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Glucose repression is a global transcriptional regulatory mechan-
ism commonly observed in micro-organisms for the repression of
enzymes that are not essential for glucose metabolism. In Sac-
charomyces cerevisiae, Mig1p, a homologue of Wilms’ tumour
protein, is a global repressor protein dedicated to glucose re-
pression. Mig1p represses genes either by binding directly to the
upstream repression sequence of structural genes or by indirectly
repressing a transcriptional activator, such as Gal4p. In addition,
some genes are repressed by both of the above mechanisms. This
raises a fundamental question regarding the physiological re-
levance of the varied mechanisms of repression that exist involv-
ing Mig1p. We address this issue by comparing two well-known
glucose-repression systems, that is, SUC2 and GAL gene ex-
pression systems, which encompass all the above three mechan-
isms. We demonstrate using steady-state analysis that these

mechanisms lead to a hierarchical glucose repression profile of
different family of genes. This switch over from one carbon source
to another is well-calibrated as a function of glucose concen-
tration through this hierarchical transcriptional response. The
mechanisms prevailing in this repression system can achieve
amplification and sensitivity, as observed in the well-characterized
MAPK (mitogen-activated protein kinase) cascade system, albeit
through a different structure. A critical feature of repression
predicted by our steady-state model for the mutant strain of
S. cerevisiae lacking Gal80p agrees well with the data reported
here as well as that available in the literature.

Key words: glucose repression, Mig1p, mitogen-activated pro-
tein kinase (MAPK), transcriptional activator, transcriptional
repressor, yeast.

INTRODUCTION

Micro-organisms, in their natural habitat, encounter growth media
consisting of fermentable and non-fermentable carbon sources,
of which cells prefer glucose to the exclusion of others [1–4].
Micro-organisms have evolved a hierarchical utilization system
for various sugars, which allows them to switch from one carbon
source to the other. This hierarchy appears to have evolved in the
order of pathways that consume increasingly more cellular energy
for the synthesis of metabolic machinery. Accordingly, as the
cells grow, they reorient their metabolism through a genetic regu-
latory mechanism to utilize different sugars as dictated by them.
This orderly expression of the sugar-utilization system is estab-
lished through a hierarchical transcriptional regulation. Further-
more, the derepression of a family of genes that are under the
negative control of glucose occurs as a smooth function of glucose
concentration. How is this hierarchy in sugar utilization estab-
lished at the transcriptional level?

In Saccharomyces cerevisiae, glucose exhaustion leads to dif-
ferential expression of a family of genes, which is under negative
regulation of glucose repression [5–9]. For example, invertase
is induced simply by glucose removal and does not require a
positive signal [10,11]. At another level, certain genes are not ex-
pressed merely upon glucose exhaustion, but also require a posi-
tive signal (usually through a transcriptional activator) for
induction [9]. For example, the GAL/MEL regulon of yeast is one
such well-established system. A common feature of genes that
are repressed by glucose is the presence of a GC-rich URS (up-
stream repression sequence) for Mig1p binding [5,12–14].

Mig1p is a constitutively expressed [15] global repressor pro-
tein whose activity is regulated through a phosphorylation–

dephosphorylation cycle [9,16–18]. In the presence of glucose, it
is believed that Snf1 kinase (a homologue of ADP/AMP-activated
protein kinase in humans) is inactivated through a mechanism
that is not clearly understood [16,17]. Under these conditions,
Mig1p is predominantly in the dephosphorylated state, and
translocates into the nucleus [17,19] to repress the genes by bind-
ing to the URS of various genes.

In S. cerevisiae, three different mechanisms can be dis-
tinguished for glucose repression through Mig1p. Expression is
repressed directly by binding of Mig1p to the URS of genes
such as SUC2 and GAL4 [5,12,20]. In GAL/MEL regulon, Mig1p
represses the structural (such as MEL1, GAL1 and GAL7) and
regulatory (such as GAL3 and GAL80) genes indirectly through
a transcriptional activator (that is Gal4p). In this case, Mig1p
represses only the expression of the activator and thus represses
the structural genes indirectly (like in GAL7) [12]. In addition, a
set of structural genes (GAL1 and MEL1), as well as a regulatory
gene (GAL3), has URS for Mig1p binding [5,9,12,20] as well
as a UAS (upstream activation sequence) for the transcriptional
activator [21]. Intuitively, by repressing the genes through a com-
mon activator, such as Gal4p, the cell achieves the repression in a
co-ordinated fashion, instead of repressing each gene through an
independent URS. However, this reason alone does not explain
why only a few genes are repressed through an activator.

