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2

1 Overview
Below we present an overview of the biology of the regulatory components in response to
NaCl, osmotic, KCl and alkaline pH stress conditions that are considered in this study
(also see Fig. 1 and Table 1 in the main text).

Transporters

Saccharomyces cerevisiae cells create a large gradient of protons across the plasma
membrane. This proton gradient is used as an energy source by the cell to transport
cations, amino acids, phosphates and other small nutrient molecules across the cell
membrane [1]. Potassium ions (K+) are actively taken up by K+ transporters to balance
the charge difference generated by the proton extrusion. Due to similar chemical
properties with K+, sodium ions (Na+) are able to enter the cell through the same
transporters as K+. Since a high intracellular Na+ concentration is toxic for the cell and
Na+ is the most abundant cation in most natural environments, the cell has evolved
complex transport mechanisms to tightly regulate intracellular K+ and Na+ levels by
actively taking in K+ and pumping out Na+ [2]. Under stress conditions, such as saline
stress, osmotic stress and alkaline pH stress, yeast cells maintain intracellular caion
homeostasis by both post-translational modification of the activities and transcriptional
3

regulation of gene expression of various transporters. In this study, we mainly focus on
the activity and regulation of 6 major transporters/transporter system that regulate
intracellular H+, K+ and Na+ concentrations: Pma1p, the Trk system (including Trk1,2p),
Ena1p, Nha1p, Tok1p and the as yet genetically uncharacterized non-selective cation
channel NSC1.

The proton gradient is created through the activity of the H+-ATPase, Pma1p. It actively
extrudes protons using energy released from ATP hydrolysis [3]. K+ uptake is primarily
mediated by the Trk system [4,5,6]. It has two states depending on its affinity to K+: the
high affinity state and the medium affinity state. In high Na+ environments, Trk1p
switches to the high affinity state to discriminate K+ when Na+ becomes excessive [7,8].
The low-affinity potassium uptake is mediated at least in part by the non-specific cation
transporter, NSC1 [9]. The outward-rectifying channel Tok1p extrudes intracellular K+
when K+ becomes excessive [10,11]. The Na+,K+/H+ antiporter, Nha1p [12,13] and the
Na+-ATPase, Ena1p, pump out intracellular Na+ [14,15]. Under neutral conditions,
excessive intracellular Na+ is extruded primarily through Nha1p. Under high salt
conditions and high pH conditions, the expression of ENA1 gene is up-regulated and
Ena1p becomes the primary Na+ pump [12].
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Post-translational regulation

The activities of these transporters are under complex regulation, and are highly
dependent on the environment. The post-translational modulation of the transporters in
response to high salt, high osmolarity and high alkaline pH stresses are mainly mediated
by the protein kinase Hog1p [16], calcineurin [17] and the protein phosphatases Ppz1,2p
[18,19]. Hog1p is a protein kinase that is activated in response to hyper-osmotic stress
[16]. Hog1p modifies both the activity and gene expressions of those enzymes involved
in glycerol synthesis [20,21,22]. In addition, Hog1p interacts with Nha1p and Tok1p at
the plasma membrane to decrease Na+ toxicity upon activation [23]. In yeast cells, both
osmotic stress and alkaline pH stress induce a rapid accumulation of Ca2+ ions in the
cytosol, which in turn activate calcineurin [24,25]. Calcineurin plays a number of
important roles in the adaptation to NaCl and high pH stresses, and deletion of
calcineurin subunits, or addition of the calcineurin inhibitor FK506, results in growth
sensitivity under those conditions [26,27]. The Ser/Thr protein phosphatases, Ppz1,2p,
are involved in many cellular processes, including salt tolerance [19,28,29,30]. They
negatively regulate calcineurin activity and switch the Trk system from high affinity to
low affinity [18,31]. It has been shown that the activities of Ppz proteins are dependent on
intracellular pH [31,32]. This is a result of the pH dependent binding between Ppz
proteins with a Ppz inhibitor protein, Hal3p.
5

Transcriptional regulation

The transcriptional responses to osmotic stress, salt stress and alkaline pH stress involve
several signaling pathways. The calcineurin pathway is involved in adaptation to all three
stress conditions, though not with equal importance. This pathway is not required under
sorbitol or KCl stress, however, in high Na+ or high pH conditions, its activation is
essential for growth [17,26,33]. Hyper-osmotic stress adaptation is critically dependent
on Hog1p activation through the HOG pathway. Several pathways are involved in the
transcriptional response to alkaline pH. In terms of ion homeostasis, one of the important
responses is the repression of NRG1, encoding the transcription factor Nrg1p [34]. Under
all three stress conditions mentioned, ENA1 gene expression is highly up-regulated,
highlighting the importance of this Na+ ATPase in ion homeostasis during stress
adaptation.

2 Modeling the transporters
In this section, the sub-models describing transporters and post-translational
modifications to these transporters are presented in detail. Since transporter activity is
generally dependent on the plasma membrane potential, we first describe the equation for
6

calculating the plasma membrane potential in Section 2.1. The equations for the Na+ and
K+ transporters are explained in Section 2.2, followed by the sub-models for the H+
transport in Section 2.3 and the model describing the membrane leakage of K+ and Na+ in
Section 2.4. Finally, the ODE describing the temporal changes of intracellular K+, Na+
and H+ are shown in Section 2.5. The values of model parameters and references from
which the parameter values are determined in this section are listed in Table S2 and S3.

2.1 Membrane potential
The membrane potential (Em) is calculated directly from the net charge inside the cell by
adding up the number of major mono-valent ions, i.e. H+, K+, Na+, and the negatively
changed anions. The equation is given by
·

·

(2.1),

where Hcyt+, Kcyt+ and Nacyt+ are the amounts of cytosolic H+, K+ and Na+ molecules,
respectively, and their levels are dependent on transporter activities. Anioncyt is the
concentration of anions in the cell that balance positive charges of H+, K+ and Na+. We
assume Anioncyt is constant. F is the Faraday constant, Cm is the membrane capacitance
and SMem is the surface area of the cell membrane. The values of these constants can be
found in Table S4.
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2.2 Na+ and K+ transporters
Both Na+ and K+ are able to bind to the same site on many transporters, e.g. Nha1p,
Ena1p and the Trk1,2p transporters, albeit with different affinities. We first derive
equations for the probability of competitive binding at a K+/Na+ binding site of a
transporter in Section 2.2.1, and apply this general result to transporters that transport
both Na+ and K+ in following sections.

