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Preface

This thesis is submitted as partial fulfillment of the requirements for the
degree of Philosophiae Doctor at the University of Stavanger, Norway. The
research of this work has been carried out at the Centre for Organelle
Research (CORE) at the University of Stavanger.

The research has resulted in two published articles and one submitted
manuscript. The thesis is written as a monography where published and
unpublished materials are presented in a logical way for coherency. The
material starts with the work on iron homeostasis, followed by the investiga-
tions on oscillatory conditions in homeostatic regulation by using cytosolic
calcium (Ca?*) as an example. My final work was the construction of a
more detailed basic model of cytosolic Ca?T homeostasis in non-excitable
cells.

Christina Helen Selstp
Stavanger, 2023
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Abstract

The environment surrounding an organism, a cell and an organelle is
constantly changing. To keep organisms functioning there is an everlasting
need to regulate and adapt in order to keep the internal environment
relatively constant. Homeostasis is the term used to describe this ability
of a system to regulate and stabilize its environment. Different processes
and compensatory mechanisms are employed to do this. Homeostasis is
also the overall theme binding this thesis together, spanning from iron
regulation in plants to the regulation of calcium (Ca?") in humans. Ever
since the term emerged, scientists have been searching for answers on how
biological control mechanisms function and how they are able to maintain
homeostasis. The work presented in this thesis is based on a computational
approach using systems biology and control mechanisms like negative
feedback and integral control. Controller motifs based on negative feedback
loops between a controlled and manipulated /compensatory variable was
previously identified by the research group, and has been used as a basis
for the computational calculations and models.

Plants need iron for their growth and development, and even though this
essential nutrient is difficult to access through the soil due to its availability.
In the soil iron is strongly bound as Fe,Ogs, and plants have developed
different strategies for iron uptake. Iron is also of great importance for
human nutrition. Iron deficiency is one of the major causes of anaemia.
Anaemia is a world wide problem and is a condition with too few red
bloods cells or where the haemoglobin level within these is lower than
usual. Iron regulation and homeostasis was modeled for non-graminaceous
plants, with Arabidopsis thaliana as a model species. Since iron is toxic for
plants at high levels it needs to be under homeostatic control. A model in
agreement with experimental observations was developed. Iron-dependent
degradation of the high-affinity transporter IRT1 was included in agreement
with experimental findings, as well as the importance of the transcription
factor FIT for the regulation of cytosolic iron. Auxiliary feedback was also
introduced and investigated in the model. The role of such feedback is



to help improve adaptation kinetics without an influence to the set-point,
resulting in a significant improvement of the system response time.

Homeostasis was also explored in order to see whether oscillatory condi-
tions, which are common in biological systems, could show robust homeosta-
sis. Homeostatic oscillators were identified, where compensatory frequency
or amplitude levels lead to the average level corresponding to the set-point.
This indicates that even during sustained oscillatory conditions homeostasis
can be observed, suggesting an extension of the concept. Frequency control
with the frequency being homeostatically regulated have also been described
by us. Cytosolic calcium (Ca?") is a biological example of one of these
conditions where oscillations, transients etc. take place even though Ca?*
is under strict homeostatic control. Dysregulation of cytosolic Ca?* is
critical as it will affect cellular signaling and promote apoptosis at high
levels. A simple initial model of oscillating Ca?* regulation was used as an
example of oscillatory homeostats, which spiked the interest to investigate
Ca?* homeostasis on a cellular level.

Thus started the approach on building a model on cytosolic Ca?* home-
ostasis and regulatory mechanisms in non-excitable cells. The work was
started from an initial simple model based on erythrocytes with few or-
ganelles by studying the inflow and outflow mechanisms through the plasma
membrane. Hysteretic properties in the plasma membrane Ca?t ATPase
(PMCA) was studied and identified, and compared well with experimental
results. We also suggest that the inflow of Ca?t could be inhibited by
carboxyeosin which was used as an inhibitor in experimental research based
on model calculations fitting well with these. For the Ca?t induced Ca?*
release mechanism through the inositol 1,4,5-trisphosphate receptor (IP3R)
a dicalcic model has been presented. Comparing theoretical calculations
with experimental bell-shaped curves of the Ca?* dependency of the IP3R
channel at different IP3 levels, a cooperativity of 2 has been suggested
in the inhibition by Ca?*. Cooperativity in the capacitative Ca?t entry
was also investigated and compared to experiments. Finally, even though
oscillations was not the focus of this latest project, the cellular model can
show sustained Ca?* oscillations with period length ranging from a few
seconds up to 30 hours!
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Chapter 1
Aim of Thesis