While genetic and biochemical analysis have elucidated the
molecular mechanisms of transcriptional repression through
Mig1p, the need for such diverse features of repression mechan-
isms has not been clearly understood. It is not clear as to why,
of the 37 known Mig1p-binding genes, only SUC2 has two URSs
for Mig1p binding [5,9,20]. To obtain an in-depth understanding
of these subtle features of repression, it is necessary to address
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the significance of direct binding of Mig1p to the URS and the
indirect effect of Mig1p through the recruitment of a positive
transcriptional activator in the repression mechanism. In other
words, is the presence of the activator useful only for the induc-
tion mechanism or does it also play a crucial mechanistic role in re-
pression? To address the above issues, we chose to analyse the
repression profile of SUC2 and the GAL system, which provide
contrasting features in the Mig1p-dependent glucose repression
mechanism. An analysis based on steady-state modelling of the
Mig1p-dependent repression clearly reveals that a transcriptional
hierarchy can be established solely through the various mechan-
isms that exist for glucose repression without sacrificing amplifi-
cation and sensitivity.

THEORY

Figure 1(a) shows a schematic diagram of glucose repression of
the SUC2 and GAL genes of S. cerevisiae. A steady-state model
was developed to quantify the glucose repression. The steady-
state model accounts for the phosphorylation/dephosphorylation
cycle of Mig1p in the cytoplasm, and subsequent translocation of
unphosphorylated Mig1p into the nucleus [9,16–18]. The phos-
phorylation of Mig1p by Snf1p kinase [17–19] through the
monocyclic cascade was modelled by the procedure described by
Goldbeter and Koshland [22,23]. Glucose inhibition of Snf1p
kinase to phosphorylate Mig1p was quantified by a Michaelis–
Menten-type relationship. The active Mig1p, once inside the
nucleus, interacts with the URS of GAL4 to repress synthesis
of Gal4p, the transcriptional activator of GAL genes. The model
also accounts for Mig1p binding to the URS of 37 genes, including
GAL4, three genes of the GAL family (GAL1, GAL3 and MEL1)
and two URS sites for SUC2 [5,9,12].

The expression of GAL genes to galactose is based on a steady-
state model described by Verma et al. [24]. The model accounts
for the dimerization of Gal4p and Gal80p, binding of the Gal4p
dimer to the UAS of GAL genes and interaction between Gal80p
with Gal4p to repress the genes. In the presence of galactose,
Gal3p is activated and binds further to Gal80p in the cytoplasm.
This initiates shuttling of Gal80p from the nucleus to the cyto-
plasm and relieves repression of the GAL system. The activation of
Gal3p was linked to the galactose concentration through a typical
Michaelis–Menten expression. The fractional transcriptional ex-
pression of GAL genes with one binding site ( f 1) and two binding
sites ( f 2) are defined as:

fMEL1 = [MEL1 − G42]

[MEL1]t

(1)

fGAL1 = [GAL1 − G42] + [GAL1 − G42 − G42]

[GAL1]t

(2)

fGAL4 = [GAL4]

[GAL4]t

(3)

fSUC2 = [SUC2]

[SUC2]t

(4)

This means that fMEL1 and fGAL1 are the ratio of mRNA that is
transcribed to a given input stimulus to the maximum mRNA
that can be transcribed by the system for MEL1 and GAL1 with
one and two binding sites respectively. Furthermore, fGAL4 and
fSUC2 are the ratio that is transcribed and is defined as the ratio of
free to total gene concentrations for GAL4 and SUC2 respectively.
It should be noted that the binding sites present in different GAL
promoters have intrinsic differences in affinities for Gal4p [25,26].

