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Summary

In S. cerevisiae, following the Whole Genome Dupli-
cation (WGD), GAL1-encoded galactokinase retained
its signal transduction function but lost basal expres-
sion. On the other hand, its paralogue GALS3, lost
kinase activity but retained its signalling function and
basal expression, thus making it indispensable for
the rapid induction of the S. cerevisiae GAL switch.
However, a gal3A strain exhibits delayed growth kinet-
ics due to the redundant signalling function of GAL1.
The subfunctionalization between the paralogues
GAL1 and GAL3 is due to expression divergence and
is proposed to be due to the alteration in the
Upstream Activating Sequences (UASg). We demon-
strate that the GAL switch becomes independent of
GAL3 by altering the interaction between Gal4p and
Gal80p without altering the configuration of UASg. In
addition to the above, the altered switch of S. cerevi-
siae loses ultrasensitivity and stringent glucose
repression. These changes caused an increase in
fitness in the disaccharide melibiose at the expense
of a decrease in fithess in galactose. The above
altered features of the ScGAL switch are similar to the
features of the GAL switch of K. Jactis that diverged
from S. cerevisiae before the WGD.

Introduction

The discovery of a striking similarity between the homolo-
gous proteins of humans and chimpanzees led to the
proposal that evolution is mainly driven by changes in the
mechanism of gene expression rather than by the diver-
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gence of protein function (King and Wilson, 1975). Since
then, the accumulated evidence has suggested that altera-
tion in the transcriptional regulatory network (TRN) by
‘tinkering’ with the existing regulatory structure plays a
crucial role in the overall scheme of evolution of gene
expression (Jacob, 1977). TRN can evolve by altering the
cis-regulatory sequences (DNA elements) or trans-acting
factors (Coding sequences) or both (Wittkopp et al., 2004).
Adaptive evolution of morphological features is thought to
occur mainly due to alteration in the cis-regulatory changes
(Carroll, 2005; 2008) and is demonstrated in humans
(McLean et al., 2011), flies (Gompel et al., 2005; McGregor
et al., 2007; Frankel et al., 2011) and fish (Shapiro et al.,
2004; Chan et al., 2010). In contrast, it is suggested that
the alteration in the trans-acting factors of TRN is unlikely to
contribute to adaptive evolution, primarily because of the
deleterious pleiotropic effects of epistasis (Carroll, 2005;
2008; Stern and Orgogozo, 2009; Streisfeld and Rausher,
2011). Notwithstanding the above, recent evidence indi-
cates that epistasis also contributes to the evolution of
TRN, but the mechanism of escape from negative pleiot-
ropy is not understood (Hoekstra and Coyne, 2007; Li and
Johnson, 2010). Gene duplication is thought to circumvent
the deleterious pleiotropic effects arising out of epistasis by
providing a period of redundancy for novel or altered
protein-protein interactions to emerge (Lynch and Wagner,
2008; Li and Johnson, 2010). However, how gene duplica-
tion provides an opportunity to incorporate regulatory fea-
tures to fine tune the gene expression pattern and its
impact on fitness under different environmental condition is
not clear. We have used GAL switch of S. cerevisiae as a
paradigm to unearth the possible changes that could result
in the fine tuning of the gene expression following genome
duplication.

Saccharomyces diverged from Kluyveromyces 100mya
and underwent whole genome duplication (Wolfe and
Shields, 1997) and rewired its metabolic lifestyle (Piskur
et al., 2006). During this transition, it evolved the ability to
grow rapidly by fermenting glucose, even in the presence
of oxygen and a tightly regulated GAL switch with exquisite
sensitivity to glucose. This seems to have contributed
towards its ability to utilize large quantities of glucose
(Weirauch and Hughes, 2010). In contrast is the GAL
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Fig. 1. GAL genetic circuit and pathway of galactose utilization in S. cerevisiae. The transcriptional activator Gal4p activates a set of
enzymatic and regulatory genes by binding to the Upstream Activating Sequences (UASg) in their promoter (indicated by grey boxes). In the
absence of galactose, Gal4p activity is repressed by the transcriptional repressor Gal80p. The permease Gal2p facilitates uptake of galactose
into the cell. In presence of galactose and ATP, the signal transducer Gal3p becomes activated (indicated by asterisk) and inhibits Gal80p
leading to the induction of GAL genes. Galactose is metabolized by a series of enzymatic reactions through the activities of the galactokinase
(Gal1p), transferase (Gal7p), and epimerase (Gal10p) and enters glycolytic pathway. Apart from these, MEL1 is also regulated by similar
mechanism. MEL1 although not a core member of galactose utilization pathway, encodes extracellular enzyme o-galactosidase that cleaves
melibiose in to glucose and galactose. The regulatory genes GAL3, GAL80 and GALZ are also activated in a similar fashion. Gal1p, a
paralogue of Gal3p, is a bi-functional protein which also inhibits Gal80p in the presence of galactose and ATP albeit with lower affinity. K.
lactis GAL genetic switch functions similarly except the absence of dedicated signal transducer like Gal3p and positioning of UASg in the

promoter.

genetic switch of K. lactis, an aerobic yeast which is more
adapted for the utilization of lactose than galactose
(Rubio-Texeira, 2005). Accordingly, the KIGAL switch is
less sensitive to glucose repression. Therefore, the
molecular basis of the above differential features of ScCGAL
switch vis-a-vis KIGAL switch and their possible impact on
their lifestyle is not clearly understood.

The transcription of GAL genes is activated by Galdp, a
transcriptional activator that dimerizes and remains bound
to the upstream activating sequences (UASg) (Keegan
etal., 1986; Ma and Ptashne, 1987a). However, in the
absence of galactose, Galdp is unable to activate the
transcription due to its association with Gal80p. In
the presence of galactose, this negative repression of
Gal80p is removed by either the signal transducer Gal3p or
Gallp (Fig. 1). In K. lactis, GAL1 (KIGAL1) encodes the
bi-functional protein which serves both as a galactokinase
(required for the conversion of galactose to galactose-1-
phosphate, the first reaction of the catabolic pathway) as
well as signal transducer which sequesters Gal80p in
response to galactose. In contrast, in S. cerevisiae, GAL1
codes for the bi-functional protein and its paralogue GAL3
codes for the dedicated signal transducer (Bhat and
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Murthy, 2001; Rubio-Texeira, 2005). During this evolution-
ary transition, UASg present as ‘trans’ (on the opposite
faces of the DNAhelix) in KIGAL1, got altered to ‘cis’ (on the
same face of the DNA helix) as observed in ScGAL1
(Hittinger and Carroll, 2007). This altered configuration of
UAS¢ in ScGAL1, has conferred increased fold expression
upon induction and low basal expression in the absence of
galactose (Hittinger and Carroll, 2007). This change in the
expression pattern is attributed to the cooperative binding
of Gal4p dimer to the adjacently placed UASq elements
which is stabilized by the dimer—dimer interaction between
Gal80p bound to Gal4p (Melcher and Xu, 2001; Hittinger
and Carroll, 2007). In contrast, the GAL3 promoter with a
single UAS¢ has a basal expression and a moderate fold
induction. The alteration in the expression pattern caused
due to the change in the helical phasing of UAS¢ elements
contributed marginally towards the adaptive evolution of
ScGAL switch (Hittinger and Carroll, 2007).