The main objectives of this thesis is to

o Explore the regulation and homeostasis of iron in Arabidopsis thaliana
by a computational approach using different controller motifs with
negative feedback loops and reaction kinetic requirements that lead
to robust homeostasis (integral control).

o Investigate, in general, the homeostatic regulation during oscillatory
conditions, in addition to identifying compensating factors leading to
a robust homeostasis.

o Build a mathematical model for cytosolic calcium (Ca?*) homeostasis
in non-excitable cells, and investigate the roles of different pumps,
channels, transport proteins etc. which are involved in cytosolic Ca’t
regulation. Develop the cytosolic Ca?t homeostasis model based on
experimental results to provide new insights and novel aspects to the
regulation of cytosolic Ca’*.
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Chapter 2

Introduction

2.1 Homeostasis

2.1.1 A brief history of the early conceptualization of home-
ostasis

The term "homeostasis" originates from Walter B. Cannon, who coined
it in his 1929 paper "Organization for physiological homeostasis" [1, 2].
The word has its origin from the Greek words homeo and stasis, where
homeo means like or the same, whereas stasis means standing still. Cannons
definition of homeostasis as a tendency of a system to regulate itself back
to a stable environment was largely based on ideas of Claude Bernards
description of "Le Milieu Interieur" around 1854 [2]. However Cannon also
describes that the stable conditions can include variations, although only
within narrow limits [1, 3]. If these limits are exceeded it will result in
severe consequences for the organism. Some of these consequences given by
Cannon include incorrect regulation of glucose, water and sodium [1].

And even though Cannon and others’ brilliant research and ideas have
led to appreciate the concept of homeostasis, the search for answers to how
our body works with the balances and equilibria that keeps us healthy, can
be traced back to Greek philosophers BC. We can find that Alemaeon had
some thoughts on what maintained our health: "Alcmaeon said that what
preserves health is the equilibrium of the powers - wet, dry, cold, hot, sweet
and so forth - whereas the unchecked rule of any of them engenders disease:
the rule of a single contrary is destructive.... Health is a balanced mixture
of opposites" [4]. The well-known philosopher, Hippocrates, also referred
to as the "father of modern medicine", agreed with Alcmaeon’s view that
health is a balance of forces. He thought this balance was between the four
"humors": blood, phlegm, black bile and yellow bile/serum [5]. Equilibria
and harmony were applied to understand health. Even though these ideas
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CHAPTER 2. INTRODUCTION

are not identical to the homeostasis concept we use today, it is nevertheless
some of the first "models" on how to understand health and how the body
maintains its stability. Alcmaeon was in a very early sense describing the
concept we now know as homeostasis.

In the 18th century Charles Blagden and John Hunter discovered that
body temperature is conserved over a vast range of environmental conditions
[2, 6]. Blagden did observational studies inside a room with increasingly
high temperatures and observing what external temperature did to the
body temperature. His conclusions were that the body destroys heat [2].
The stability of "Le Milieu Intériur" that Claude Bernard would in turn
describe include the phenomena which Blagden and his fellows observed.
Cannon finally summed up and categorized these and other findings as
homeostasis [1, 2].

It is safe to say that the mysteries of the human body and the ability of a
system to maintain its internal environment during external stress have been
occupying the brilliant minds of all times. Bernard and Cannon laid the
foundation which other researchers have based their hypotheses and work
on when it comes to regulation and studies of systems. Cannon often used
the phrase "not known" when it came to describing the regulatory aspect
of his research [1]. At Cannon’s time, many scientists had been researching
the internal environment and the regulation of the steady state of several
conditions such as thirst, blood sugar, calcium level, osmoregulation and
the influences of pH and temperature etc. Even today much is still yet
to be discovered and described when it comes to homeostatic mechanisms
and how homeostasis is maintained in different systems. What Cannon
contributed, other than of course the term homeostasis, is the progression of
the concept to focus on the regulatory biological control factors as opposed
to focus on the state itself. Cannon ends his important paper on the concept
of homeostasis with "... further research into the operations of agencies for
maintaining biological homeostasis is desirable" [1].