Figure 1 Mechanism of glucose repression in S. cerevisiae

(a) Schematic representation of Mig1p-mediated glucose repression of SUC2 and GAL genes.
Kinase (Snf1) phosphorylates Mig1p to Mig1p-P (phosphorylated product), while phosphatase
dephosphorylates Mig1p. Glucose inhibits the activity of Snf1 kinase. Unphosphorylated Mig1p
is translocated to the nucleus with a distribution coefficient of K . Furthermore, Mig1p in the
nucleus binds to the URS of SUC2, GAL4, GAL1, GAL3 and MEL1, with a dissociation constant
K d1. It may be noted that SUC2 has two binding sites for Mig1p, while GAL4, GAL1, GAL3
and MEL1 have only one binding site. Also, the transcriptional activator, Gal4p, binds to the
UAS of GAL3/MEL1 and GAL80 (with one binding site for Gal4p), and GAL1 and GAL7 (with
two binding sites for Gal4p). (b) Schematic representation of protein–protein and protein–DNA
interactions for three different mechanisms for gene repression. Mechanism of repression in
which (i) repressor protein ‘R’ binds to the URS of gene ‘D1’ with a dissociation constant of K d1,
(ii) repressor protein ‘R’ binds to the URS of transcriptional activator gene ‘D1’. The product of
gene ‘D1’ is transcriptional activator protein ‘A’, which dimerizes with dissociation constant K d1

before binding to the UAS of gene ‘D2’ with dissociation constant K d2. (iii) Both mechanisms
(i) and (ii) described above are operational.

In our model, we have not considered different binding affinities
of Gal4p for promoters of MEL1 (a gene with one Gal4p-binding
site) and GAL1 (a gene with two Gal4p-binding sites).

All protein–protein and protein–DNA interactions were as-
sumed to be at equilibrium. The translocation of Mig1p [27] and
shuttling of Gal80p [28] were quantified based on a distribution
coefficient which was defined as the ratio of concentration in the
nucleus to that in the cytoplasm [24]. Molar balances were
invoked on all total component concentrations, that is on Gal4p,
Gal80p, Gal3p, Mig1p and operator site concentrations of various
genes. The translational response was related to the transcriptional
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response through power-law formalism and was quantified by a
co-response coefficient [24,29,30]. The detailed model equations
accounting for both glucose repression and galactose activation
are documented in the supplementary information available at
http://www.BiochemJ.org/bj/388/bj3880843add.htm. The model
equations consisting of non-linear algebraic equations were
solved simultaneously using the fsolve function in MATLAB (The
MathWorks, Natick, MA, U.S.A.).

MATERIALS AND METHODS

Yeast strains

S. cerevisiae strain Sc 285 with genotype MATa ura3-52 leu2-3
2-112gal80 [31] was used for measuring α-galactosidase expres-
sion (the protein expressed from MEL1 having one Gal4p-binding
site and one Mig1p-binding site), whereas strain YM 3544 with
genotype MATa ura3-52 his3-200 ade2-101 trp1-901 CANr met2
gal80-538, LEU2::GAL1-lacG lys2-801::GAL4 gal4-CAT-URA3
[32] was used to measure β-galactosidase expression (the protein
expressed from the promoter of GAL1 having two Gal4p-binding
sites and one Mig1p-binding site).

Medium for the pre-culture and inoculum size

The inoculum was prepared in a cotton-stoppered 500 ml shake
flask containing 100 ml of medium of the composition 0.025 g/l
adenine, 5.0 g/l yeast extract, 10.0 g/l peptone and 30.0 g/l gly-
cerol. The pH of the medium was adjusted to 5.5 with 1 M HCl.
A loopful of culture from a fresh slant was inoculated, and cells
were grown at 240 rev./min on a rotary shaker at 30 ◦C for 12–
16 h, until the cell concentration had reached a D600 of 1.0–1.5.
After this point, the bioreactor was inoculated with 10% cell mass
with a D600 of 1.