In addition to the dimerization, cooperativity of Gal4p
binding to DNA and protein sequestration, the GAL
genetic switch also consists of Gal2p and Gal3p/Gallp
dependent positive feedback loops and Gal80p depend-
ent negative feedback loop. These features determine the
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dynamics of the GAL genetic switch. For example, disa-
bling the Gal80p and Gal3p feedback loops increased
both heterogeneity (Ramsey etal, 2006) and cellular
memory (Acar etal., 2005) population wide. Recent
studies have demonstrated the robust bimodal expression
of ScGAL genes is due to bistability which is dependent
on an ultrasensitive response. Disrupting the Gal1p and
Gal3p feedback loops abolished the bimodality by disrupt-
ing the underlying ultrasensitive response. Based on
modelling results, it has been suggested that the competi-
tive sequestration of Gal80p by Gallp and Gal3p is the
source of ultrasensitivity which is crucial for the bistable
response of the ScGAL switch (Venturelli et al., 2012).

Our aim was to unravel a long standing paradox as to
how GAL3 induces the GAL switch when super-repressor
GAL80°" is in conjunction with constitutive allele GAL4¢
(here GAL4C is epistatic over GAL80°") but not with the
wild type GAL4 (here GAL80' is epistatic over GAL4)
(Nogi et al., 1977). In other words, what is the molecular
basis of the epistatic effect of GAL3 over GAL80" only
when the latter is in conjunction with GAL4C but not with
GAL4 allele? We discovered that the epistatic effect of
GAL3over GAL80%is due to an increase in basal expres-
sion of GAL3, which occurs in a strain with GAL805'GAL4°
but not with GAL805'GAL4 alleles. Thus, the epistatic
interaction between GAL80°' and GAL4° (Nogi et al.,
1977) is inseparable from the epistatic effect of GAL3 over
GAL80°" due to the increase in basal expression, as
observed in this study. During this analysis, we also
observed that the ultrasensitive response and sensitive
glucose repression that is otherwise present in the
wild type GAL switch is severely impaired in the
GALB80°"GAL4C switch. We discuss the possible implica-
tions of our results in light of the differences in the behav-
iour of ScGAL and KIGAL switch and in terms of
evolutionary impact.

Results

How did we arrive at the idea that altering the interaction
between Gal80p and Gal4p plays a significant role in
imparting unique features to S. cerevisiae GAL genetic
switch? Previous experimental results indicated that
Gal805'p (a super-repressor) is incapable of interacting
with signal transducer Gal3p, and accordingly a strain
bearing such an allele is not inducible (Yano and
Fukasawa, 1997; Diep et al., 2008). A S. cerevisiae strain
with a GAL80%" genetic background regains inducibility
upon substituting the wild type GAL4 allele with a GAL4°
allele [a mutant T859I allele that confers constitutive
expression of GAL genes in an otherwise wild type genetic
background (Salmeron Jr etal, 1990)]. That is, a
strain bearing GAL80°'GAL4 is un-inducible while
GAL80%'GAL4C is inducible similar to a wild type strain

(Nogi etal., 1977; Salmeron Jr etal, 1990). The ex-
planation that Gal3p cannot interact with Gal80%'p in
un-inducible strain GAL80%'GAL4 does not explain the
inducible nature GAL805'GAL4C strain. This is because,
for induction, Gal3p needs to interact with Gal80%'p. Thus,
it is not understood as to how the Gal3p interaction with
Gal80%'p is dependent on the allelic status of GAL4 (sum-
marized in Table S1). In contrast to the above, in K. lactis,
corresponding Gal80%'p interacts with its signal trans-
ducer and the strain is inducible even in presence of the
wild type GAL4 (Zenke et al., 1999). Thus, the molecular
basis of the inducible nature of GAL80S'GAL4C strain
remained a paradox. Contrary to the available experimen-
tal evidences (Yano and Fukasawa, 1997; Diep et al.,
2008), we reasoned that, Gal3p has to interact with Gal80%
1p. Here, we first demonstrate that in fact Gal3p functionally
and physically interacts with Gal80%'p. This breakthrough
enabled us to look at the role of epistasis in the adaptive
evolution of ScGAL genetic switch in a new perspective.

Wild type Gal3p functionally and physically interacts
with Gal80%'p

In S. cerevisiae, a dominant super-repressor allele
GALB80%" confers a non-inducible phenotype to an other-
wise wild type strain (Nogi et al., 1977). A gal80A strain with
wild type GAL4 does not respond to galactose if both Gal3p
and Gal805'p are overexpressed (Yano and Fukasawa,
1997). It was further demonstrated that Gal3p cannot
interact with Gal80%'p in response to galactose (Yano and
Fukasawa, 1997). We reasoned that, upon overexpression
of both, Gal80%'p was in far excess as compared to Gal4p,
causing a reduced productive interaction between Gal3p
and Gal80S'p. If this is true, then a GAL80%" GAL4 strain
should respond to galactose upon overexpression of only
Gal3p. As expected, we observed that GAL80%'GAL4
strain transformed with multiple copy plasmid wherein the
expression of Gal3p is driven from CYC171 promoter
(pYJM-3) but not from endogenous promoter (pT1-3B)
grows on galactose (Fig. 2A and B). As expected, transfor-
mants of wild type strain but not that of strains bearing
GAL80%° and GALB80S? alleles grew on galactose (Yano
and Fukasawa, 1997). These results indicate that Gal3p
functionally interacts with Gal80S'p but not Gal805°p and
Gal8052p, in response to galactose.

In order to confirm the above, we determined the activa-
tion of the GAL switch, by monitoring the a-galactosidase
expression in wild type and strains with GAL805? or
GALB0®" or GAL80°? (Fig. S1) allele transformed with
pYJM-3 and pT1-3B. As expected, a-galactosidase induc-
tion in GAL80S" strain transformed with pYJM-3 but not
pT1-3B was of the order of 30% (Fig.2C) of what is
normally observed in the wild type strain induced by galac-
tose (Fig. S1A and C). Under the above conditions, we
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Fig. 2. Overexpression of Gal3p suppresses
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observed that Gal3p is overexpressed only in the GAL80%"
strain transformed with pYJM-3 but not pT1-3B (Fig. 2D).
The lack of expression of Gal3p from endogenous pro-
moterina GAL80% " background is probably because of the
strong negative auto-regulatory influence of the GAL80%
allele. As expected, Gal3p expression was detected in
extracts obtained from a wild type strain transformed with
either plasmid (Fig. 2D).

To determine whether Gal80S'p physically interacts
with wild type Gal3p, His tagged Gal3 protein was immo-
bilized on to Ni-NTA agarose column and allowed to
interact with the cell-free extract containing Gal80p,
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Gal80S%, Gal80S'p and Gal80S?p separately. The
bound proteins were pulled down and analysed on a
Western blot using Gal80p antisera. Gal3p interacted
with Gal80p and Gal80%'p (Fig. 3A) but not Gal80S%
and Gal80%2%p in a dose dependent fashion (Fig. S2,
Supporting Text, section S2). Quantification of the rela-
tive intensities of the bound protein indicated that Gal3p
binds Gal80p at least 5 times more strongly than
Galg80s'p (Fig. SSA-C, Supporting Text, section S2).
Unlike the interaction of Gal3p with Gal80p, galactose
and ATP were indispensable for the interaction between
Gal3p and Gal80%'p (Fig. 3B).
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Fig. 3. Interaction of wild type and Gal80 super-repressor proteins with Gal3p, Gal4p and Gal4°p.

A. Cell-free extract (equivalent to 1000 pg of protein) containing His-tagged Gal3p was immobilized on to Ni-NTA beads. Cell-free extract
(equivalent to 1500 pg of protein) containing wild type and Gal80 super-repressor proteins were allowed to interact with the immobilized
Gal3p, in presence of galactose and ATP. Gal3p—Gal80p complex was analysed by Western blot.

