intermediate concentrations where Mth1 has been mostly degraded, and transcription activates
only in glucose high enough to inactivate Std1.

Mathematical modelling supports push-pull repression

We used mathematical modelling to determine if this proposed regulation, which we know to be
consistent with the data in batch culture (Fig. 4A–F), is also consistent with our microfluidic data
(Fig. 2B). To do so, we combined the model of regulation parameterised using the experiments
with Hxt4 (Fig. 3C) – this model predicts the levels of the repressors as a function of glucose (Fig.
3D) – with models of transcriptional regulation specific to each HXT. The high and medium
affinity transporters – Hxt6, Hxt7, and Hxt2 – are assumed to be regulated only by Mth1 and
Mig1,2, and the low affinity transporters – Hxt1 and Hxt3 – only by Mth1 and Std1. We inferred
parameters specific to an Hxt – dissociation constants of repressors binding to the promoter,
Hill numbers, and the rates of synthesis and degradation – and the rest were fixed at their values
found for Hxt4.

These models accurately describe the behaviour of the Hxts in rising and falling glucose (SI),
and the resulting best-fit parameters recover the expected binding preferences of the repressors
(Fig. 4G–I).

Compared to the promoters for the medium affinity transporters, those for the high affinity
transporters are more weakly bound by Mth1 (Fig. 4G) and more strongly repressed by Mig1,2
(Fig. 4H), and Std1, the dominant repressor in high glucose, binds tighter to the promoters of
transporters with lower affinities for glucose (Fig. 4I). We calculated the maximal strength of
repression using the inferred dissociation constants and Hill numbers and the concentrations of
transcription factors we expect from our earlier model (Fig. 3D; SI).

As a stronger test of this proposed regulation, we considered every possible structure of
the promoter, assuming that at most all of the repressors and at least one bind, leading to
15 models in total (24 - 1), and asked for each HXT which variant of the promoter is best
supported by our data. We used again the model of regulation derived for Hxt4, the data of
Fig. 2B, and approximate Bayesian computation to compare statistically the validity of each
promoter variant for each HXT. These results confirm our understanding (SI): the data support
HXT1 being regulated by Mth1 and Std1 only; and HXT2, HXT6, and HXT7 being regulated
by Mth1 and Mig1,2 but not Std1. For HXT3, however, although the data are consistent with
regulation by Std1 and Mth1, additional repression by Mig1,2 is also supported. Such regulation
has indeed been reported [54].

Discussion

In this study, we combine systems biology and quantitative time-lapse microscopy to determine
both how seven glucose transporters in yeast are expressed in changing concentrations of glu-
cose and the mechanism behind this expression, revealing history-dependent behaviour. Using
mathematical modelling and approximate Bayesian computation, we integrated this data with
our prior knowledge of the glucose-sensing network to uncover a push-pull system comprising
two types of repressors. We find that the dynamics of the transporters is more complex than
that expected if cells try to maximise their import given the current availability of glucose and
suggests potential strategies that yeast has evolved to be competitive in changing environments.

We hypothesised that multiple transporters with different affinities had been selected because
transporters that use facilitated diffusion have a rate-affinity tradeoff. This tradeoff causes each
Hxt to import faster than any other for a range of glucose concentrations determined by its
affinity for glucose (Fig. 1E). Transporters with high, medium, and low affinity are therefore
mostly expressed in low, medium, and high concentrations of glucose, but not entirely (Fig. 2A),

12

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 21, 2021. ; https://doi.org/10.1101/2021.04.20.440667doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.20.440667
http://creativecommons.org/licenses/by-nd/4.0/


hinting that the regulation is also tuned to prepare for likely future events. For each affinity –
broadly interpreted, two transporters exist (Fig. 1A) suggesting an advantage to higher dosage:
more transporters can be expressed from two genes than from one. Consistently, selection in
limiting glucose leads to extra copies of genes for the low affinity transporters, and the mutated
strain outcompetes the wild-type in sufficiently low glucose [55].

To express the optimal transporter for the concentration of glucose available, cells could
dispense with regulation and simultaneously express all the transporters, but this strategy poorly
uses intracellular resources. Repressing genes for suboptimal transporters releases resources to
other processes [56, 57, 58], and employing endocytosis to degrade any expressed transporters
recycles their amino acids back to the common pool [59].

Furthermore, regulating levels of the high affinity transporters can allow cells to prepare
better for starvation, at least for nutrient-sensing systems that control a low and a high affinity
transporter [3]. As a nutrient’s availability falls, cells may use the drop in flux through the low
affinity transporter as a warning to trigger expression of the high affinity transporter. Cells
therefore maintain intracellular nutrients long enough to be able to launch a protective pro-
gramme before extracellular nutrients are depleted [3]. Although the response to falling glucose
is likely to be more complex because cells directly sense extracellular glucose, our results pro-
vide a mechanism for how such transcriptional regulation occurs, and cells certainly prepare as
glucose decreases: for example, they synthesise and store glycogen [60].