2.2.1 The Na+ and K+ Competitive Binding Probability (CBP)

The chemical equation for the binding and unbinding of Na+ and K+ to the transporters is:

[ Na + ] + [T free ] ↔ [T Na ] ,

[ K + ] + [T free ] ↔ [T K ] ,

where Tfree is the unbound transporter, TNa is the Na+ bound transporter, and Tk is the K+
bound transporter. Then, the total amount of this transporter (T0) is
T0=Tfree+TNa+TK.
If we assume the two reactions are in equilibrium and solve the resulting equilibrium
mass-action equations, we obtain the probabilities that the transporter is in the unbound
state (Pfree), in the Na+ bound state (PNa) and in the K+ bound state (PK):
Pfree ([K + ],[Na + ]) = T free ([K + ],[Na+ ]) / T 0 =

1
1+[K + ] / KmT ,K +[Na + ] / KmT ,Na

(2.2),
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+

+

+

+

PNa ([ K ], [ Na ]) = TNa ([ K ], [ Na ]) / T =

[ Na + ] / KmT , Na

0

1 + [ K + ] / KmT , K + [ Na + ] / KmT , Na

(2.3),
PK ([ K + ], [ Na + ]) = TK ([ K + ], [ Na + ]) / T 0 =

[ K + ] / KmT , K
1 + [ K + ] / KmT , K + [ Na + ] / KmT , Na

(2.4),
where KmT,Na, KmT,K are the dissociation constants for the binding of the transporter to
Na+ and K+, respectively. We refer to these three equations as the Competitive Binding
Probability (CBP) equations below.

2.2.2 Ena1p

Ena1p catalyzes ATP hydrolysis to extrude Na+ and K+. The binding probabilities of
Ena1p to Na+ and K+ can be derived from equations (2.3 and 2.4) above:
PEna1, Na =

[ Na + ] cyt / Km Ena1, Na
1 + [ K + ] cyt / Km Ena1, K + [ Na + ] cyt / Km Ena1, Na

PEna1, K =

[ K + ] cyt / Km Ena1, K
1 + [ K + ] cyt / Km Ena1, K + [ Na + ] cyt / Km Ena1，Na

(2.5),

(2.6),

where KmEna1,Na and KmEna1,K are dissociation constants for the binding affinities to Na+
and K+, respectively.

The chemical reaction for Ena1p transport activity is
9

[ Na+ / K + ]cyt + [ ATP] + [ Ena1] ↔ [ Na+ / K + ]ext + [ ADP] + [ Pi] + [ Ena1] .
Then, the equations describing Na+ and K+ fluxes through Ena1p under unstressed
conditions (J0Ena1,Na and J0Ena1,K, respectively) can be derived as following [35]:
G0 _ ATP − F ⋅ Em
))
R⋅T
− F ⋅ Em
G
= kEna1 ⋅ ([K + ]cyt ⋅[ATP]−[K + ]ext ⋅[ADP]⋅[Pi]⋅ exp( 0 _ ATP
))
R⋅T

0
+
+
J Ena1,
Na = kEna1 ⋅ ([Na ]cyt ⋅[ATP]−[Na ]ext ⋅[ADP]⋅[Pi]⋅ exp(

0
J Ena1,K

where kEna1 is a flux constant.

To account for the both the binding probabilities to Na+ and K+ and changes in the
number of Ena1p molecules on the plasma membrane due to the regulation of Ena1p in
response to stressful conditions, we model the total fluxes of Na+ and K+ through Ena1p
(JEna1,Na and JEna1,K, respectively) as the following:
Ena1(t) 0
⋅ J Ena1,Na
Ena10
G
− F ⋅ Em
Ena1(t)
= PEna1,Na ⋅
⋅ kEna1 ⋅ ([Na + ]cyt ⋅[ATP]−[Na + ]ext ⋅[ADP]⋅[Pi]⋅ exp( 0 _ ATP
))
Ena10
R⋅T

J Ena1,Na = PEna1,Na ⋅

(2.7),
Ena1(t) 0
⋅ J Ena1,K
Ena10
G
− F ⋅ Em
Ena1(t)
= PEna1,K ⋅
⋅ kEna1 ⋅ ([Na + ]cyt ⋅[ATP]−[Na+ ]ext ⋅[ADP]⋅[Pi]⋅ exp( 0 _ ATP
))
0
Ena1
R⋅T

J Ena1,K = PEna1,K ⋅

(2.8),
where Ena10 is the amount of Ena1p in unstressed conditions, and Ena1(t) the total
amount of Ena1p during the simulation. The ratio of Ena1(t) over Ena10 describes the
relative changes in the amount of Ena1p. The ODE describing Ena1(t) under different
10

stress conditions is given in Section 3.4. G0_ATP is the free energy released by ATP
hydrolysis, R is the gas constant, T is the absolute temperature, F is the Faraday constant
and Em is the membrane potential.

Note that, since there is no strong evidence showing that ATP levels are altered notably
within the time scale of stress conditions we consider in this study, we assume that the
values of [ADP][Pi]], and [ATP] are constants (see Table S4).

2.2.3 Nha1p

Nha1p is a plasma membrane localized H+/K+,Na+ electrogenic antiporter, i.e.
transporting more H+ than K+/Na+ ions [36]. Under high Na+ stress, Nha1p is
phosphorylated by Hog1p, and this phosphorylation is important for extrusion of
excessive intracellular Na+ [23]. Later experiments demonstrated that the potassium
efflux through Nha1p is inhibited in a Hog1p dependent manner under osmotic stress
[37]. These data suggest that the phosphorylation of Nha1p by Hog1p increases its
maximal activity and decreases the Nha1p affinity to K+. In this study, we assume that
Nha1p exists in two states, the un-phosphorylated state (low activity state) and
phosphorylated state (high activity state). Phosphorylation by Hog1p increases the
activity of Nha1p and decreases its affinity to K+.
11

In the following, we firstly derive the probabilities of Nha1p in the two states and the
probabilities of its binding to Na+ and K+, respectively, and then, we present the equations
for the Na+ and K+ fluxes through Nha1p.

Since Hog1p modifies Nha1p post-transcriptionally, we assume this reaction is very
quick and the levels of Nha1p in the phosphorylated and unphosphorylated states are at
quasi-equilibrium. Then, the probabilities that Nha1p is in the phosphorylated state
(PNha1_low, low affinity to K+) and the un-phosphorylated state (PNha1_high) can be
approximated as:
PNha1_ high =
PNha1_ low =

KmNha1,Hog1
KmNha1,Hog1 + Hog1PPcyt (t)

Hog1PPcyt (t)
Km Nha1,Hog1 + Hog1PPcyt (t)

(2.9),
(2.10),

where KmNha1,Hog1 is the dissociation constant for Hog1p regulation, and Hog1PPcyt(t) is
the time dependent level of phosphorylated Hog1p in the cytosol. The equations
describing Hog1PPcyt(t) is given in Section 3.1.

We consider the binding of Nha1p to Na+ and K+ separately for the phosphorylated and
the unphosphorylated Nha1p. From the CBP equations, the binding probabilities to Na+
and K+ for the un-phosphorylated Nha1p (high affinity to K+) can be derived:
12

+

[ Na + ]cyt / Km Nha1, Na

+

PNha1 _ high , Na ([ K ]cyt , [ Na ]cyt ) =

PNha1 _ high , K ([ K + ]cyt , [ Na + ]cyt ) =

1 + [ K + ]cyt / Km Nha1 _ high , K + [ Na + ]cyt / Km Nha1, Na
[ K + ]cyt / Km Nha1 _ high , K
1 + [ K + ]cyt / Km Nha1 _ high , K + [ Na + ]cyt / Km Nha1, Na

(2.11) ,

(2.12) ,

where KmNha1,Na is the dissociation constant of Nha1p to Na+ and KmNha1_high,K is the
dissociation constant of un-phosphorylated Nha1p to K+.