Cultivation conditions

S. cerevisiae strains were grown in a batch bioreactor until the bio-
mass reached a D600 of approx. 0.5–0.75 in a medium of com-
position 0.025 g/l adenine, 5.0 g/l yeast extract, 10.0 g/l peptone
and 30.0 g/l glycerol. The bioreactor was operated in a fed-
batch mode by maintaining different average steady-state glucose
concentrations (+−10%). The aerobic bioreactor (Vaspan
Industries, Mumbai, India) used was a stirred tank of 2 litre capa-
city (1 litre working volume) having two Rushton turbines. The
dissolved oxygen and pH data were obtained on-line using two
probes (Bela Instruments, Mumbai, India) interfaced with a PC,
at an airflow rate of 1.5 litres/min and agitation at 300 rev./min at
30 ◦C. The glucose concentration in the reactor was maintained by
continuous feeding of a standard glucose solution using calibrated
peristaltic pumps (Watson Marlow 101U) through a feedback-
control mechanism. Different average glucose concentrations
(with a set point for each) were maintained by altering the feed
rate and the concentration of standard glucose solution. α-Galac-
tosidase and β-galactosidase were measured as a function of time
for different average steady-state glucose concentrations. The data
obtained from these experiments were tabulated as a steady-state
fractional protein expressed at different steady-state glucose con-
centrations.

Analyses

Samples were taken aseptically at regular intervals to measure
the expressions of α- and β-galactosidase. The α-galactosidase
activity was measured in strain Sc 285 as described in [33]. The ac-
tivity of β-galactosidase was measured as described by Rose and
Botstein [34]. For glucose estimation, samples were immediately

filtered through a 0.45-µm-pore-size cellulose acetate filter (Sar-
torius AG, Göttingen, Germany), and determined further by the
orthotolidine reagent (Sigma) method as described in the manu-
facturer’s catalogue.

All of the experiments were conducted in triplicate, and the
deviation in the protein expression data was within acceptable
limits (not more than 9 %). The fluctuations in glucose concen-
trations from their average values in a fed-batch reactor were
within acceptable limits (variation of 10–15 %).

RESULTS

Comparison of transcriptional response of one-step and two-step
repression (through a transcriptional activator)

We carried out a theoretical analysis by comparing the repression
of transcription of structural genes (genes encoding elements of
the metabolic pathway) through three different mechanisms as
illustrated in Figure 1(b): (i) repression through the binding of a re-
pressor ‘R’ to the URS of a gene ‘D1’, (ii) repression of gene ‘D2’
through the binding of a repressor to the URS of a gene ‘D1’
encoding transcriptional activator ‘A’, and (iii) repression through
the combination of mechanisms described in (i) and (ii). In the
case of (ii) and (iii), the transcriptional activator ‘A’ dimerizes
before binding to the UAS of the target gene. Figure 2(a) shows
the transcriptional repression as a function of repressor ‘R’ con-
centration. As shown by our analysis, if repression occurs through
a transcriptional activator alone [curve (ii) in Figure 2a], the
output response is sensitive (with a Hill coefficient of 2.1), and
the repressor concentration required to completely repress the
system decreased, as compared with mechanism (i). In case of
both mechanisms operating together, the amount of repressor
concentration required to repress the system completely is reduced
10-fold (100 instead of 10), as compared with mechanism (i), and,
furthermore, the response is also ultrasensitive [see curve (iii) in
Figure 2a]. Owing to the limitation caused by the dimerization of
the transcriptional activator ‘A’ in mechanism (ii), the expression
is incomplete (only 70 % of the maximum transcription) in the
absence of the repressor. This implies that the amplification and
sensitivity are obtained at the expense of maximum expression.
Dimerization of transcriptional activator ‘A’ (see Figure 1b) is the
cause for the ultrasensitive response, and, in the absence of dim-
erization, a similar high-sensitivity response cannot be achieved.