2.1.2 Homeostasis and regulation

Following Cannon and his definition of homeostasis several additions and
adaptations of the concept have been introduced. New terms like "pre-
dictive" homeostasis, "rheostasis", "allostasis" and "homeodynamics" have
emerged in order to describe considered shortcomings of the original con-
cept, emphasizing biological systems as dynamic, and overlap somewhat
[7, 8,9, 10, 11]. The term rheostasis coined by Mrosovsky describes the

4



CHAPTER 2. INTRODUCTION

"physiology of change" where adaptation of systems and the change of set-
points in cases like cyclic circadian changes and cases like fever are included
[8]. Allostasis introduced by Sterling and Eyer also describes variation
in states and is "the process of insuring viability in the face of challenge
and change". Also allostasis describes the ability of a biological system to
predict or anticipate what it needs to adapt to [7, 10]. Homeodynamics
as a concept attempts to be a counterpart of homeostasis. Homeostasis
is critiqued to describe the desire to regulate to a set level, compared to
homeodynamics where there are intrinsic dynamic properties to the system
that leads to shifting of the level it desires to reach. This is explained
by the systems tendency of self-organization because of non-linear kinetic
mechanisms, and dynamic interaction in its involved processes, also incor-
porating oscillations in its concept [11]. Nonetheless, as enlightening and
well described these aspects are, others argue that these new concepts are
just part of the overall homeostasis term and only give new insights into
what homeostasis actually is about [7, 12].

Increasing interest in investigations of biological systems, pathways and
regulatory networks with technological inventions gave way to the multidis-
ciplinary nature of systems biology [13]. Ludwig von Bertalanffy suggested
a common feature of all systems as being composed of interconnected
constituents. General system theory is based upon the similarities between
systems from different areas of science and society and aim to join them
together in a way of understanding [13, 14]. In agreement with von Berta-
lanffy’s ideas on how different systems share similar structures and control
designs, new connections between homeostasis and control theory became
apparent [14]. Cooperators of Cannon, such as Rosenbleuth and Wiener,
introduced control theory to biological systems through the concept of
homeostasis [3, 15, 16]. Hardy is reported to be the first to introduce the
term "set-point" which is used to describe the desired level of regulation in
the context of homeostasis [17]. Important aspects like feedback regulation
in order to achieve homeostasis was suggested [3, 15, 16]. Generally, this
can be arranged as negative feedback loops between a regulated species
and its regulator(s). With feedback regulation and the development of
computer science, computational methods for investigating homeostatic
mechanisms, by means of mathematics, have emerged. Mathematical
modeling of regulation in biological systems can be used as a tool for un-
derstanding homeostasis better. With the merge of control theory, one can
look upon homeostatic regulation as any regulation of a controlled variable
just like in an electrical system or water tank [2, 12, 18]. In his book
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on "Temporal organization in cells" Goodwin underlines the importance
of the discovery of molecular control mechanisms for understanding cell
behavior. Goodwin further states that this must be the foundation upon
which any future theory of cellular organization should be formed [19]. In
order to compensate for the lack of dynamic properties of these systems
by a mere qualitative approach, he writes "It will be necessary to construct
such a dynamics on the basis of what we know about the general kinetics of
molecular activities in cells, and also on the basis of the dynamic behaviour
of feed-back control devices such as those commonly used in engineering.
This procedure will of necessity be rather approximate, but it is just at this
point that a second consideration encourages the investigation of even crude
kinetic models of cellular activity" [19].

2.2 Applying Control Theory to Biological Sys-
tems

As mentioned, negative feedback has been thoroughly introduced to the
homeostasis term and today it is a general conception that feedbacks
are important in the regulation of biological systems. As control theory
bases the regulation of a system to a certain desired set-point on feedback
mechanisms, there is a natural correspondence between the concept of
homeostasis in biology and systems control. In the next section I will focus
on (some) concepts within control theory that have been applied in our
research group. Especially, the concept of integral control has been essential
to the work on robust homeostasis.

2.2.1 Controller motifs and feedback loops

Feedback can be described as a situation where two or more systems, or
species, are connected and influence each other in order to either activate
or inhibit the other in a dynamic way [20]. Astrom and Murray presented
a quote in their book on feedback "Feedback is a central feature of life. The
process of feedback governs how we grow, respond to stress and challenge,
and requlate factors such as body temperature, blood pressure and cholesterol
level. The mechanisms operate at every level, from the interaction of proteins
in cells to the interaction of organisms in complex ecologies” [20, 21]. This
short introduction gives an overview on the importance of feedback for life.
The dynamic nature of life makes it necessary for compensating by feedback
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regulation. Negative feedback has already been mentioned, as this is the
most widespread and agreed upon regulatory mechanism for maintaining
homeostasis. However, there are also cases of positive feedback and auto-
catalysis in regulation for homeostasis [20, 22], either reducing/accelerating
the response time by the negative feedback, or taking itself part in the
mechanism behind integral control [23, 24, 25, 26].