Similarly, for the phosphorylated Nha1p (lower affinity to K+), the binding probabilities
to K+ and Na+ are:
PNha1 _ low, Na ([ K + ]cyt , [ Na + ]cyt ) =

+

[ Na + ]cyt / Km Nha1, Na
1 + [ K + ]cyt / Km Nha1 _ low, K + [ Na + ]cyt / Km Nha1, Na
[ K + ]cyt / Km Nha1 _ low, K

+

PNha1 _ low, K ([ K ]cyt , [ Na ]cyt ) =

1 + [ K + ]cyt / Km Nha1 _ low, K + [ Na + ]cyt / Km Nha1, Na

(2.13) ,

(2.14) ,

where KmNha1_low,K is the dissociation constant of the phosphorylated Nha1p to K+.

The chemical reaction for Nha1p is:

3⋅[H + ]ext + 2 ⋅[K + / Na+ ]cyt +[Nha1p]↔ 3⋅[H + ]cyt + 2 ⋅[K + / Na + ]ext +[Nha1p]

The equation describing the flux can be written as the following form:
G0 _ ATP − F ⋅ Em
)),
R⋅T
− F ⋅ Em
G
2
= VNha1, Na ⋅ ([H + ]3ext ⋅[Na + ]cyt
−[H + ]3cyt ⋅[Na + ]2ext ⋅ exp( 0 _ ATP
))
R⋅T

2
J Nha1,K = VNha1,K ⋅ ([H + ]3ext ⋅[K + ]cyt
−[H + ]3cyt ⋅[K + ]2ext ⋅ exp(

J Nha1, Na

(2.15) ,
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where VNha1,K and VNha1,Na describes the dependence of the rate of fluxes on the state of
Nha1p and the binding probabilities of Nha1p, the expressions for VNha1,K and VNha1,Na
are :
VNha1,K = k Nha1_ low ⋅ PNha1_ low ⋅ PNha1_ low,K + k Nha1_ high ⋅ PNha1_ high ⋅ PNha1_ high,K ,

(2.16)

VNha1, Na = k Nha1_ low ⋅ PNha1_ low ⋅ PNha1_ low, Na + kNha1_ high ⋅ PNha1_ high ⋅ PNha1_ high, Na

(2.17) ,

and

where kNha1_low and kNha1_high are the rate constant for Nha1p at phosphorylated and
unphosphorylated states, respectively. The first terms on the right hand side of Eqn
2.16 and 2.17 describe the dependence of K+ and Na+ fluxes through phosphorylated
Nha1p, respectively, and the second terms describe the dependence of the fluxes
through unphosphorylated Nha1p.

2.2.4 Tok1p

Tok1p is an outward rectifying K+ channel at the plasma membrane. Under NaCl stress,
phosphorylated Hog1p interacts with Tok1p at the plasma membrane, and this
interaction is shown to be important to cellular adaptation to NaCl stress [23].

Loukin and Saimi proposed a biophysical model that explains the gating properties of
Tok1p very well [38]. Most of the model results are consistent with experimental
14

measurements, however, the predictions from their model have to be corrected using
the Goldman-Hodgkin-Katz (GHK) equation if the intracellular and extracellular K+
concentrations are not symmetric, which is problematic for our study. Therefore, we
made modifications to their model and the modified model is able to produce results
that are consistent with the published measurements for non-symmetric K+
concentration conditions. A brief explanation of the Loukin and Saimi model and the
modifications is given below.

Loukin and Saimi Model and modifications

Based on the measurements by Lesage and colleagues [10], Loukin and Saimi assumed
four different states for Tok1p, RI, RIO, RO and O, where RI, RIO, RO are sub-states of
the blocked state and O is the open state. The probability that Tok1p is in the open (O)
state is given by the following:
PTok 1,O =

where

the

possible

[O ]
[O ] + [ R I ] + [ R IO ] + [ RO ]

transitions

between

(2.18) ,
all

of

the

four

states

are:

ROÅÆRIOÅÆRIÅÆO.

The rates of these transitions are governed by membrane potential and intra- and
extra-cellular K+ concentration. If we assume the reactions are in equilibrium, the
15

relative distributions of the four states are given by the following equations:
O=

RI =

R IO =

k Tok 1, RO ⋅ R I
k Tok 1,OR

'
k Tok 1,OR ⋅ O + k Tok
1, −1 ⋅ R IO
'
+
k Tok 1, RO + k Tok
1,1 ⋅ [ K ] ext

+
+
'
'
k Tok
1,1 ⋅ [ K ] ext ⋅ R I + k Tok 1, −2 ⋅ [ K ] int ⋅ RO
'
'
k Tok
1, −1 + k Tok 1, 2

RO =

'
k Tok
1, 2 ⋅ R IO
'
+
k Tok
1, −2 ⋅ [ K ] int

,

whereas kTok1,RO and kTok1,OR are parameter constants, and the other four parameters are
given by the following expressions:
'
k Tok
1,1 = k Tok 1,1 ⋅ exp( − l Tok 1, ext ⋅ Em /( R ⋅ T ))

'
k Tok
1, − 1 = α Tok 1 ⋅ k Tok 1,1 ⋅ exp( l Tok 1, ext ⋅ Em /( R ⋅ T ))

'
k Tok
1, 2 = β Tok 1 ⋅ k Tok 1, 2 ⋅ exp( − l Tok 1, int ⋅ Em /( R ⋅ T ))

'
.
k Tok
1, − 2 = k Tok 1, 2 ⋅ exp( l Tok 1,int ⋅ Em /( R ⋅ T ))

The values of kTok1,RO, kTok1,OR, kTok1,1 and kTok1,2 are given in Table 2.

In the Loukin and Saimi model [38], the current through Tok1p is calculated from the
conductance of the open state of this transporter and the overall conductance is
assumed proportional to the amount of Tok1p in the open state (given by PTok1,O above).
Here, however, we model the current through the open state directly instead, using the
Goldman-Hodgkin-Katz (GHK) equation:
16

F2
ITok1 = PsTok1 ⋅
⋅ Em ⋅
R ⋅T

Em ⋅ F
)⋅[K + ]ext
R ⋅T
Em ⋅ F
1− exp(−
)
R ⋅T

[K + ]cyt − exp(−

(2.19) ,

where PsTok1 is the total permeability of Tok1p at the plasma membrane to K+.
Then, the K+ flux through Tok1p in the absence of Hog1p interaction is:
J 'Tok1 = PTok1,O ⋅ I Tok1 / F ,

where F is the Faraday constant.