Our analysis indicates that the response is highly dependent
on the dissociation constant for binding of repressor ‘R’ and
dimerization constant of the transcriptional activator ‘A’. The dim-
erization constant mainly affects the sensitivity and extent of tran-
scription (see Figure 2b), while the dissociation constant for the
binding of the repressor affects both the amount of repressor re-
quired for complete repression and the sensitivity of the response
(see Figure 2c). An increase in the dimerization constant of
transcriptional activator reduces the maximum transcription in
the absence of repressor, whereas an increase in the dissociation
constant for binding of the repressor increases the amount of re-
pressor required for complete repression and the sensitivity of
the transcriptional response. Thus a unique combination of values
of the two parameters can yield a distinct transcriptional response
depending on the mechanisms employed. The above analysis
provides a strong theoretical basis to infer that these mechanisms
may have biological significance.

Comparison of repression through one and two binding sites
for Mig1p

It is reported that out of the 37 genes known to have an URS
for Mig1p binding, only SUC2 has two binding sites [5,9,20].
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Figure 2 Repression of transcriptional response

(a) Repression of transcription of genes by three different mechanisms as illustrated in
Figure 1(b) at various repressor concentrations normalized with K d2 (=0.2 nM). Response
curve (i) represents repression by binding of ‘R’ to the URS of gene ‘D1’, (ii) represents
repression of gene ‘D2’ through transcriptional activator ‘A’, and (iii) represents repression of
the gene by both of the above mechanisms. (b) Indirect repression of transcription of gene ‘D2’
through transcriptional activator ‘A’ alone [mechanism (ii) in Figure 1b] at different values of K d2.
Curve (i) is for K d2 = 0.2 nM, curve (ii) is for K d2 = 0.02 nM, and curve (iii) is for K d2 = 2 nM.
(c) Repression of transcription of genes through transcriptional activator ‘A’ and repressor ‘R’
[mechanism (iii) in Figure 1b] at different values of K d1. Curve (i) is for K d1 = 0.2 nM, curve
(ii) is for K d1 = 0.02 nM, and curve (iii) is for K d1 = 2 nM.

Figure 3(a) shows the comparison of repression of protein ex-
pression from genes with one and two binding sites for Mig1p
(at a constitutively expressed total concentration of 3 nM) at dif-
ferent glucose concentrations. It is clear from the Figure that the
repression is sensitive for SUC2 solely due to the number of
binding sites as compared with genes having one binding site for
Gal4p. The Gal4p expression falls to approx. 18 % of the wild-
type concentration at high glucose concentration with a Hill
coefficient of 1.2 [Figure 3a (i)]. Invertase expression from SUC2
is repressed with a Hill coefficient of 1.3 and a half-saturation co-
efficient (K0.5) of 1.5 mM, implying that both sensitivity and
amplification are achieved by having two binding sites for Mig1p.

Figure 3 Repression of GAL genes in a GAL80 mutant

(a) Repression by glucose of protein expression by GAL4 (curve i) and SUC2 (curve ii).
(b) Comparison of experimental data with model prediction of α-galactosidase expression
from MEL1 and β-galactosidase expression from promoter of GAL1 having one and two
binding sites for Gal4p respectively at different steady-state glucose concentrations. � denotes
α-galactosidase, and � denotesβ-galactosidase. Solid lines (i) and (ii) show model predictions.
(c) Repression of expression from MEL1 (one binding site for Gal4p and Mig1p) through three
different mechanisms. Curve (i) is for repression through Mig1p binding alone, curve (ii) is for
repression through Gal4p alone, and curve (iii) is for dual repression through Mig1p and Gal4p.
(d) Repression of expression from GAL1 (two binding sites for Gal4p and one binding site for
Mig1p) through three different mechanisms. Curve (i) is for repression through Mig1p binding
alone, curve (ii) is for repression through Gal4p alone, and curve (iii) is for dual repression
through Mig1p and Gal4p.