B. Interaction of Gal80p and Gal80%'p with Gal3p in presence or absence of galactose and ATP as indicated. The protocol used for this was
same as in section A, except cell-free extract containing HisGal3p was twice. As a control, binding analysis with cell-free extract containing

Gal80%?p was carried out.

C. Cell-free extract (equivalent to 1000 ug of protein) containing GST tagged C-terminal AD of Gal4p and Gal4°p were immobilized on to
glutathione agarose beads. Purified His tagged Gal80, Gal80%"' and Gal80%2 proteins (20 ug each) were allowed to interact with this
immobilized Gal4p and Gal4®p. Gal4p—Gal80p complex was analyzed by Western blot. Purified Gal80p was used as the control. As a control,

binding analysis with cell-free extract containing Gal80p and Gal80%2p was carried out.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 94, 202—-217
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It was previously demonstrated that the D368V variant
of Gal3p interacts with wild type Gal80p in the absence of
galactose (Diep et al., 2008). It was also demonstrated
that D368V variant interacted with Gal80%'p only in pres-
ence of galactose (Diep et al., 2008). Our study demon-
strates that wild type Gal3p behaves similar to the D368V
variant when excess Gal3p is used for binding experi-
ments. Based on these observations, we suggest that a
structural alteration brought about by D368V is not nec-
essarily a prerequisite for Gal3p to interact with Gal80%'p.
Overall these data suggest that Gal80%'p has reduced
affinity towards wild type Gal3p which can be compen-
sated either by introducing D368V or by overexpressing
wild type GALS3. Thus, we suggest that the previous
observation (Diep et al., 2008) that only the Gal3p variant
D368V is capable of interacting with Gal805'p and the
prediction that G323R substitution in Gal805'p prevents
its interaction with wild type Gal3p (Lavy etal., 2012)
needs to be revisited in the light of our results.

It was known that substituting the wild type with consti-
tutive GAL4C allele in a strain otherwise non-inducible
because of the GAL80S allele converts the switch to an
inducible one (Nogi et al., 1977; Salmeron Jr et al., 1990).
This phenotype is surprising in the context of our
observation that affinity between Gal3p and Gal80%'p
was reduced. If so, how does Gal3p induce the
GAL80%"GAL4C, but not a GAL80%" GAL4 switch? A likely
possibility is that the reduced interaction between Gal3p
and Gal80%'p is probably compensated by a reduced
Gal80%"p and Gal4°p interaction. We demonstrate that the
Gal80%'p interacts weakly with the C-terminal Activation
Domain (AD) (Ma and Ptashne, 1987b) of Gal4®p as
compared to that of Gal4p (Fig. 3C; Fig. S3D, Supporting
Text, section S3).

The response of the epistatically altered GAL switch to
Gal3p is not as efficient as the wild type switch

Unlike in S. cerevisiae, in K. lactis, GAL80%GAL4 strain is
inducible, albeit weakly (Zenke et al., 1999). This observa-
tion points out that the epistatic nature of Gal80p and Gal4p
interaction dictates the responsiveness of the switch. To
obtain further insight, we introduced the GAL4° allele
(T859I) in WT and GAL80°" background. The former was
constitutive while the latter was inducible, which is in
agreement with the previous report (Douglas and
Hawthorne, 1972; Nogi et al., 1977; Salmeron Jr et al.,
1990) (Fig. S4A and B). The epistatically altered strain has
elevated basal expression of GAL3 along with MEL1 as
compared to the wild type strain (Fig. S4B and C). Thus, the
GAL switch of GAL805'GAL4C alleles is akin to the
GALBOGAL4 or GAL80SGAL4 switch of K. lactis. We then
determined the consequence of overexpression of Gal3p
in epistatically altered strain. As expected, in the wild type

strain, the GAL switch was constitutive upon overexpres-
sion (Bhat and Hopper, 1992). In contrast, the epistatically
altered strain did not exhibit constitutive expression of GAL
genes upon overexpression of Gal3p (Fig. 4A and B). This
is despite the fact that the amount of Gal3p produced is in
the transformants of the epistatically altered strain is com-
parable to that of wild type (Fig. 4C). This difference is
explained easily based on the low affinity of Gal3p and the
Gal80%'p.

Epistatically altered S. cerevisiae GAL switch resembles
K. lactis GAL switch

The induction kinetics of the GAL7 promoter driven
B-galactosidase expression in response to galactose by
the epistatically altered switch resembles that of K. lactis
switch rather than the wild type GAL switch (Fig. S5A).
More importantly, in the strain with the epistatically altered
switch, GAL1 promoter driven activity was found to be
leaky, indicating that the altered interaction is inefficient in
implementing a strong repression in the absence of galac-
tose. To determine whether the basal expression of the
GAL1 in the altered strain has biological significance, we
disrupted GAL3 and monitored the induction kinetics. We
surmised that because Gal1p has signalling activity and
has a basal expression in the epistatically altered strain,
the delayed induction kinetics observed in a gal3A (Torchia
and Hopper, 1986; Bhat and Murthy, 2001) in an otherwise
wild type background should disappear. The growth kinet-
ics, enzyme induction and the time taken for first doubling
clearly demonstrate that the altered switch can function
independent of Gal3p (Fig. 5A—C). To determine whether
this property is intrinsic to the GAL805'GAL4C interaction
and not due to the genetic background of our laboratory
strain, we introduced GAL80%'GAL4C alleles into BY strain
back ground by crossing and segregation. Five independ-
ent segregants with GAL805'GAL4° configuration showed
Gal3p independent activation, indicating that the above
property is solely due to the altered epistatic interaction
(Fig. S5B). This result suggests that following gene dupli-
cation, the recruitment of Gal3 as a dedicated signal trans-
ducer in S. cerevisiae entailed epistasis. Thus, the
epistatically altered GAL switch resembles the KIGAL
switch.

The KIGAL switch is less sensitive to glucose repression
(Salmeron Jr et al., 1989; Zenke et al., 1993). The stringent
glucose repression in S. cerevisiae evolved following
genome duplication (Piskur and Langkjaer, 2004). Moreo-
ver, previous studies have implicated GAL80 as a determi-
nant of the glucose repression of GAL switch (Johnston
et al., 1994; Biggar and Crabtree, 2001). Therefore, we
wanted to test the sensitivity of the epistatically altered
switch to glucose repression. We determined the GAL1
promoter driven 3-galactosidase expression in response to

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 94, 202—217
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Fig. 4. Response of wild type and epistatically altered strain upon overexpression of GAL3.
A. Growth of wild type and epistatically altered (GAL80°'GAL4°) strain (indicated as mutant) transformed with pYJM-3 or pT1-3B. pYJM

(URA3 multicopy plasmid) was taken as vector control.

B. o-Galactosidase activity of wild type and epistatically altered strains transformed with pYJM-3 or pT1-3B or vector alone. Triplicate samples
were taken for analysis and results represent average of three independent experiments with standard deviation.
C. Western blot for Gal3p in wild type and epistatically altered strain bearing plasmids as indicated.

glucose under two different experimental regimes. In the
first case, cells were grown in a neutral medium and then
transferred to a medium containing a constant amount of
galactose but increasing concentration of glucose. GAL1
promoter driven -galactosidase was determined after a
growth period of 4 h (Fig. 6A). In the second regime, cells
pre-grown in galactose were inoculated into a medium
containing 1% galactose and allowed to grow for 1 h, at the
end of which 0.5% glucose was added. B-Galactosidase
was monitored as a function of time (Fig. 6B). Results of
both the above experiments clearly indicate that the sen-
sitivity of the altered switch towards glucose repression is
more like that of the KIGAL switch.