To understand the interaction between Tok1p and Hog1p, we varied Tok1p activity in
NaCl stress conditions (see Section 5) and found that increasing Tok1p activity results
in higher intracellular Na+ concentration, whereas, decreasing Tok1p activity results in
lower Na+ concentration (Fig. 3A in the main text). Therefore, we find that Hog1p
negatively regulates Tok1p activity through phosphorylation, which is in agreement
with previous measurement that K+ efflux rate is minimal during osmotic stresses [37].

Hence, by taking account of the regulation of Hog1p, the overall Tok1p open
probability is modeled as:
JTok1 =

KmTok1,Hog1
⋅ J 'Tok1
Hog1PPcyt (t) + KmTok1,Hog1

(2.20) ,

KmTok1,Hog1
=
⋅ PTok1,O ⋅ I Tok1 / F
Hog1PPcyt (t) + KmTok1,Hog1

where KmTok1,Hog1 are Michaelis-Menten constants for Hog1p regulation.
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2.2.5 The Trk1,2p transport system

The Trk1,2p system exists in two states, a medium affinity state and a high affinity state
[39]. The affinity of the Trk1,2p system to K+ is in the micromolar range when it is in the
high affinity state, and in the millimolar range when it is in the medium affinity state
(Gaber, Styles et al. 1988; Ramos, Alijo et al. 1994). The transition between the high
affinity state and the medium affinity state is mainly mediated by calcineurin and Ppz
proteins (Ppz1,2p) [9,33]. It has been shown that activation of calcineurin promotes the
Trk1,2p transition from medium affinity to high affinity [33]. Activation of the
calcineurin pathway increases the amount of Trk1p at the plasma membrane by
up-regulating the expression of HAL5, which encodes Hal5p regulatory protein that
stabilizes Trk1p at the plasma membrane [40]. The interaction between Ppz proteins and
Trk1p converts Trk1p from high affinity to medium affinity [18,31]. In the following, we
firstly model the level of Ppz1p, and then describe the model for the Trk1,2p transport
system.

Ppz regulatory proteins

The activities of Ppz proteins have been shown to be dependent on intracellular pH [31].
18

Increase in intracellular pH increases the activity of Ppz. Here, we model the activity of
Ppz proteins ([Ppz]) as following:

[Ppz] =

KmPpz
⋅[Ppz 0 ]
+
KmPpz +[H ]cyt

(2.21) ,

where [Ppz0] is the total concentration of Ppz protein, and Kmppz is a Michaelis-Menten
constant.

Trk transporter system transporter activity

To model the Trk1,2p transporter (the Trk system) activity, we firstly calculate the
fractions of the Trk system in the medium affinity state and the high affinity state. Since
Ppz proteins negatively regulate the Trk system and calcineurin positively regulates it
[18,33], we model the dependence of the probabilities of the Trk system in the medium
and high states (PTrk_medium, PTrk_high) as following:
PTrk _ medium ([Ppz],[CN ]) =

PTrk _ high ([Ppz],[CN ]) =

[Ppz] / KmTrk,Ppz
[Ppz] / KmTrk,Ppz +[CN ] / KmTrk,CN +1
[CN ] / KmTrk,CN +1

[Ppz] / KmTrk,Ppz +[CN ] / KmTrk,CN +1

(2.22) ,
(2.23) ,

where KmTrk,Ppz, KmTrk,CN are the dissociation constants for Ppz phosphatase and
calcineurin regulations on the Trk system, respectively.

Secondly, we derive the binding probabilities of the Trk system to K+ and Na+. From the
CBP equations, we have the following equations describing the probabilities that the Trk
19

system binds to Na+ and K+ at high affinity state (PTrk_high,Na and PTrk_high,K, respectively):
PTrk _ high,Na ([K + ]ext ,[Na+ ]ext ) =

[Na + ]ext / KmTrk _ high,Na
1+[K + ]ext / KmTrk _ high,K +[Na + ]ext / KmTrk _ high,Na

(2.24) ,
PTrk _ high,K ([K + ]ext ,[Na+ ]ext ) =

[K + ]ext / KmTrk _ high,K
1+[K + ]ext / KmTrk _ high,K +[Na + ]ext / KmTrk _ high,Na

(2.25) ,
where KmTrk_high,K and KmTrk_high,Na are the dissociation constants for the high affinity state
of the Trk system for K+ and Na+, respectively.

Similarly, the binding probabilities Na+ and K+ for the medium affinity state of the Trk
system (PTrk_medium,Na and PTrk_medium,K, respectively) are:
PTrk _ medium,Na ([K + ]ext ,[Na + ]ext ) =

[Na + ]ext / KmTrk _ medium,Na
1+[K + ]ext / KmTrk _ medium,K +[Na + ]ext / KmTrk _ medium,Na

(2.26) ,
[K + ]ext / KmTrk _ medium,K
PTrk _ medium,K ([K ]ext ,[Na ]ext ) =
1+[K + ]ext / KmTrk _ medium,K +[Na+ ]ext / KmTrk _ medium,Na
+

+

(2.27) ,
where KmTrk_medium,K and KmTrk_medium,Na are the dissociation constants of the medium
affinity state of the Trk system for K+ and Na+, respectively.

The characteristics of the Trk system in response to different physiological conditions
20

are not well understood. Therefore, we test several models that describe transporter
activities based on how well the model agrees with published measurements for the Trk
system. We firstly modeled the activity of the Trk system using the GHK equation.
However, varying the activity of the Trk system in the resulting model did not alter the
membrane potential in most conditions, which is contradictory to the report that
activity of the Trk system has a significant impact on the membrane potential [41]. We
then modeled the Trk system using the Nernst equation [35]. The behavior of the
system is similar with that using the GHK equation, i.e. changes in Trk1,2p activity did
not alter membrane potential. Finally, based on the evidence that the rate of K+ influx
does not depend on the extracellular K+ concentration [7] and that the inward K+
currents through the Trk system increases quadratically with the increase of the
membrane potential [42], we model the K+ inward flux through the Trk system to be
proportional to the square of the membrane potential. Then, the following equations are
used to describe the Na+ and K+ fluxes through the Trk system:
JTrk, Na = (PTrk _ medium, Na ⋅ PTrk _ medium + PTrk _ high, Na ⋅ PTrk _ high ) ⋅ kTrk ⋅ Em 2 ,
JTrk,K = (PTrk _ medium,K ⋅ PTrk _ medium + PTrk _ high,K ⋅ PTrk _ high ) ⋅ kTrk ⋅ Em 2

(2.28) ,
where kTrk is the rate constant for the activity of Trk1,2p system.
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2.2.6 NSC1 – non-selective cation channel

In addition to the Trk transport system, there exist other K+ transporter systems,
primarily a genetically uncharacterized non-selective cation channel, NSC1, that
mediates low-affinity potassium uptake [43]. The contributions of these systems to
cation homeostasis are less significant than that of the Trk system.