Experimental results correlate with the theoretical analysis
in a mutant strain lacking GAL80

In order to study the repression of MEL1 and GAL1 solely due to a
decrease in the transcriptional activator (Gal4p), it was necessary
to de-link the induction mechanism of a wild-type strain by delet-
ing Gal80p. In such a mutant strain, the GAL genes are constitutive
and repression can be studied only as a consequence of Mig1p-
mediated repression. It should be noted that MEL1 with one and
GAL1 with two binding sites for the transcriptional activator
(Gal4p) have a single binding site for Mig1p (see Figure 1a).
Therefore estimation of repression of MEL1 and GAL1 in such a
strain should indicate the contribution of repression by different
mechanisms. Expression from MEL1 and GAL1 was measured for
a mutant strain lacking GAL80 at various glucose concentrations
(Figure 3b). The repression of protein expression from genes
with one (curve i) and two binding sites (curve ii) for Gal4p is
shown in Figure 3(b). The model prediction matches well with the
experimental data. The protein expression from genes with two
binding sites is more sensitive than expression from gene with
one binding site. Furthermore, the gene with two binding sites ex-
hibits a higher expression than genes with one binding site, indica-
ting that Gal4p is limiting. The Hill coefficients values for genes
with one and two binding sites are 1.2 and 1.9, with K0.5 values
of 1.0 and 1.6 mM respectively.
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Figure 4 Repression of GAL genes in a wild-type strain

(a) Repression by glucose of protein expression by GAL3/MEL1 and GAL80 having one binding
site for Gal4p. Curve (i) is for GAL3 with one binding site for Mig1p, and curve (ii) is for GAL80
with no Mig1p-binding sites. (b) Repression by glucose of protein expression by GAL1, GAL7
and SUC2. Curve (i) is for expression by GAL1 with one binding site for Mig1p and two binding
sites for Gal4p, curve (ii) is for GAL7 with no Mig1p-binding site, but with two binding sites
for Gal4p, and curve (iii) is for SUC2 with two binding sites for Mig1p and no binding site for
Gal4p.

The above analysis allows us to delineate the degree of re-
pression due to Mig1p binding to the structural gene and due to
repression of transcriptional activator (only through Gal4p re-
pression). Figure 3(c) shows the comparison of repression of
MEL1 due to only Mig1p-binding site (curve iii), repression due to
a decrease in Gal4p concentration only (curve ii) and due to dual
effects of both Mig1p binding and decrease in Gal4p concentration
(curve i). It is clear from the analysis that if MEL1 were to get
repressed only through Mig1p binding, even at a higher glucose
concentration, it would not be completely repressed (up to 20%
expression) at the given Mig1p concentration. On the other hand,
the repression through reduction in Gal4p concentration alone
represses to an extent of approx. 12–15%, whereas the repression
is almost complete when both the above mechanisms operate.
It is clear from the above analysis that the two-step repression
(binding of Mig1p to structural as well as transcriptional activator
gene) brought about by Mig1p amplifies the glucose signal. It is
worth recalling that the maximum expression (in the absence of
glucose) is approx. 70% for MEL1 in a wild-type strain. A similar
analysis indicates that, in addition to amplification, sensitivity is
also increased for a gene with two binding sites for Gal4p (see
Figure 3d). The ultrasensitive response observed in this case is due
to dimerization and co-operative binding of Gal4p [36]. Unlike
MEL1, the maximum expression (in the absence of glucose) is
100%, since GAL1 has two binding sites for Gal4p [24].

Repression of GAL genes by glucose in a wild-type strain

The steady-state analysis of the GAL genetic switch yielded per-
centage expression of wild-type strain for gene with one and two
binding sites. Figure 4(a) shows the repression of GAL3 (genes
with one binding site for Mig1p and Gal4p) and GAL80 (gene with

Table 1 Comparison of model-predicted transcriptional expression with
experimental data for various genotypes of S. cerevisiae grown on galactose
and glucose

Numbers within parentheses are experimental data [12] given as percentages of wild-type
expression.

Genotype Galactose Glucose

MIG1::GAL80
GAL4 100 (100) 18 (18)
GAL1 100 (100) 0 (0)
GAL2 100 (100) 0 (0)

mig1::GAL80
GAL4 155 (151) 120 (127)
GAL1 113 (100) 0.4 (0)
GAL2 113 (100) 0.4 (0)