Given that the pattern of glucose repression in epistati-
cally altered switch resembles that of KIGAL switch, it was
of interest to look at the growth profiles of wild type and the
epistatically altered strains in galactose and melibiose. We
consistently observed that the growth of the epistatically
altered strain was not as robust as the wild type strain at
low galactose concentration. However, at higher galactose
concentration the stationary phase cell density of the
mutant was higher than that of wild type (Fig. S6B). In

© 2014 John Wiley & Sons Ltd, Molecular Microbiology, 94, 202—-217

contrast, the epistatically altered strain grew better at all
the melibiose concentrations tested as compared to the
wild type (Fig. S6C). To assess whether the above differ-
ence has any adaptive value, we determined the fitness in
competition experiments. The wild type strain has a fitness
advantage on galactose as compared to the epistatically
altered strain (Fig. 6C). However, in melibiose the epistati-
cally altered strain has a fitness advantage (Fig. 6C).

The epistatically altered GAL switch is not ultrasensitive

Our study demonstrates that without altering the topology
of the switch, it is possible to reinstate the features of an
ancestral GAL switch, as represented by KIGAL switch in
S. cerevisiae by altering the strength of sequestration of
Gal4 by Gal80. Molecular sequestration is a prevalent
mechanism of implementing ultrasensitive response in
transcriptional regulation (Buchler and Louis, 2008). This
is probably because, the binding surface between the
interacting partners is flexible and more easily evolvable
than modifying cooperativity through oligomerization or
multiple binding of transcription factors (Venturelli et al.,
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Fig. 5. Epistatically altered strain deleted for GAL3 does not show long-term adaptation due to the increased basal expression of GALT.

A. Growth of wild type and epistatically altered strains with corresponding gal3A strains in different concentrations of galactose as indicated.
B. GAL1-LacZ reporter cassette was integrated in to the wild type and epistatically altered strains. f-Galactosidase activity in reporter strains
with the genetic background as indicated. Triplicate samples were taken for analysis and results represent average of three independent
experiments with standard deviation.

C. Time for first doubling was calculated after inoculating stationary gly/lac cultures of wild type and epistatically altered strains in to 2%

galactose and monitoring ODego at 1 h intervals (n = 4). Similar experiments are also carried out in corresponding GAL1 and GALB80 deletion
strains as a control.
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Fig. 6. Glucose repression and fitness analysis.

A. Reporter strains were pre-grown in gly/lac to an ODggo of 0.3 and cell cultures were divided into different tubes. Each culture was allowed to
grow for additional 4 h after adding 1% galactose and different concentration of glucose as indicated. B-Galactosidase activity was determined
and presented as normalized expression for each strain. K. lactis wild type strain was also subjected to similar analysis.

B. Reporter strains were pre-grown in galactose to stationary phase. Cells were freshly inoculated in to a medium containing 1% galactose.
After 1 h, cultures were divided in to two parts. 0.5% glucose was added to one part and water was added to the other as control.
B-Galactosidase was monitored as function of time in both cases. The activities in the control samples are not presented for clarity. K. lactis
wild type strain was also subjected to similar analysis.

C. Fitness of wild type and epistatically altered strains in galactose and melibiose as indicated was determined by competition assay (see

methods for details). Triplicate samples were taken for analysis and results represent average of three independent experiments with standard
deviation.
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Fig. 7. Epistatically altered strain has lost ultrasensitive with respect to galactose concentration.
A. Reporter strains were pregrown in gly/lac to an ODgoo of 0.3 and the cell cultures were equally distributed into different tubes. Galactose
was added to the final concentration as indicated. After 4 h, B-galactosidase activity was determined. K. lactis wild type strain was also

subjected to similar analysis.

B. Similar analysis was performed to determine the response from a single Gal4 binding site by determining a-galactosidase activity. Enzyme
activities were normalized for each strain. Triplicate samples were taken for analysis and results represent average of five (A) and three (B)
independent experiments with standard deviation. Each point represents the data obtained with standard deviation. Lines represent fitted Hill

function.

2012). Given that the wild type ScGAL switch is ultrasen-
sitive (Verma et al., 2003), we determined the response of
the wild type and the altered switch to varying concentra-
tions of galactose. The Hill coefficient of S. cerevisiae wild
type switch is 2.14 while the epistatically altered GAL
switch is 0.82 and that of K. lactis is 0.92 (Fig. 7A). To
determine whether change in galactose concentration as a
function of growth affected the ultrasensitive response,
both wild type and the epistatically altered S. cerevisiae
strains were deleted for galactokinase and same analysis
was performed. Under these conditions the Hill coefficient
marginally decreased but the difference between the wild
type and the epistatically altered switch remained the same
(Fig. S7A). We also determined the response of the switch
with respect to o-galactosidase, whose expression is
driven by single Gal4p binding site. The wild type and the
epistatically altered switch again showed a difference in
the Hill coefficient (Figs 7B and S7B). These results indi-
cate that without altering the configuration of the promoter
elements, altering only epistatic interaction between
Gal80p and Gal4p results in the loss of ultrasensitive
response. The absence of ultrasensitivity in the epistati-
cally altered strain and K. lactis is consistent with the
observation that the basal expression is more than what is
observed in S. cerevisiae.

Discussion

Our initial purpose was to unravel how wild type Gal3p
that cannot induce the GAL switch of a strain with
GALB80%"GAL4 genetic constitution can in fact induce the
GAL switch with GAL805' GAL4C genetic constitution. That
is, we investigated how the interaction of wild type Gal3p
with Gal80%'p is dependent on the allelic status of GAL4,

with which Gal3p does not have any direct physical inter-
action. Based on our observations, we suggest that the
difference in the ability of Gal3p to interact with Gal80S "p is
a function of Gal3p expression status, which in turn is
indirectly a function of the structural status of the GAL
switch itself. That is, in GAL80%" GAL4C background, the
Gal3p expression is more than what is normally observed
in the wild type strain and can compensate for the other-
wise low affinity with Gal80%'p. This is coupled with the fact
that the affinity of Gal80S'p with Gal4®p is reduced as
compared with Gal4p. This fundamental observation made
us wonder whether tweaking one specific parameter of the
network has any other functional outcomes at the pheno-
typic and fitness level. We observed that the S. cerevisiae
strain with GAL805'GAL4° background behaves like the
K. lactis strain. Most of these consequences seem to arise
due to the alteration of ultrasensitivity, a parameter that is
known to impact network dynamics.

The K. lactis GAL switch superficially resembles S.
cerevisiae GAL switch at the structural level but minor
differences abound. For example, the KIGAL switch
only has the GAL1 dependent signalling pathway. It lacks
the adjacent UASg elements, thus preventing the
co-operative interaction of Gal4p. However, it has a posi-
tive autoregulatory feedback loop for Gal4p which is
absent in ScGAL switch. Therefore, it was unexpected
that by only altering the interaction between Gal80p and
Galdp in S. cerevisiae, the switch behaves more like K.
lactis switch, not only in making the ScGAL switch inde-
pendent of GAL3 and increasing the basal level of expres-
sion of GAL genes but also at the level of carbon source
preferences.