The probability of NSC1 binding to K+ and Na+ (PNSC1,K and PNSC1,Na, respectively) are
given by the CBP equations:
PNSC1,K ([K + ]ext ,[Na + ]ext ) =

[K + ]ext / KmNSC1,K
1+[K + ]ext / KmNSC1,K +[Na + ]ext / KmNSC1,Na

PNSC1,Na ([K + ]ext ,[Na+ ]ext ) =

(2.29) ,

[Na + ]ext / KmNSC1,Na
(2.30) ,
1+[K + ]ext / KmNSC1,K +[Na+ ]ext / KmNSC1,Na

where KmNSC1,K and KmNSC1,Na are dissociation constants.

Then, the K+ and Na+ fluxes through NSC1 were described following the equation
describing a channel [35]:
F ⋅ Em
))
R⋅T
F ⋅ Em
J NSC1,Na = PNSC1,Na ⋅ kNSC1 ⋅ ([Na + ]ext −[Na + ]cyt ⋅ exp(
))
R⋅T

J NSC1,K = PNSC1,K ⋅ k NSC1 ⋅ ([K + ]ext −[K + ]cyt ⋅ exp(

(2.31) ,
(2.32) ,

where kNSC1 is a rate constant of NSC1.
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2.3 H+ production, import and export
2.3.1 H+ production

Yeast cells generate a large number of H+ ions during metabolism, which are pumped
out of the cell by the H+-ATPase, Pma1p. By creating a proton gradient across the
plasma membrane, the proton flux builds up both the chemical energy (H+ gradient)
and the electrical energy (membrane potential), which are important determinants for
uptake of cations, amino acids, phosphates and other impermeable nutrient molecules
[1,44].

In this study, to keep the model simple, we assume that the H+ production rate (JH_prod)
is constant:
J H _ prod = K H _ prod

(2.33) ,

where KH_prod is a constant for H+ production.

2.3.2 H+ extrusion/Pma1p

H+ is extruded into the external medium through the activity of Pma1p, an H+-ATPase
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localized on the yeast plasma membrane [45]. It plays an important role in nutrient
uptake, regulation of membrane potential and pH homeostasis [46,47].

The chemical reaction for H+ extrusion through Pma1p is:

[ H + ]cyt + [ ATP] + [ Pma1] ↔ [ H + ]ext + [ ADP] + [ Pi] + [ Pma1] ,
where [ATP], [ADP] and [Pi] are the concentrations of intracellular ATP, ADP and
phosphate, respectively.

The H+ flux across the plasma membrane (JPma1) is then can be written down as:
·

·

·

·

·

(2.34),

where k+ and k- are the rate constants for the forward and the backward chemical
reactions shown above. Note that we assume that the amount of Pma1p in a cell is in
excess.

The flux is driven by the energy difference between two sides of the equation, i.e. the
Gibbs free energy. This difference (GΔ) can be calculated as [35]:

G Δ = G 0 _ ATP + R ⋅ T ⋅ ln

[ H + ]ext ⋅ [ ADP ] ⋅ [ Pi ]
− F ⋅ Em
[ H + ]int ⋅ [ ATP ]

(2.35),

where G0_ATP is the free energy released by ATP hydrolysis, R is the gas constant, T is the
absolute temperature, F is the Faraday constant and Em is the membrane potential.
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At equilibrium, both JPma1 and GΔ are equal to 0. By setting Eqn. (2.34) and (2.35) to 0
and solving these two equations, we find the ratio of the forward and backward constants
(k-/k+) is related to the energy as follows:
exp

·
·

(2.36).

Substituting Eqn. (2.36) into Eqn. (2.34), we get the flux through Pma1p for any given
cytosolic and external H+ concentrations:
J Pma1 = kPma1 ⋅ ([H + ]cyt ⋅[ATP]−[H + ]ext ⋅[ADP]⋅[Pi]⋅ exp(

G0 _ ATP − F ⋅ Em
))
R ⋅T

(2.37).

Notice that here kPma1 is equal to k+, and its value is estimated from the experimentally
measured Pma1p activity in ref. [45].

2.3.3 H+ import

Nutrient molecules are transported into yeast cells through secondary transporters, and
a majority of secondary transporters use the electrical and chemical potential created by
the proton gradient across the plasma membrane as energy source for transportation
[1,44,48]. Here, we assume the rate of H+ uptake through secondary transporter
activities is proportionate to the chemical and electrical energy. The chemical and
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electrical energy created by the proton gradient is given by:
EEC = R ⋅T ⋅ ln(

[H + ]ext
) − Em ⋅ F
[H + ]int

Then, the rate of H+ uptake can be approximated by:

J H _ uptake = kH _ uptake ⋅ (R ⋅ T ⋅ ln(

[H + ]ext
) − Em ⋅ F)
[H + ]int

(2.38) ,

where kH_uptake is a rate constant.

2.4 Membrane leakage
In addition to the transport activity facilitated by different transporters, monovalent
ions, such as H+, K+ and Na+ are able to diffuse passively into and out of plasma
membrane depending on the ion gradient and the membrane potential. In this study, we
do not consider H+ diffusion across the plasma membrane, since the rate of H+
diffusion across plasma membrane is much lower than K+ and Na+, and thus, it can be
ignored.

The passive diffusion of K+ and Na+ ions is given as follows
J diff ,K /Na = PK /Na ⋅ SMem ⋅ ([K + / Na+ ]ext −[K + / Na + ]cyt ⋅ exp(

F ⋅ Em
))
R⋅T

(2.39) ,

where PK/Na is the permeability of the plasma membrane to K+ or Na+, respectively, and
SMem is the surface area of the plasma membrane.
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2.5 ODEs for ion transport
‘In the ODEs for ion transport, we track the changes in the total amount of each cation
species, because the fluxes of the transporters modeled above are directly related to the
changes in the amount of ions rather than the concentrations of ions in a cell. The
concentration of each cation at a given time (t) can be calculated by dividing the amount
of this cation by the volume of the osmotically changeable compartment at t.

The ODEs for the intracellular cations are:

d H+
3
3
= −J Pma1 + ⋅ J Nha1,Na + ⋅ J Nha1,K + J H _ uptake + J H _ production
dt
2
2
+
d Na
= −J Ena1, Na − J Nha1, Na + JTrk,Na + J NSC1, Na + J diff , Na
(2.40) ,
dt
d K+
= −J Ena1,K − J Nha1,K + JTrk1,K + J NSC1,K − JTok1 + J diff ,K
dt
where the coefficient 3/2 for the flux rate of Nha1p (JNha1,Na, JNha1,K) is added due to the
fact that Nha1p is an electrogenic transporter and the assumption we made that 3 H+
ions are taken in for every 2 K+/Na+ ions extruded by Nha1p.
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3 Modeling transcriptional regulation
In order to understand the long-term adaptation processes to ionic stress conditions and,
in particular, the significance of the induction of Ena1p in ionic stress responses, we
model the activation of the HOG pathway, the calcineurin pathway and their regulation of
ENA1 expression in this section. It has been shown that that activation of the Snf1
pathway and the Rim101 pathway leads to Ena1p induction, partly through their inhibiton
of the ENA1 inhibitor, NRG1 gene under alkaline pH condition [49]. Here we do not
model these two pathways explicitly, since they are not well characterized quantitatively.
Instead we model the inhibition of Nrg1p on ENA1 gene expression by assuming that it
is dependent on external pH. Since we are primarily interested in the impact of ENA1
upregulation on the cellular physiological parameters rather than the detailed activation
mechanism of ENA1 gene, this assumption is reasonable for the purpose of our study.