In order to identify reaction kinetic requirements and molecular mecha-
nisms leading to robust homeostasis Drengstig and Ruoff, with coworkers,
have reported a set of two component negative feedback loops termed con-
troller motifs [27, 28, 29, 30]. The set consists of eight separate controller
motifs, each illustrating a different set up in which two components are
arranged in a feedback loop. FEach controller motif consists of components
A and E which are part of a negative feedback loop. The idea is that
A is the controlled variable (CV), while E constitutes the manipulated
variable (MV) or compensatory mediator species [27]. Dependent whether
the compensatory flux adds or removes the controlled variable A, the eight
motifs are separated into two categories, inflow and outflow controllers, as
seen in Fig. 2.1.

inflow controllers outflow controllers
inflow/outflow l inflow/outflow inflow/outflow T inflow/outflow T
perturbations perturbations perturbations perturbations
@ 9 3 i fe L of
i ® K @ - (D
v i M \ Y :
—»F —> —>E—> —>F—> —E )
| 2 5 6
l inflow/outflow l inflow/outflow inflow/outflow T inflow/outfiow T
perturbations perturbations perturbations perturbations
A —> —> A—> —> A - —>A T@»
CH . b . e /
d \ S / : g
—E — ¢ —> F —> \—>EF — —>EF —
RS4 )
3 4 7 8

Figure 2.1: A basic set of controller motifs for robust homeostasis. Left
panel shows inflow controller motifs 1-4, which uphold homeostasis by an additive
compensatory flux to A, mediated by E. Right panel shows outflow controllers 5-8. In
their case homeostasis is maintained by the outflow/removal of A mediated by E. Figure
adapted from [27].

Common for the inflow controllers is the feature that E mediates the
compensatory flux for the inflow of A, whereas E in the outflow controllers
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CHAPTER 2. INTRODUCTION

aids the compensatory path in removal of excess A. Thus, negative feedback
control adds more A to the system when the level of A is below its set-point,
or removes A when the A level is above its set-point. The situation is
illustrated in Fig. 2.2.

The objective of arranging molecular interactions and regulations net-
works in this way is to model molecular mechanisms and identify parameters
leading to robust homeostasis. In investigating systems in terms of these
controller motifs one can learn about the interaction between homeostatic
controllers and which set-ups can describe specific mechanisms. Also, by
perturbing and changing parameters of the system we can investigate home-
ostatic dysfunction, understand their origins and provide means to avoid
controller breakdown.

2.2.2 Integral control and robust perfect adaptation

Negative feedback in itself however is not enough to ensure robust home-
ostasis. In order to be able to withstand perturbations and to keep the
controlled variable at its set-point, robust control mechanisms can be em-
ployed, such as integral control [27, 29]. The concept of integral feedback
control is well established in control engineering as a part in the negative
feedback loop. The integral control scheme is illustrated in Fig. 2.3 [31].

2.2.3 Different adaptation types

As a process is perturbed, there are several modes of adaptation possible.
These have been illustrated in Fig. 2.4. The aim of integral feedback control
is of course to achieve perfect adaptation, where the value of the controled
variable A is manipulated back to its set-point.

Alon et al. investigated the response and adaptation of bacterial chemo-
taxis and their results showed "exact adaptation" and robustness. They
highlight the possibility of two functional properties of this adaption, either
as fine-tuning of rate constants of parameters, or as robustness. As a
finishing remark they posed the question whether systematic studies could
yield "any design principles connected with robustness, perhaps analogous
to those used in engineering" [32]. The following year, Yi et al. were the
first to coin the term "robust perfect adaptation" while investigating the
named Barkai-Leibler model, where they connected it to integral control
from engineering [33]. In more recent time, Briat et al. describes what they
call a stochastic antithetic integral controler in which they take noise into
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A level too low Normal A level A level too high
(below set-point) (at set-point) (above set-point)

a)
Control of minimal level of A Control of maximal level of A
(by inflow control) (by outflow control)
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_sTop-" @
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000