Ultrasensitivity of a signalling network can normally
arise due to cooperativity, dimerization, feedback loops
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and protein sequestration. It is generally suggested that
since protein sequestration can be altered through muta-
tion, this mechanism of changing the ultrasensitivity is
more evolvable than other possibilities (Buchler and
Louis, 2008; Venturelli etal., 2012). We (the present
study) and others (Venturelli et al., 2012) have demon-
strated that the GAL gene promoter with single UASg
responds in an ultrasensitive manner. This suggests that
the adjacently placed UASg elements may not have a
direct role in implementing ultrasensitivity, as inferred
earlier (Griggs and Johnston, 1991; Verma et al., 2003).
Although the ultrasensitivity of the GAL system was
robust, it was recently demonstrated that abolishing the
dual feedback loops of GAL71 and GAL3 resulted in the
loss of ultrasensitivity and bistability (Venturelli et al.,
2012). Based on modelling, these authors suggested that
the competitive sequestration of Gal80p by both Gallp
and Gal3p is essential but not cooperatively. However, we
observed that, in a GALT deletion strain ultrasensitivity
was not completely abolished but the magnitude was
reduced as compared to the wild type. This suggests that
sequestration of Gal80p by Gal3p alone is sufficient to
introduce ultrasensitivity. If cooperativity of Gal4p binding
is not required for ultrasensitivity, then how do we explain
the loss of ultrasensitivity upon changing the affinity
between Gal3p—Gal80p and Gal80p—Gal4p only on the
basis of Gal80p sequestration by Gal1p/Gal3p? Consid-
ering that Galdp concentration in S. cerevisiae does not
increase through auto-regulation as observed in K. lactis
(Czyz et al., 1993), we propose that the role of adjacently
placed UASg elements is limited to the recruitment of the
low abundant Galdp to the promoters, through coopera-
tivity. The Gal4p dimer—dimer interaction subsequently
stabilized by the Gal80p dimer—dimer interaction ensures
that the limited amount of Gal4p is productively engaged
in interacting with DNA and Gal80p. Thus, the affinity of
Gal80 to Galdp is precisely calibrated within narrow limits,
so as to increase the productive interaction between
Gal3p and Gal80p in to confer an ultrasensitive response.
That is, if the affinity of Gal80p to Galdp is decreased,
then Gal3p cannot efficiently transduce the signal to the
Gal80p—Gal4p complex, as there will be sufficient free
Gal80p to sequester Gal3p, resulting in unproductive
interaction. We suggest that in the GAL4°GAL80° strain,
because of the lower affinity between Gal80%'p and
Gal4®p, Gal3p is inefficient in transducing the signal
leading to the loss of ultrasensitivity. Therefore, the notion
of ‘productive interaction’ between Gal3p, Gal80p, Gal4p
explains (a) our observation that over expression of Gal3p
alone but not the overexpression of both Galg80S'p and
Gal3p, as observed by others (Yano and Fukasawa,
1997), activates the switch in a GAL80%'GAL4 back-
ground (b) the observation that the increased basal
expression of Gal3p in GAL80S'GAL4C strain compen-

sates the low affinity between Gal3p and Gal805'p, result-
ing in the inducible phenotype (c) lack of ultrasensitivity in
KIGAL switch because of the elevated basal expression of
the regulatory proteins leading to the loss of productive
interaction.

In vitro evolution approach yielded three independent
S. cerevisiae strains with single mutations that have a
higher specific growth rate in galactose, indicating that
even single mutation is sufficient to alter the metabolic
potential at a given environmental condition (Hong et al.,
2011). Again using in vitro evolution experiments, it has
been suggested that single mutation can optimize multiple
phenotypes simultaneously (Chou et al., 2014). Recent
theoretical analysis undertaken to address whether GAL
regulatory network is capable of steering the metabolic
flux at varying external conditions indicated that by adjust-
ing kinetic parameters, the GAL regulatory network is
capable of responding to the demands of metabolic
network to the expected level (Berkhout et al., 2013). Of
the 54 parameters tested using unidimensional sensitivity
analysis, only 19 parameters affected the optimized meta-
bolic flux. Interestingly, of the 19 parameters, an increase
or decrease by two fold Gal80p—Gal4p—DNA interaction
parameters impacts the gene expression (Berkhout et al.,
2013), which is consistent with our experimental results.
According to the authors, this indicates that the gene
regulatory network is more complex than required for
achieving the galactose metabolic flux alone. The authors
suggest that this complex nature of the gene regulatory
network may allow the optimization of different objective
functions, such as the ability to use different carbon
sources by mutations which change only a given param-
eter (Berkhout et al., 2013). In contrast to this analysis, in
our study a decrease in Gal80p—Galdp interaction by
twofold impacted the Gal3p—Gal80p interaction by five-
fold. This further supports the idea that it is difficult to
predict the outcomes of the network response subjecting
it to mutational perturbation.

We observe that the altered strain is more fitin melibiose
than galactose. The efficient utilization of melibiose could
also be due to the reduced glucose repression of the
altered ScGAL switch as demonstrated in this study. Based
on the above, we speculate that the ancestral GAL switch,
functionally similar to the epistatically altered GAL switch,
is optimal for the simultaneous utilization of glucose and
galactose, products of hydrolysis of disaccharides such as
lactose or melibiose. It is important to note that K. lactis, an
aerobic yeast which lacks ultrasensitive response to
galactose, is adept in utilizing lactose and accordingly
KIGAL switch is not severely repressed by glucose
(Rubio-Texeira, 2005). Thus, the features observed in S.
cerevisiae, such as facultative anaerobic life style, sever
glucose repression and ultrasensitive response to galac-
tose is more compatible with the efficient and hierarchical
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utilization of glucose and galactose. To the best of our
knowledge, the only other known example where in S.
cerevisiae demonstrates ultrasensitivity as compared to K.
lactis is in MAP kinase pathway (Coyle et al., 2013). We
speculate that, evolution of ultrasensitivity in S. cerevisiae
following genome duplication might be more pervasive
than currently understood.

Interestingly, following genome duplication, many
members of sensu stricto species have become faculta-
tive anaerobes (Merico et al., 2007) and lost the ability to
utilize melibiose (Naumova et al., 2003), suggesting that
they may be in the path of evolutionary transition. Moreo-
ver, it is intriguing to note that all the members of the
sensu stricto group exhibit similar disposition of UASg
elements in the promoter of the GAL genes (Kellis et al.,
2003) but show variation in the gene copies of GAL4,
GAL1/3 and GAL80 (Hittinger et al.,, 2004; Rokas and
Hittinger, 2007). For example, S. castellii has retained two
copies of GAL3, GAL80 and GAL4 while S. bayanus has
retained two copies of only GAL80 (Hittinger et al., 2004;
Rokas and Hittinger, 2007). However, unlike S. kudri-
avzevii which has retained only GAL7 but not GAL3
(Hittinger et al., 2010), S. bayanus Gal3p has retained
galactokinase activity (Hittinger et al., 2004). A detailed
comparison of sugar utilization and kinetics of induction in
these strains would provide a more detailed perspective
of the role of ultrasensitivity in adaptive evolution. Thus,
our study highlights, how epistasis can emerge following
gene duplication and impinge on the regulation of gene
expression by altering network dynamics which can alter
not just one but many closely related traits to adapt to
changing circumstances.