The regulation (Fig. 3A) is approximately bipartite, and this division of labour allows the
network to match transporters of approximately three different affinities to three levels of ex-
tracellular glucose. The higher affinity sensor Snf3 predominately inactivates the repressor
Mth1, which together with Mig1 and Mig2 controls expression of the high and medium affinity
transporters; the lower affinity sensor Rgt2 predominately inactivates the repressor Std1, which
controls expression of the low affinity transporters. History dependence is generated by the slow
response times of Mth1 and Std1 relative to those of Mig1 and Mig2, which create windows of
weak repression in falling glucose allowing levels of multiple transporters to spike (Fig. 2B &
3D). Mth1’s slower response is helped by Mig1 and Mig2 repressing its gene. Std1 plays multiple
roles. Inactivating Std1 not only directly promotes expression of the low affinity transporters
but also indirectly represses expression of the medium and high affinity transporters. Repression
by Mig1 and Mig2 increases when Std1 inactivates, because active Std1 inhibits Mig1 and Mig2
by promoting SNF1’s activity and represses MIG2.

The four repressors work as a push-pull system. Mth1 and Std1 repress when extracellular
glucose falls; Mig1 and Mig2 repress when extracellular glucose rises. In rising glucose, glucose
‘pulls’ repression by Mth1 and Std1 and ‘pushes’ repression by Mig1 and Mig2; in falling glucose,
glucose ‘pulls’ repression by Mig1 and Mig2 and ‘pushes’ repression by Mth1 and Std1 (Fig.
5A). By weakly binding Mth1 and strongly binding Mig1 and Mig2, the promoters for the high
affinity transporters express only in low glucose. In contrast, by strongly binding Mth1 and
weakly binding Mig1 and Mig2, the promoters for the medium affinity transporters express only
in intermediate concentrations of glucose. By binding Std1, the promoters for the low affinity
transporters express only in high glucose (Fig. 5A). Although also repressed by Mth1, their
expression is principally controlled by Std1 because Mth1 inactivates at lower concentrations of
glucose.

Although the regulation broadly follows this proposed structure, the categories are blurred.
HXT3 is also repressed by Mig1 [54] (SI) and HXT4 by Std1 (Fig. 3B & 4D). There is additional
regulation too to integrate glucose transport with other cellular responses. For example, the
transcription of HXT1 is promoted by the kinase Hog1 in hyperosmotic stress [62] and the
transcription of HXT4 by the transcription factors regulating glycolytic genes [63]. HXT2 too
is special. Its mRNA – but not those from the other HXTs – is enriched in the buds that form
when glucose is added to starving cells [64].

A possible advantage of the system responding to metabolised intracellular glucose through
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Figure 5. The Hxts are predominately regulated to have high levels in the concentrations
of glucose where they import fastest allowing budding yeast to excel at rapidly importing
glucose. A The push-pull system of repressors allows HXTs to be expressed in the concentrations of
glucose that match their affinities for glucose. HXT6 and HXT7 express in low glucose because they bind
Mth1 weakly and Mig1,2 strongly; HXT2 and HXT4 express in intermediate glucose because they bind
Mth1 strongly and Mig1 and Mig1,2 weakly; HXT1 and HXT3 express in high glucose because they are
repressed by Std1 in intermediate and by Std1 and Mth1 in low glucose. HXT3 and HXT4 blur this
picture: HXT3 is additionally regulated by Mig1 and HXT4 by Std1. B Comparing yield, the rate of
glucose import, and growth rate across 46 species of yeast in 2% glucose shows that budding yeast excels
at importing glucose (data from [61]). We plot the log2 of the ratio of the growth characteristic, denoted
v, to its value for budding yeast, denoted vSc. Negative results imply a lower value than budding yeast.
Yield is the amount of biomass produced relative to the amount of glucose consumed. The only species
to import at a greater rate that budding yeast is another Saccharomyces species – S. mikatae, which has
19 HXTs compared to S. cerevisiae’s 18 [12]. C A phylogenetic analysis suggests that HXT4, HXT3,
and SNF3 are relatively recent additions to budding yeast’s genome. The arrows show the likely origins
of duplications. RGT2Anc is the ancestor of today’s RGT2.
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Mig1 and Mig2, as well as to extracellular glucose through Mth1 and Std1, is that transport
changes ‘gears’ from high to medium affinity and from medium to low affinity and vice versa only
if the sensing of extracellular glucose is matched with the level of metabolised glucose (Fig. 3A).
This precaution may limit costs from switching metabolism needlessly between fermentation
and respiration.