In this section, the ODE systems for each pathway and ENA1 mRNA induction are
described. The parameter values for each sub-module are either taken from existing
models or chosen such that the simulation results are consistent with previously published
data. The parameter values and references from which the parameters were obtained are
listed in Table S3.
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3.1 The HOG pathway
Under hyper-osmotic stress, activation of the HOG pathway leads to phosphorylation of
the stress activated protein kinase Hog1p. Hog1p subsequently regulates glycerol
production and export both at the post-translational level and the gene expression level to
balance the external and internal osmolarity [20,21].

In this study, we adopt a previously published Hog1p model [50]. The model tracks the
levels of phosphorylated and unphosphorylated forms of two members of the HOG
pathway, Pbs2p, and Hog1p, the nuclear localization of Hog1p, the level of intracellular
glycerol and the changes in the cell volume. The result of the model shows a good
agreement with experimental observations. The ODEs from the model are shown below.

Pbs2
⋅ [ Pbs 2]
K pho
d [ Pbs2]
Pbs2
=−
+ K depho
⋅ [ Pbs 2 PP] − [ Pbs2] ⋅ Vratio
8
dt
⎛ Ptur ⎞
⎟
1+ ⎜
⎜α
⎟
⎝ Hog1 ⎠
Pbs2
d [ Pbs 2 PP] K pho ⋅ [ Pbs 2]
Pbs2
=
− K depho
⋅ [ Pbs 2 PP] − [ Pbs 2 PP] ⋅ Vratio
8
dt
⎛ Ptur ⎞
⎟
1+ ⎜
⎜α
⎟
1
Hog
⎝
⎠

d [ Hog1c ]
Hog 1
Hog 1 PPc
= − K pho
⋅ [ Pbs 2 PP ] ⋅ [ Hog1c ] + K depho
⋅ [ Hog1PPc ]
dt
Hog 1n
K exp
⋅ [ Hog1n] ⋅ Vnuc
Hog 1c
− K imp
⋅ [ Hog1c ] +
− [ Hog1c ] ⋅ Vratio
Vcyt
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d [ Hog1PPc]
Hog 1
Hog 1PPc
= K pho
⋅ [ Pbs 2 PP] ⋅ [ Hog1c] − K depho
⋅ [ Hog1PPc]
dt
Hog 1PPn
K exp
⋅ [ Hog1PPn] ⋅ Vnuc
Hog 1PPc
− K imp
⋅ [ Hog1PPc] +
Vcyt
− [ Hog1PPc] ⋅ Vratio
Hog1c
d [ Hog1n] K imp ⋅ [ Hog1c] ⋅ Vcyt
Hog1n
Hog1PPn
=
− K exp
⋅ [ Hog1n] + K depho
⋅ [ Hog1PPn]
dt
Vnuc

− [ Hog1n] ⋅ Vratio
Hog1PPc
⋅ [ Hog1PPc] ⋅ Vcyt
d [ Hog1PPn] K imp
Hog1PPn
=
− K exp
⋅ [ Hog1PPn]
dt
Vnuc
Hog1PPn
− K depho
⋅ [ Hog1PPn] − [ Hog1PPn] ⋅ Vratio

K Glyc ⋅ (totalHog1PP)4
d[Glyint ]
Glyc
Glyc
= K s0
+ s14
+ K s2
⋅[Yt]
4
dt
β Hog1
+ (totalHog1PP)
Glyc
⎛
⋅ (Ptur )12 ⎞
K exp1
Glyc
⎟ ⋅[Glyint ]−[Glyint ]⋅Vratio
− ⎜⎜ K exp0 +
(γ Hog1 )12 + (Ptur )12 ⎟⎠
⎝

d [Yt ]
= K sYt0 + K sYt1 ⋅ [ z 4] − K tYt ⋅ [Yt ] − [Yt ] ⋅ Vratio
dt
d [ z1] 4 ⋅ ([ Hog1PPn ] − [ z1])
=
dt
τ
d [ z 2] 4 ⋅ ([ z1] − [ z 2])
=
τ
dt
d [ z 3] 4 ⋅ ([ z 2] − [ z 3])
=
τ
dt
d [ z 4] 4 ⋅ ([ z 3] − [ z 4])
=
τ
dt

Vratio =

dVolumecyt
Volumecyt ⋅ dt

totalHog1PP =

=

− G EK ⋅ Lp ⋅ DPr essure
Volumecyt

([ Hog1PPc(t )] ⋅ Vcyt + [ Hog1PPn(t )] ⋅ Vnuc ) ⋅ 602
6780

;

(3.1).
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The description of state variables in the Hog1 model is shown as following, and a
detailed description of the model can be found in Zi et. al [50]:
Pbs2

unphosphorylated Pbs2p

Pbs2PP

phosphorylated Pbs2p

Hog1c

unphosphorylated cytoplasmic Hog1p

Hog1PPc

phosphorylated cytoplasmic Hog1p

Hog1n

unphosphorylated nuclear Hog1p

Hog1PPn

phosphorylated nuclear Hog1p

Glycint

intracellular glycerol

Yt

overall variable for the effect of transcriptional feedback
intermediates on glycerol production

Vos

osmotic volume of the cell

z1, z2, z3, z4

linear chain variables for the delay of transcriptional
feedback on glycerol production

For the parameters in the model, Ptur is the turgor pressure of the plasma membrane,
which is defined later in Section 4; Volumecyt is the volume of the osmotically changeable
compartment. Note that the impact of changes in cellular volume on protein
concentrations is modeled using the term Vratio, as in previous modeling studies [50,51],
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GEK is a geometrical factor relating the volume of a sphere to its surface, Lp is the
hydraulic membrane permeability. DPressure is the pressure difference between external
pressure plus turgor pressure and the interior pressure of the cell plasma membrane, and
its expression is given in Eqn (4.3) in Section 4. The rate of volume change of the
osmotically changeable compartment is given in Section 4.