Experimental procedures
Media and growth conditions

Yeast cells were grown either in YPD or synthetic complete
medium or synthetic medium lacking the appropriate amino
acid (drop out) supplemented with 3% (v/v) glycerol plus 2%
(v/v) potassium lactate or 2% (w/v) galactose or glucose
(Amberg et al., 2005). 2-Deoxygalactose (2-DG) was added
to a final concentration of 0.1% with glycerol plus lactate to
detect constitutive expression of GAL genes (Platt, 1984).
Wherever growth on galactose as a sole carbon source was
scored, ethidium bromide (EtBr) was included in the medium
at a concentration of 20 ug mi™" (Matsumoto et al., 1978).
G418 and Hygromycin B were used in YPD medium to a final
concentration of 200 ug mI~" (Wach et al., 1994; Goldstein
and McCusker, 1999).

Plasmids

Plasmid pYJM-3 is a URA3 based multicopy plasmid contain-
ing GAL3under the control of CYC1 promoter and pYJM s the
corresponding parent plasmid (Murthy and Jayadeva, 2000).
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pT1-3B (Torchia and Hopper, 1986) is URA3 based multicopy
plasmid containing GAL3 under its own promoter and the
corresponding vectors plasmids is YEp24 (New England
Biolab). pT80-3 is a multicopy plasmid bearing GAL80 under
its own promoter (Torchia and Hopper, 1986). pHS71, pHS141
and pHS222 contain 4.1 kb genomic fragment corresponding
to GAL805?, GAL80%" and GAL80°? alleles in YEp24 (Nogi
etal., 1984). pAP45 is a multicopy plasmid derived from
pYEX-BX (Clontech) bearing His tagged GAL3 under Cu™
inducible CUP1 promoter (Platt and Reece, 1998). pL754-4
contain 2.7 Kb BamHI-HindDIIl genomic fragment corre-
sponding to complete ORF of GAL4 and 26 bases of 5’
untranslated and 239 bases of 3’ untranslated region, cloned
in to pL754 (Promega). GAL4 T859I substitution (hence forth
will be called as GAL4°) allele was introduced by site-directed
mutagenesis in pL754-4 and was performed using ‘Quick-
change site-directed mutagenesis protocol’ originally devel-
oped and further modified by Stratagene. Mutation was
confirmed by sequencing. The resultant plasmid containing
GAL4° allele was named pAKDO04. pGPDHIS80 (Murthy,
2000) constructed by cloning His tagged GAL80 amplified
from genomic DNA at BamHI, HinDIll sites of PGPD426
(Mumberg et al., 1995). His tagged GAL80S" and GAL80%?
were cloned by amplifying GAL80%' and GAL80%? from
pHS141 and pHS222 respectively at BamHI, HinDIIl in
PGPD426. C-terminal Activation Domain (amino acids 768—
881) of GAL4and GAL4° were amplified from plasmid pL754-4
and pAKDO4 respectively and cloned in to pGEX4T1 (GE
Healthcare) at EcoRl site. The resultant plasmids express
GST tagged GAL4 or GAL4C.

Strains

Saccharomyces cerevisiae used in this study are isogenic
and listed in Table 1. K. lactis wild type strain JA6 (MATo
trp1-11 ura3-12 ade1-600 adeT-600) used in this study was
a generous gift from Dr K. D. Breunig (Breunig and Kuger,
1987). Genetic manipulation was carried out by lithium
acetate mediated transformation (Gietz and Woods, 2002).
Sc285 (Torchia and Hopper, 1986) expresses GAL genes
constitutively due to a 0.595 kb deletion internal to GAL80
open reading frame extending between two Bglll sites. For
integrating the mutant alleles of GAL80, Sc285 was
co-transformed by 2.1 kb Accl and HinDIll fragment from
pHS71, pHS141 and pHS222 containing the mutant ver-
sions of the GAL80 with marker plasmid. The transformants
containing the integrated GAL80 alleles were then screened
for the lack of constitutive expression of GAL genes by
observing the colonies that are able to grow on glycerol
plus lactate medium in presence of 2-DG. These putative
integrants were then tested for the integration event by
PCR amplification using the GAL80 specific flanking
primers. GAL4° allele (from pAKDO04) was introduced to
the strain containing wild type or super repressors of GAL80
by integrating as BamHI and HinDIIl fragment (Supporting
Text, section S1). Gene disruption using KanMX4 (Wach
et al., 1994) was carried out by amplifying KanMX4 cassette
from the genomic DNA of corresponding gene deletion
strain obtained from EUROSCARF. HygMX4 cassette
used for gene disruption was amplified from plasmid
pAG32 (Goldstein and McCusker, 1999) (EUROSCARF).
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Table 1. List of strains.

Strain Genotype Source/Reference
Sc 644(WT) MATa MEL1adef1 ile trp2-112 leu2-3,112 ura3-52 J.E. Hopper (Johnston and Hopper, 1982)
Sc 252(WT) MATa MEL1ade1 ile leu2-3,112 ura3-52 J.E. Hopper (Johnston and Hopper, 1982)
Sc 414 MATa MEL1 ade1 ile ura3-52 gal4A gal80A J.E. Hopper (Mylin et al., 1989)
Sc 285 MATa MEL1 ade1 ile ura3-52 leu2-3,112 gal80A J.E. Hopper (Torchia et al., 1984)
Sc 385 MATo. MEL1 adeft ile ura3-52 leu2-3,112 gal3::.LEU2 J.E. Hopper (Torchia and Hopper, 1986)
BY4742gal1A BY4742; Mat o; his3A; leu2A; lys2A; ura3A; YBRO20W::KanMX4 EUROSCARF
BY4742gal3A BY4742; Mat o; his3A; leu2A; lys2A; ura3A; YDROO9W::KanMX4 EUROSCARF
BY4742gal80A BY4742; Mat o his3A; leu2A; lys2A; ura3A; YMLO51W::KanMX4 EUROSCARF
Sc MTQ 01 MATa MEL1 adef ile leu2-3,112 ura3-52 GAL80°° (G301R)GAL4 This study
Sc MTQ 02 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80°' (G323R)GAL4 This study
Sc MTQ 03 MATa MEL1 adet ile leu2-3,112 ura3-52 GAL80°? (E351K)GAL4 This study
Sc AKD 45 MATa MEL1 adet ile leu2-3,112 ura3-52 GAL80 GAL4°(T859I) This study
Sc AKD 06 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80%° GAL4° This study
Sc AKD 07 MATa MEL1 ade1 ile leu2-3,112 ura3-52 GAL80%' GAL4° This study
Sc AKD 08 MATa MEL1 ade1 ile leu2-3,112 ura3-52 GAL80%? GAL4° This study
Sc AKD 13 MATa MEL1ade1 ile trp2-112 leu2-3,112 ura3-52 GAL1::KanMX4 This study
Sc AKD 14 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80%' (G323R)GAL4 This study
GAL1::KanMX4
Sc AKD 15 MATa MEL1 ade1 ile leu2-3,112 ura3-52 GAL80%' GAL4° GAL1::KanMX4 This study
Sc AKD 17 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80°' GAL4° GAL3::KanMX4 This study
Sc AKD 32 MATa MEL1ade1 ile leu2-3,112 ura3-52 URA3::GAL1-LacZ This study
Sc AKD 23 MATa MEL1 ade1 ile leu2-3,112 ura3-52 GAL80%' GAL4° URA3::GAL1-LacZ This study
Sc AKD 46 MATa MEL1ade1 ile leu2-3,112 ura3-52 URA3::GAL1-LacZ GAL1::KanMX4 This study
Sc AKD 25 MATa MEL1 ade1 ile leu2-3,112 ura3-52 GAL80%' GAL4° URA3::GAL1-LacZ This study
GAL1::KanMX4
Sc AKD 47 MATa MEL1ade1 ile leu2-3,112 ura3-52 URA3::GAL1-LacZ GAL3::KanMX4 This study
Sc AKD 27 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80°' GAL4° URA3::GAL1-LacZ  This study
GALS3::KanMX4
Sc AKD 31 MATa MEL1 ade1 ile ura3-52 leu2-3,112 gal80A URA3::GAL1-LacZ This study
Sc AKD 29 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80°' GAL4° URA3::GAL1-LacZ  This study
GALB80::KanMX4
Sc AKD 30 MATa MEL1 adel ile leu2-3,112 ura3-52 GAL80°' GAL4° URA3::GAL1-LacZ  This study
GAL1::HygMX4 GAL3::KanMX4
Sc AKD 41 MATa MEL1ade1 ile leu2-3,112 ura3-52 LYS2::KanMX4 This study
Sc AKD 42 MATa MEL1ade1 ile leu2-3,112 ura3-52LYS2::HygMX4 This study
Sc AKD 44 MATa MEL1 adef ile leu2-3,112 ura3-52 GAL80°" GAL4C LYS2::HygMX4 This study