MIG1::gal80
GAL4 100 (118) 15 (19)
GAL1 153 (90) 1.8 (6.3)
GAL2 156 (167) 2 (4.7)

mig1::gal80
GAL4 155 (164) 118 (123)
GAL1 160 (98) 50 (46)
GAL2 160 (147) 50 (40)

only one binding site for Gal4p but no Mig1p-binding site).
Repression of GAL3 is sensitive, with a K0.5 of 1.0 mM for glucose,
while repression for Gal80p is less sensitive (Hill coefficient of
1.8), with a K0.5 of 1.5 mM for glucose. Figure 4(b) shows re-
pression of GAL1 (gene with both Mig1p- and Gal4p-binding
sites) and SUC2 (gene with two Mig1p-binding sites). However,
a similar steady-state analysis indicates that repression of GAL1
and GAL7 coincides without showing the effect of Mig1p binding
to GAL1. But a substantial amplification and increase in sensitivity
were observed as compared with the expression from SUC2.
Furthermore, the wild-type strain shows a sensitive response (see
Figure 4b), with higher amplification as compared with expression
in a mutant strain lacking Gal80p (see Figure 3b).

Model predicts the results available in the literature

The steady-state model was used to compare the transcriptional
expression in various mutant strains with genotype MIG1::
GAL80, mig1::GAL80, MIG1::gal80 and mig1::gal80 of
S. cerevisiae grown on glucose and galactose (results are shown in
Table 1). The model prediction matches well with experimental
data reported by Nehlin et al. [12]. The maximum expressions
of GAL4 and GAL1 observed were approx. 155% and 160% of
wild-type respectively in the strain with genotype mig1::
gal80 grown with galactose. A mutant strain with genotype
mig1::gal80 (lacking both repressor genes) yields transcriptional
expression of approx. 50% of wild-type for GAL genes having
two binding sites, even in the presence of glucose. The reduction
in transcriptional response of GAL4 and GAL1 in MIG1-deleted
strains is due to Mig1p-independent glucose repression.

The steady-state model developed here is thus able to match
all experimental observations reported in the literature for the set
of parameter values reported in Table A1 (in the supplement-
ary information available at http://www.BiochemJ.org/bj/388/
bj3880843add.htm). Other than the specific parameters related
to phosphorylation of Mig1p, binding of Mig1p to its cognate
binding site and nucleocytoplasmic shuttling of Mig1p across the
nuclear membrane were obtained from the literature. The sen-
sitivity of the steady-state response due to changes in these para-
meters was obtained using the model (see the supplementary
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material at http://www.BiochemJ.org/bj/388/bj3880843add.htm).
It was observed that extent of expression and half-saturation con-
centration of glucose to repress expression is sensitive to these
parameter values. However, the hierarchical response of different
genes under Mig1p control due to the unique structure is not af-
fected either by the system parameters or the component concen-
trations.

DISCUSSION

S. cerevisiae has optimized its metabolic machinery towards
utilizing glucose as the preferred carbon source. In order to
achieve this, a large number of genes belonging to different cata-
bolic pathways, which are not needed for glucose metabolism,
are strongly repressed. In fact, S. cerevisiae has even evolved
a mechanism of getting rid of the mitochondria (petite-positive
phenotype) to optimize its energy resource available from glucose
[37]. Such a stringent glucose repression mechanism must
necessarily have features that allow the system to respond to a
continuously changing environmental condition. This implies
that with a changing glucose concentration in the medium, the
repression of other sugar-utilizing genes should be gradual and not
a switch-like response. Therefore the optimization of the catabolic
machinery warrants a hierarchical transcriptional repression sys-
tem by glucose in the presence of other sugars.

Consistent with the above, it has been observed that genes
belonging to different families (such as SUC2, GAL genes, MAL
genes and HAP) are de-repressed by inactivation of Mig1p to vary-
ing extents. This is due to responses having different sensitivity
(steepness) and threshold glucose required to shut off expression
for different subsystems. How is this differential response
achieved through a common regulatory protein such as Mig1p?
Our analysis of GAL and SUC2 systems indicates that the mech-
anism of repression either by binding of Mig1p directly to
the structural gene (as in SUC2) or through the repression of
transcriptional activator (as in GAL7) is sufficient to bring about a
hierarchy in the expression of these genes. Furthermore, another
level of regulation in the hierarchy of repression is achieved by
having both of the above mechanisms operating in tandem, as in
GAL1 [12,38,39] and GAL3 [5]. These transcriptional mechanistic
features allow the cell to express SUC2 at a higher level than GAL1
(even at a saturating concentration of galactose) as a function of
decreasing glucose concentration.