An exception to the regulation is Hxt5, which appears to be at best weakly regulated by
the Snf3-Rgt2 network (Fig. 4E) and is expressed only in sufficiently low glucose despite being
a transporter of medium affinity (Fig. 1A & 2B). We suspect that Hxt5 is necessary to prime
the response because the other HXTs are regulated by metabolised glucose. If starving cells are
exposed to high or medium levels of glucose, then Snf3 and Rgt2 will cause both the high and
medium affinity transporters to be expressed. Only when these transporters have enabled suffi-
cient metabolism of glucose will Mig1,2 activate enough to repress the genes for the inefficient
high affinity transporters. Expressing and then repressing these transporters is both metaboli-
cally wasteful and lengthens the time for the cells to generate the glycolytic flux appropriate to
the sugar available. With a priming transporter that enables immediate catabolism of glucose,
however, Mig1,2 may be activated quicker and so prevent the levels of the high affinity trans-
porters ever becoming substantial. This priming transporter should be of medium affinity, like
Hxt5, to prevent expression of the high affinity transporters in medium and high glucose, and it
should be expressed when the other HXTs are not with its own distinct regulation. Consistent
with a priming function, mutants missing HXT5 grow more slowly than the wild type if 2%
glucose is given to starving cells [30, 65].

Although we have focused on transcriptional regulation, it is not the cell’s only response.
Levels of the Hxts are also tuned by active degradation, which is controlled by the kinases PKA
and SNF1. In high glucose, PKA inhibits the endocytosis of the low affinity transporters [66, 67].
In falling glucose, the medium and high affinity transporters are degraded via the arrestin-related
trafficking adaptor Csr2, whose expression is controlled by SNF1 through Mig1 and Mig2 and
whose activity is also inhibited by PKA [52]. In rising glucose, however, a different adaptor Rod1
is required, at least for Hxt6 [68]. Such regulation might target inactive transporters allowing the
cell to correct inappropriate matching of transporters to the concentration of glucose available.

We suspect that the HXT network has been selected to make budding yeast competitive
through its ability to sequester glucose from other species. The number of HXTs together with
the regulation to ensure that import is dominated by the optimal transporter for the current
concentration of glucose enables an exceptionally rapid uptake (Fig. 5B). Competition becomes
most fierce when a resource becomes scarce, and it is in falling glucose that we observe spikes of
expression – likely to capture whatever glucose remains, first for the medium affinity transporters
and then for the high affinity ones (Fig. 2B). Even in constant concentrations, cells express sub-
optimal transporters, although to lower levels than the optimal one (Fig. 2A), and are potentially
poised to respond if the concentration falls – a bet-hedging strategy where a lower fitness in the
current environment is traded for a fast response and so a higher fitness in a future one.

Cells would not necessarily be selected to metabolise glucose efficiently but to starve com-
petitors [69], and such selfish strategies have been predicted to be evolutionarily stable [70].
Budding yeast do ferment rather than respire glucose in sufficiently high concentrations despite
then generating substantially less ATP per glucose molecule. This choice may allow cells to have
a glycolytic flux higher than that which can be processed by mitochondria [71] and across yeast
species correlates with having high numbers of genes for hexose transporters [12, 72]. To con-
sume the ethanol generated by this fermentation, cells must respire, which involves a substantial
re-routing of metabolism [73] and causes growth to lag [74, 75] and even to arrest [75, 76]. An
alternative explanation for the spikes of expression of Hxts we observe in falling glucose (Fig. 2B)
is therefore to maintain fermentative growth for as low concentrations of glucose as possible so
as to delay this costly metabolic transition. Ethanol is indeed only consumed in batch cultures
when glucose is completely exhausted [61].
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Both the sensors SNF3 and RGT2 and the repressors MTH1 and STD1 were created when
budding yeast’s whole genome was duplicated [77]. The duplication allowed the two sensors
to specialise. SNF3 evolved to sense glucose with high affinity while regulating the high and
medium affinity transporters via Mth1. RGT2 specialised to sensing glucose with low affinity
and so allowed the evolution of fast low affinity transporters – potentially the last to evolve in
budding yeast – with their own distinct regulation dominated by Std1 (Fig. 5C).

Methodologically, our work illustrates a general integrative approach to unravelling cellular
regulation. First, we used quantitative time-series experiments with both informative time-
varying inputs and a range of genetic perturbations to gather sufficiently rich data. Second,
we integrated this data with prior knowledge of the network’s structure using mathematical
modelling and Bayesian methods of model comparison. Third, we used a modular approach:
performing initially a broad analysis focused on one output of the system to characterise the
regulatory module and then more focused experiments to determining quantitatively how the
other outputs are regulated given that regulatory module.

The task of matching expression of a gene to a particular pattern of input is common [1],
and the solution exhibited by the HXT network may be a convergent one. The network enables
a transporter to be expressed in a restricted range of glucose concentrations by having two types
of repressors whose level of repression changes with the concentration of glucose in opposite
ways – one type increasing as glucose rises and the other decreasing in a push-pull system.
This behaviour mirrors the regulation acting in a different setting – the early development of
the Drosophila embryo [2]. There the task is, broadly, to match expression of developmental
genes to a restricted spatial range [78], and a key component of the solution is having the
activity of transcription factors change with space in opposite ways – the concentration of some
transcription factors increasing with distance from the embryo’s anterior pole and that of others
decreasing. We expect that this regulatory strategy is widespread.
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