3.2 The calcineurin pathway
Under stress conditions, Ca2+ enters the cytosol from the external environment or the
vacuole. Elevation of Ca2+ concentration activates the Ca2+ binding regulatory protein,
calmodulin, and the Ca2+-bound calmodulin subsequently binds to and activates
calcineurin [52]. It has been shown that calcineurin activity is also under the negative
regulation of Ppz proteins. The transcriptional response of the calcineurin pathway is
mainly mediated by Crz1p. Upon activation, calcineurin dephosphorylates Crz1p,
resulting in its nuclear localization. Crz1p subsequently regulates Ca2+ responsive gene
targets, including ENA1 [53].
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3.2.1 Modeling intracellular Ca2+

Intracellular Ca2+ homeostasis involves several Ca2+ specific transporters located at the
plasma and the vacuolar membranes, as well as other feedback mechanisms, including
regulation of calcineurin [54]. Since Ca2+ homeostasis is itself a highly complex process,
a detailed model is beyond the scope of this study. We instead modeled the dynamics of
intracellular Ca2+ concentration directly using an ordinary differential equation, based on
the experimental data published in [24,25].

In general, the accumulation of cytosolic Ca2+ shows similar patterns under osmotic,
saline and alkaline stress conditions. Under osmotic stress and saline stress, the cytosolic
Ca2+ spikes in the first few minutes upon stress, and then, decreases rapidly to low levels
[24,25]. The amplitude of this spike is determined by the extent of the stress. The level of
cytosolic Ca2+ returns to the unstressed level in the long-term under osmotic stress
conditions, while, under NaCl stress conditions, cytosolic Ca2+ reaches a steady state that
is higher than the unstressed level. In addition, it has been shown that calcineurin
mediates the transition of the Trk1,2p system from the medium affinity state to the high
affinity state when intracellular Na+ is excessive [55], which indirectly suggests that high
level of intracellular Na+ causes accumulation of cytosolic Ca+. Therefore, in the model,
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we assume that the long-term Ca2+ accumulation is dependent on both intracellular and
extracellular Na+ concentration. Under alkaline stress condition, cytosolic Ca2+ shows
similar pattern to that seen under osmotic saline stresses. It spikes in the first few minutes
and then returns to a lower level [24,25]. It has been shown that the calcineurin pathway
is activated during alkaline stress, which in turn up-regulates ENA1 expression [56].
Therefore, in the model, we assume that long-term intracellular Ca2+ concentration is also
affected by the external pH, to model the impact of activation of the calcineurin pathway
on ENA1 expression.

Firstly, we model the initial Ca2+ spike by changing the initial cytosolic Ca2+
concentration at the beginning of the stress (t=0), as shown below:
[Ca 2+ ]t=0 = KCa,Na + KCa, pH
KCa,Na = max((−2.5 + 0.002 ⋅ OsmoExt ), 0)⋅10−3

(3.2) ,

KCa, pH = max((−2.0138 + 2.0138⋅ pH Ext ), 0)⋅10−4

and [Ca2+]t=0 is the Ca2+ concentration at the start of stress, OsmoExt is the external
osmolarity and pHExt is the external pH. The parameter values in the expression are
calculated by fitting the amplitude of the Ca2+ spike to experimental measurements in
[24,25].

Secondly, the change in intracellular Ca2+ concentration is modeled as:
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h _ Na _ cyt
[Na + ]Cyt
d [Ca 2+ ]
= CCa − dCa ⋅[Ca 2+ ]+ kCa,cyt ⋅
h _ Na _ cyt
h _ Na _ cyt
dt
[Na + ]Cyt
+ KmCa,cyt

+ kCa,ext ⋅

+ h _ Na _ ext
ext
+ h _ Na _ ext
h _ Na _ ext
ext
Ca,ext

[Na ]

[Na ]

+ Km

+ kCa, pH ⋅ ( pH ext − 6.5)

(3.3) ,

− 3⋅ kCN,a ⋅[Ca 2+ ]3 ⋅[CN off ]+ 3⋅ kCN,da ⋅[CN ]−[Ca 2+ ]⋅Vratio

where Cca, dCa are the Ca2+ production and degradation constants, respectively, kCa,cyt,
kCa,ext are the rate constants for the intra- and extra- cellular Na+ regulation on Ca2+ levels
respectively, h_Na_cyt, h_Na_ext are the Hill-coefficients. [CNoff] and [CN] are
inactivated and activated calcineurin, respectively, which are described in the next section.
Vratio is given in Section 3.1 above.

The first two terms of the ODE above maintain the basal Ca2+ concentration in cells
grown in unstressed conditions. The 3rd to 5th terms describes the long-term Ca2+
accumulation in response to high intra- and extra- cellular Na+, external alkaline pH,
respectively. The model results are consistent with previous experimental measurements
on intracellular Ca2+ level during both salt stress and alkaline pH stress [24,25], and
therefore, it is a good approximation to the adaptation processes investigated in this
study.

3.2.2 Calcineurin activation

In the sub-model for the calcineurin pathway/calcineurin activation, we consider the
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activation and deactivation of calcineurin by Ca2+ and Ppz proteins, respectively, as well
as the calcineruin transcriptional regulation on Crz1p. The activation of a calcineurin
molecule requires binding of three Ca2+ ions to a calmodulin molecule and subsequently
to one calcineurin molecule. In the model, we simplify this two-step binding process by
considering only the binding between Ca2+ and calcineurin, i.e. ignoring calmodulin.
Since the focus of this study is to investigate the impact of ENA1 gene induction through
calcineurin, this simplification does not alter the main results in this study. Extending the
model to incorporate calmodulin only alter the transient dynamics of the activated
calcineurin slightly, and this does not change the conclusions of our study.

The system of ODEs is as follows:
d [CN off ]
= −kCN,a ⋅[Ca 2+ ]3 ⋅[CN off ]+ kCN,da ⋅[CN ]+ kCN _ Ppz,da ⋅[Ppz]⋅[CN ]−[CN off ]⋅Vratio
dt
d [CN]
= kCN ,a ⋅[Ca 2+ ]3 ⋅[CN off ]− kCN,da ⋅[CN ] − kCN _ Ppz,da ⋅[Ppz]⋅[CN ] −[CN]⋅Vratio
dt
d [Crz1]
= CCrz1 − dCrz1 ⋅[Crz1]+ kCrz1 ⋅[CN ]−[Crz1]⋅Vratio
dt

(3.4).

Description of state variables and parameters:
[CNoff], [CN]

Concentrations

of

inactivated

and

activated

calcineurin,

respectively
[Crz1]

Concentration of Crz1p

kCN,a, kCN,da

Activation and deactivation rates of calcineurin, respectively

kCNPpz,da

Deactivation rate of calcineurin by the Ppz phosphatase
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CCrz1, dCrz1

The production rate and degradation rate of Crz1p, respectively

kCrz1

The rate constant for calcineurin regulation on Crz1p.

3.3 Transcription regulation of Nrg1p
The transcriptional response to external alkaline environments is partly mediated by the
repression of NRG1 through several signaling pathways such as the Rim pathway and the
Snf pathway [56]. Since NRG1 encodes a transcription factor that inhibits ENA1
expression, the increase in Ena1p expression under alkaline pH stress is partly due to the
repression of NRG1. To examine the impact of NRG1 repression on long-term ion
homeostasis while making the model simple, (as mentioned above) we made the
simplifying assumption that Nrg1p production decreases with increase in external pH. In
this way, the long-term impact of Nrg1p on cellular ion regulation can be well
approximated.