Our quantitative analysis clearly distinguishes the repression
between genes having one and no binding site for Mig1p in a wild-
type strain. For example, in the case of expression from GAL3
(one Gal4p-binding site and one Mig1p-binding site) and
GAL80 (one Gal4p-binding site, but with no Mig1p-binding site),
a distinct response to glucose was observed through our analysis
(see Figure 4a). Since Gal3p and Gal80p are regulatory proteins,
their expression has evolved to be leaky, and this is due to a single
Gal4p-binding site [24,40]. Unlike the difference we observe with
respect to expression of Gal80p and Gal3p, expression from GAL1
(with two Gal4p-binding sites and one Mig1p-binding site) and
GAL7 (with two Gal4p-binding sites and no Mig1p-binding site)
show no difference in response. This is due to (i) the presence of
two Gal4p-binding sites, which masks the effect of Mig1p, and
(ii) the repression caused by weak expression of Gal80p even in
the presence of glucose. Accordingly, our analysis does not show
a distinction in the response to glucose for GAL1 and GAL7 in a
wild-type strain, but does show a distinction in a mutant strain
lacking Gal80p (see Figures 3d and 4b). The hierarchical ex-
pression profile is not critically dependent on the absolute com-
ponent concentrations, but is mainly due to the structure; however,

the component concentrations will affect the extent of expression
(results not shown).

Another important family of genes repressed by glucose
through Mig1p is the genes that are involved in oxidative meta-
bolism [5]. In this system, repression by glucose is brought
about only through the transcriptional activator, the HAP system
[5,41–46], without a binding site for Mig1p. Based on our ana-
lysis, we suggest that the expression of genes under HAP control
is less sensitive to glucose repression (similar to the case of
GAL80). Such a design allows the expression of these genes,
even in the presence of glucose. For example, the genes which are
under the control of the RTG family of transcriptional activators
are repressed by glucose through the HAP system alone, when
glutamate is provided as a nitrogen source. Instead, if ammonium
sulphate is provided as the sole nitrogen source, glucose re-
pression is overcome through the RTG family of transcriptional
activators [47,48].

The on/off state of the gene expression to a stimulus can be
regulated through an enzyme cascade mechanism such as in the
MAPK (mitogen-activated protein kinase) system [49]. In this
pathway, a phosphorylation cycle activates another downstream
phosphorylation cycle to constitute a cascade system resulting in
an amplification of the signal causing transcriptional activation
[22,23] and leading to a switch-like response. The repression by
glucose of the transcriptional activator (Gal4p) through Mig1p
is akin to an enzyme cascade system, whereas a similar cascade
structure is constituted in the case of repression through Mig1p,
where an output of a phosphorylation cycle deactivates the syn-
thesis of transcriptional activators to control expression. Our
analysis suggests that, even in this case, properties such as ampli-
fication and sensitivity can be obtained similar to that of an
enzyme cascade. If so, why did the cell evolve different mech-
anisms for obtaining amplification and sensitivity? The MAPK
system [49] allows the cell to respond in a yes or no fashion to
a given stimulus in certain situations such as cell-cycle regu-
lation. However, such a response is not warranted, and may
prove to be detrimental if the organism has to compete with
other organisms for the limited supply of nutrients. Instead, the
expression status is calibrated depending upon the various levels
of the glucose stimulus. This is achieved by a hierarchical ex-
pression profile, as demonstrated in the Mig1p-mediated glucose
repression system in S. cerevisiae. This implies that a transcrip-
tional hierarchal expression profile is used in case of depleting
nutritional status. Analogous to the glucose repression system,
nitrogen catabolite repression also has to respond to depleting ni-
trogen concentrations. It is worthwhile to analyse the network
structure of the nitrogen catabolite repression system to establish
the generality of transcriptional hierarchal expression as a funda-
mental mechanism to regulate smooth transition from one tran-
scriptional state to another.
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