GAL1-LacZ reporter cassette was introduced at URA3 locus
by linearizing plasmid pGAL1-LacZ (Li etal., 2002) by
digesting with Stul followed by transformation and selection
on ura drop out plate.

Genetic cross and tetrad analysis

Our laboratory strain bearing GAL80%5'GAL4C alleles (MATa
MEL1 adet ile leu2-3,112 ura3-52 GAL80%" GAL4°) was
crossed with BY4742 gal80A strain (BY4742; Mat o; his3A;
leu2A; lys2A; ura3A; YMLO51W::KanMX4) obtained from
EUROSCAREF. Diploid was selected according to the markers
and plated on to sporulation medium containing 0.5% potas-
sium acetate (Amberg et al., 2005). Spores were dissected
and five independent segregants bearing GAL805'GAL4°
alleles were selected on the basis of their growth on galac-
tose, susceptibility to G418 and ability to grow on glycerol
plus lactate medium in presence of 2-DG.

Spotting assay

Growth phenotype was scored by spotting assay. Strains or
transformants were pre-grown in synthetic complete or drop

out glycerol plus lactate medium (gly/lac) to stationary phase.
Cells were harvested, washed with sterile water and 10-fold
serial dilution was done according to their normalized cell
densities. A fixed volume of diluted samples were spotted on
to the culture plates containing assay media as indicated.
Growth phenotype was analysed after incubation depending
upon the experiment.

Growth analysis

Wild type and epistatically altered (Mutant) strains were pre-
grown in synthetic complete gly/lac medium to stationary
phase. Approximately equal amount of cells from each strain
were taken by normalizing their cell densities and freshly
inoculated into media containing different concentrations of
galactose or melibiose as indicated. Growth of each strain in
different medium was monitored by measuring the cell den-
sities at regular intervals. Growth profile was generated by
plotting ODeqo Versus time. Wild type and epistatically altered
(Mutant) strains were pre-grown on synthetic complete gly/
lac medium to stationary phase. Cell cultures were inoculated
in synthetic complete media containing 2% galactose to an
initial ODggo Of 0.1. And ODgoo was measured at 1 h intervals
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to determine the time to first doubling (Hittinger et al., 2010).
Each experiment was done in triplicates and results repre-
sent average of four independent experiment with standard
deviation.

Western blotting

Yeast strains or transformants carrying the appropriate plas-
mids were grown in synthetic complete or drop out medium
containing gly/lac as the carbon source up to an ODsg Of 0.3.
Galactose to a final concentration of 1% was added when-
ever required. After 4 h of galactose addition, cells were
harvested by centrifugation at 5000 rpm for 5 min and then
washed once with cold autoclaved double distilled water and
re-suspended in Y-PER Yeast Protein Extraction Reagent
(Thermo Scientific). Protease inhibitor cocktail and PMSF
were added to the final concentration of 2.5 mM and 1 mM
respectively and kept at room temperature for 40 min in a
vertical cell mixer. Cell-free extract was obtained by centri-
fuging at 10 000 rpm for 20 min at 4°C. Protein content
was estimated using BCA protein estimation kit (Thermo
Scientific). Cell-free extract containing known amount of
protein was boiled with SDS buffer for 10 min and resolved in
SDS-PAGE, transferred to PVDF membrane. After transfer
to PVDF membrane, blot was treated with blocking buffer
(PBS pH8.0 containing 1% w/v milk powder). The blot was
then probed with primary antibodies/antisera and incubated
for 1 h. Then the membrane was washed thrice with PBS
and Tween 20 (0.3% v/v). The blot was then probed with the
secondary antibody (Sigma) conjugated with alkaline phos-
phatase. Membrane was washed three times with PBS
and Tween 20 (0.3% v/v). Finally, blot was developed with
developing buffer containing NBT and BCIP. Every experi-
ment was repeated at least three times. Gal3p anti-
body (Lakshminarasimhan and Bhat, 2005) and Gal80p anti-
sera (Diep etal, 2008) used in this study have been
described earlier. Strains used Gal3p Western blot were
deleted for GAL1, the paralogue of GALS, to eliminate the
background signal. His antibody used in this study was
obtained from Santacruz Biotech. Zwf1p antibody (Sigma)
has been used as loading control in separate blot when ever
required.

a-Galactosidase assay (MEL1 activity)

To determine the expression level of the MEL1, o-
galactosidase assay was carried out. Yeast strains or trans-
formants carrying the appropriate plasmids were grown in
synthetic complete or drop out medium containing gly/lac as
the carbon source up to an ODgg of 0.3. Galactose to a final
concentration of 1% was added and both uninduced and the
induced cultures were incubated for an additional 4 h. One
millilitre of each culture was centrifuged and a-galactosidase
activity was determined in the supernatant. One hundred and
twenty microlitres of the supernatant was mixed with 360 pl of
assay buffer [2 volumes of 0.5 m sodium acetate, pH 4.5, and
1 volume of 100 mm p-nitrophenyl o-D-galactopyranoside
(Sigma)]. The reaction was incubated at 30°C for 5h and
terminated by adding 520 pl of stop buffer (1 M sodium car-
bonate), and the absorbance at 410 nm was measured (Diep
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et al., 2006). The selective media served as the blank. MEL 1
activity is presented as ODsio per unit ODgy. Triplicate
samples were taken for the analysis and results represent
average of at least three independent experiment with stand-
ard deviation.

B-Galactosidase assay

GAL1-LacZ reporter activity was measured using a cell per-
meabilization method. Yeast strains or transformants carrying
the appropriate plasmids were grown in synthetic complete or
drop out medium containing gly/lac as the carbon source up to
an ODgo of 0.3. Galactose to a final concentration of 1% was
added and both uninduced and induced cultures were incu-
bated for an additional 4 h. One millilitre of each culture was
pelleted down, washed with Z buffer (100 mM Sodium phos-
phate buffer pH 7.0, 10 mM KCI, 1 mM MgSO, without BME)
and resuspended in 150 pl of Z buffer with 0.3% BME. Twenty
microlitres of 0.1% SDS and 50 pl chloroform were added.
Samples were mixed vigorously for 15 s, 700 pl of pre-warmed
Z buffer containing 0.3 % B-mercaptoethanol and 1 mg ml™
ONPG was added and reactions were allowed at 30°C till pale
yellow colour appeared. Reactions were stopped by addition
of 500 ul 1 M NaCQO; and time was noted. Reaction tubes were
centrifuged at 13 000 rpm for 10 min and the OD at 420 nm of
the supernatant was measured. B-Galactosidase activity
was calculated as: Miller unit=[1000 x ODu5)/[ODgoo x VoI
(1 ml) x Reaction time (min)] (Muratani et al., 2005). Triplicate
samples were taken for the analysis and results represent
average of at least three independent experiment with stand-
ard deviation.