The ODE for Nrg1p is:
KmNrg1, pH
d [Nrg1]
= CNrg1 ⋅
− d Nrg1 ⋅[Nrg1]−[Nrg1]⋅Vratio
dt
KmNrg1, pH + k pHext

(3.5) ,

where CNrg1 is the production rate constants of Nrg1p; KmNrg1,pH is a Michealis-Menten
constant describes the dependence of the level of Nrg1p on external pH (pHExt);
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kpHext=max(pHExt-6,0), this term describes that Nrg1p is repressed once external pH
exceeds 6.0; and dNrg1 is the degradation rate constants for Nrg1p. Vratio is given in
Section 3.1 above.

3.4 ENA1 gene expression
ENA1 gene expression is under sophisticated regulation by several stress response
pathways, including the HOG pathway, the calcineurin pathway and Nrg1p as described
above [49]. This highlights the importance of Ena1p in stress adaptation processes. The
HOG pathway and the calcineurin pathway regulate ENA1 expression via transcription
factors Sko1p and Crz1p, respectively. The equations describing the concentration of
Crz1p under stress conditions are given in sections above. To keep the model simple, we
do not model Sko1p explicitly. Instead, we assume that the level of Sko1p is proportional
to the level of activated Hog1p in the nucleus. Hence, the ODEs for ENA1 mRNA and
Ena1p are:
h _ ENA1Nrg1
KmENA1,Nrg1
d [ENA1mRNA ]
= CENA1, Nrg1 ⋅
h _ ENA1Nrg1
KmENA1,Nrg1
+[Nrg1]h _ ENA1Nrg1
dt

+ kENA1,Crz1 ⋅[Crz1]+ kENA1,Hog1 ⋅[z2] − d ENA1mRNA ⋅[ENA1mRNA ] (3.6) ,
d [Ena1]
= kt Ena1 ⋅[ENA1mRNA ]− dEna1 ⋅[Ena1] −[Ena1]⋅Vratio
dt

where, as before, Vratio is given in Section 3.1 above.
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Description of parameters:
CENA1,Nrg1
KmENA1,Nrg1

The production constant of ENA1 mRNA
The Michaelis-Menten constant for Nrg1p repression of the ENA1
gene

h_ENA1Nrg1

The Hill coefficient for Nrg1p repression of the ENA1 gene

kENA1,Crz1

The up-regulation rate constant for the calcineurin pathway

kENA1,Hog1

The up-regulation rate constant for the HOG pathway

dENA1mRNA

The degradation rates for ENA1 mRNA

ktEna1

The translation rate of ENA1 mRNA

dEna1

The degradation rates for Ena1p

4 Modeling volume change
The change in cell volume is modeled to be dependent on the osmotic pressure difference
across the plasma membrane, as in [51]. The equation is given as following:
d Volume cyt
dt

= −G EK ⋅ Lp ⋅ D Pr essure

(4.1) ,

where GEK is a geometrical factor relating the volume of a sphere to its surface, Lp is the
hydraulic membrane permeability and DPressure is the pressure difference between external
pressure plus turgor pressure and internal osmotic pressure.
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Given the initial cell volume, turgor pressure is calculated as follows [57]:
Ptur = max( Ptur ⋅ (1 −
0

0
Volume cyt
− Volume cyt
0
0
Volume cyt
− rVol ⋅ Volume cyt

), 0 )

(4.2) ,

where Ptur0, Volumecyt0 are the turgor pressure and the cytosolic volume under normal
growth conditions, respectively, and rvol is the ratio of the cell volume with no turgor
pressure over the cell volume in normal growth conditions.

Then, DPressure can be calculated as follows:
D Pr essure = Pext + Ptur − Pint
= ([Osmo Ext ] − [Osmo Cyt ]) ⋅ R ⋅ T + Ptur

where

(4.3) ,

0
[Osmo Ext ] = Osmo ext
− ([ Na + ] 0ext + [ K + ] 0ext ) + ([ Na + ] ext + [ K + ] ext )
0
[Osmo Cyt ] = (Osmo cyt
− ([ Na + ] 0cyt + [ K + ] 0cyt )) ⋅

0
Volume cyt

Volume cyt

+ ([ Na + ] cyt + [ K + ] cyt ) + [Glycerol ]

(4.4).
Pext and Pint are the external osmo-pressure and intracellular/cytosolic osmo-pressure,
respectively. Osmoext0 and Osmocyt0 are the initial total osmolarity constants of the
external medium and intracellular compartment, respectively. [Na+]ext0, [Na+]cyt0 are
initial concentrations of extra- and intra-cellular Na+, respectively, and [K+]ext0, [K+]cyt0
are initial concentrations of extra- and intra-cellular K+, respectively. The parameter
values in this section can be found in Table S4.
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5 Modeling mutants
Strains without calcineurin activity

The intracellular responses in cells without calcineurin activity were examined in several
simulations in this study. We model both the effect of FK506 treatment and calcineurin
knockout strains by setting the activity of calcineurin ([CN] in the ODEs) to 0 in this
study.

Other mutant strains

The simulations performed for other mutant strains in each figure are described below.
Figure 2B: The concentration of the Ppz phosphatase ([Ppz] in the ODEs) and the

parameter kENA1,CN (see Section 3.4) were set to be constant 0 during the simulation for
the ppz1,2 and the crz1 mutant strains, respectively. Both the Ppz phosphatase
concentration and kENA1,CN were set to be constant 0 during the simulation for the
ppz1,2crz1 mutant strain.
Figure 3A: For each mutant strain, the activity of the deleted transporter (JT in the ODEs,

where T denote the transporter) is set to be 0 during the simulation.
Figure 3C: The concentration of free Ppz phosphatase ([Ppz] in the ODEs) is set to be

equal to the total concentration of total amount of Ppz (Ppz0) during the simulation for
the hal3 mutant strain (no inhibitory activity on Ppz phosphatase). The parameter KmPpz
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(refer to Section 2.2.5) is set to be constant 0 during the simulation for the HAL3
overexpression mutant, i.e. no Ppz phosphatase activity.
Figure 4A,C: The dependence of Tok1p activity on cytosolic phosphorylated Hog1p

(P-Hog1p) is modeled as

3
3
KmTok1,Hog1
[Hog1PPc]3 + KmTok1,Hog1
for
inhibition,
3
3
[Hog1PPc]3 + KmTok1,Hog1
KmTok1,Hog1

for activation and 1 for no interaction.
Figure 4B,D: For nha1 and tok1 mutant strains, Nha1p, Tok1p activities (JNha1,K, JNha1,Na

and JTok1 in the ODEs) are set to be constant 0, respectively. For hog1 mutant strain, the
concentrations of all Hog1p moleculues are set to 0. For the hypothetical mutant strain
(mut1), The activity of phosphorylated Hog1p at the cytosol (Hog1PPc) is set to 0.
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