Gal3p and Gal80p interaction assays

pAP45 bearing His tagged GAL3 was expressed as
described (Platt and Reece, 1998) in a strain lacking GAL80
(Sc285). Cells were harvested by centrifugation at 5000 rpm
for 5 min and then washed once with cold autoclaved double
distilled water and re-suspended in Y-PER Yeast Protein
Extraction Reagent (Thermo Scientific). Protease inhibitor
cocktail and PMSF were added to the final concentration of
2.5 mM and 1 mM respectively and kept at room temperature
for 40 min in a vertical cell mixer. Cell-free extract was
obtained by centrifuging at 10 000 rpm for 20 min at 4°C.
Protein content was estimated using BCA protein estimation
kit (Thermo Scientific). Cell-free extract with known amount of
protein (500 or 1000 or 2000 ug as described) was immobi-
lized on to Ni-NTA agarose (Qiagen) in Eppendorf tube at
4°C. HisGal3p was purified by removing non-specific proteins
by washing with buffer (50 mM NaH,PO., 300 mM NacCl,
30 mM imidazole-pH8.0). GAL80, GAL80°, GAL80S" and
GAL80°? were expressed from plasmids pT80-3, pHS71,
pHS141 and pHS222, respectively, in a strain lacking GAL4
and GALS80 (Sc414; Mylin et al., 1989). Empty vector YEp24
was taken as control. Cell-free extract preparation and
protein estimation was done by the above described method.
Cell-free extract containing approximately 1500 pg of protein
was added to the immobilized HisGal3p. Galactose and ATP
was added to final concentration of 50 mM and 2 mm respec-
tively and placed in a vertical cell mixer at 4°C. After 2 h,
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unbound proteins were washed off by adding wash buffer
supplemented with 50 mM galactose and 2mM ATP.
HisGal3-Gal80 complex were then boiled for 10 min in 40 pl
of 1x SDS buffer containing imidazole to a final concentration
250 mM. The samples were analysed by Western blotting
separately with His antibody and Gal80p antisera. All experi-
ments were done at least three times.

Expression of GST tagged Galdp and Gal4°p activation
domain (AD)

Plasmids bearing GST tagged C-terminal of GAL4 and
GAL4° correspond to Activation Domain were separately
expressed in E. coli BL21. Overnight cultures in LB were
freshly inoculated in flasks containing LB supplemented with
0.5% glucose and allowed to grow at 37°C to an ODegq Of 1.
IPTG was added to a final concentration of 1 mM and cul-
tures were grown at 25°C for additional 8-10 h. Cells were
harvested by centrifugation at 2000 rpm for 5 min and then
washed once with cold Phosphate buffered saline (PBS),
10 mM phosphate buffer, pH 7.4, 150 mM NaCl and stored in
—80°C for further analysis.

Purification of His tagged Gal80p wild type and
super-repressors

His tagged GAL80 and super-repressor alleles were
expressed in a yeast strain lacking GAL4 and GAL80 (Sc414).
Plasmids bearing Transformants bearing His tagged GAL80
and super-repressor alleles were grown in uracil drop out
glucose medium to an ODgy of 0.5. Cells were harvested by
centrifugation at 5000 rpm for 5 min and then washed once
with cold autoclaved double distilled water and re-suspended
in Y-PER Yeast Protein Extraction Reagent (Thermo Scien-
tific). Protease inhibitor cocktail and PMSF were added to the
final concentration of 2.5 mM and 1 mM respectively and kept
at room temperature for 40 min in a vertical cell mixer. Cell-free
extract was obtained by centrifuging at 10 000 rpm for 20 min
at4°C. Cell-free extracts from each was immobilized on to with
Ni-NTA agarose (Qiagen) in Eppendorf tube at 4°C. HisGal80p
was purified by removing non-specific proteins by washing
with buffer (50 mM NaH,PO,, 300 mM NaCl, 30 mM
imidazole-pH8.0). Purified proteins were eluted by adding
elution buffer (50 MM NaH,PO,, 300 mM NaCl, 200 mM
imidazole-pH8.0) and stored in —-80°C. Protein content
was estimated using BCA protein estimation kit (Thermo
Scientific).

Galdp (AD) Gal80p interaction assays

E. coli (BL21) cells induced for GST tagged AD of Gal4p or
Gal4®p, stored at —80°C (see previous section) were thawed
and re-suspended in BugBuster HT Protein Extraction
Reagent (Novagen). Protease inhibitor cocktail and PMSF
were added to the final concentration of 2.5 mM and 1 mM
respectively and kept at room temperature for 20 min in a
vertical cell mixer. Cell-free extract was obtained by centri-
fuging at 10 000 rpm for 20 min at 4°C. Protein content was
estimated using BCA protein estimation kit (Thermo Scien-

tific). Cell-free extract containing equal amount of GST
tagged AD of Gal4 or Gal4® protein was immobilized on to
Glutathione Agarose (Sigma) in Eppendorf tube at 4°C and
unbound proteins were removed by washing with PBS-T (1%
triton-100). To this immobilized GST tagged AD of Gal4 and
Gal4®, purified His tagged Gal80, Gal80%' and Gal80S?
(20 ng each) proteins were added. Binding was allowed for
2 h. Unbound Gal80 proteins were removed by washing with
washing buffer. Gal4p—Gal80p complex were then boiled for
10 min in 40 ul of 1x SDS buffer containing reduced glu-
tathione to a final concentration 10 mM. The samples were
analysed by Western blotting separately with Gal80p anti-
sera. All experiments were done at least three times. Purified
Gal80p was used as the control. Gal80p input was deter-
mined by Western blot while Gal4p input was determined by
Coomassie staining.

Quantification of relative binding affinity

Intensity of bands obtained by Western blot was quantified by
using ImageJ software. The intensities were in linear range.
Relative affinity was determined by factoring in the dilutions
of sample used in Western blot.

Statistics

Data were analysed in Origin and P-value was calculated
using one-way ANOVA when ever required.

Competition assays

The fitness of epistatically altered strain relative to the wild
type was assayed by conducting competition assay. Both
strains were tagged with different antibiotic markers. Compe-
titions were performed at 30°C in the synthetic medium con-
taining galactose or melibiose as indicated. Before each
fitness assay, the two competitors were grown separately in
neutral medium (gly/lac) up to saturation. Approximately
equal number of cells from each competitor was inoculated in
the same medium to a final cell density of 2 x 10°. Immedi-
ately sample was taken, diluted and plated for determining
cell count at zero time point. After 24 h, the cultures were
diluted and plated for determining the final cell count. The
fitness of the epistatically altered strain relative to the wild
type was calculated as In[EA(f)/EA(0))/InN[WT(f)/WT(0)],
where EA(0) and WT(0) are the initial densities of the epi-
statically altered and wild type strain, respectively, and EA(f)
and WT(f) represent the corresponding densities at the end of
the competition (Gagneux et al., 2006). For control, wild type
strain was competed with wild type by tagging two different
antibiotics marker. The relative fitness calculated by the
above formula was deducted from 1 and is presented as
fitness value for each strain. Cells were diluted in such a way
that approximately 200 colonies per plate were obtained to
ensure that the counting error is minimized. For each sample
at least three plates were used. Each experiment was done in
triplicates and results represent average of three independ-
ent experiments with standard deviation.
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