Figure 2.2: (Caption next page.)
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Figure 2.2: (Continued from Previous page). Function of negative feedback. (a) If
A levels decrease below or increase above its set-point, this could have severe consequences.
In order to keep the A-level within acceptable limits, negative feedback can be invoked.
(b) Left part of figure shows how an inflow controler will compensate, i.e., add A to
the system whenever the A-level is below the inflow controller’s set-point, Acet™. The
controller will be "silent" for A-levels above Aget'™. Right part of the figure shows an
outflow controller, which on the other hand will remove A until A-levels are at the
controller’s set-point Age:®*. For A-levels below Age:®"" the outflow controller will not be
operative. (¢) Combining inflow and outflow controllers such that Aget®™ > Agee™ will
define a homeostatic region of A with A.;°"" and Age™ as the upper and lower limits.
Figure adapted from [27].

consideration, and can also be shown to exhibit robust perfect adaptation
[34]. Previously, Saunders et al. described "integral rein control" based
on the term "rein control" by Clynes (1969) for a dual-hormonal control
which is evenly effective in either direction [35]. This is indeed the case in
control of for instance blood sugar level and blood calcium level. El-Samad,
however, critizises this view of integral control as one part of the control is
too dependent on the other, and accomplishes to describe blood calcium
homeostasis by a traditional integral control approach [36]. The homeo-
static controler motifs described by Drengstig et al. can also be combined
in such ways as to describe cases of blood calcium levels and blood glucose
levels by means of integral control [27].

Perturbation

vl

+ e= Aset- A

set E A
H —
soroom W emor —>> ProcessJ —>
P ) e > i
Integral
controller

<

Figure 2.3: How an integral controller works. The diagram shows a negative
feedback loop with A as the regulated variable. A is compared with its set-point and the
error e = Ager - A is calculated and then integrated. The integrated error E is then used
to compensate for perturbations acting on the process which creates A. This procedure
ensures that A will, at least for step-wise perturbations, attain Ase. Figure adapted
from [29].
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'1: no adaptation
2: partial adaptation

3: perfect adaptation |

response
T

, 4: overadaptation |

time

Figure 2.4: Adaptation modes following a step perturbation. Following a step
perturbation at time=1, there are several modes of adaptation possible. The system
responses can be 1: no adaptation, 2: partial adaptation, 3: perfect adaptation, and 4:
overadaptation. Figure adapted from [28].

In order for integral control to be implemented in the controller motifs,
E needs to be degraded by zero-order Michaelis Menten (MM) kinetics
[27, 29]. Alternatively by using an antithetic feedback or positive feedback
with first-order removal of E. This will lead to robust homeostasis with
perfect adaptation. However, if the perturbation in the inflow controllers
gets too large with regards to the perturbing inflow of A the controller will
break down. However, this only happens when activation of compensatory
flux E is E/(K,+E) where K, is an activation constant. The same happens
with a large, uncontrolled outflow of A in the case of the outflow controllers
as well [27, 37]. In kinetic and mathematical terms this can be described
looking at the set-up of one controller motif, for instance outflow controller
5, Fig. 2.5.

In controller motif 5, A activates the formation of E, and E activates
the degradation/inactivation of A. In this way, whenever the level of A
increases, more E is available to activate the removal of A, adjusting A back
to its set-point. Because of the zero-order degradation of E, by an enzyme,
Eet, this is integral control. The zero-order degradation is achieved by
Michaelis-Menten kinetics where the Kj; of the enzymatic reaction by Fge
is much lower than the concentration of E. This will lead to the set-point
of A being independent of the perturbation.

The rate equations for species A and E are given as

dA . ks- A

A=k —kout 42 T 2.1

dt 1™ Ppert Ky + A (2.1)
E . FEset E
dE =FE=ky A— 7‘/75@90 (2.2)
dt KMset+E
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Figure 2.5: Outflow controller motif 5. A activates E, which in turn activates the
compensatory flux (ksA/Ka+A) - E. Integral control is achieved by enzyme Egct, which
removes E by zero-order kinetics with respect to E. Details described in the main text.

Assuming steady state conditions of A and E, A=0, =0 ,and that K ]\%et
< E, gives further the expression of E as

dE V,Eeet
= ks A Vet — _fs( T = A) = —ks(Ase — A) =0 (2.3)
5

Rearranging this to determine the set-point of A gives

VEset
= Aset - Ass = o (24)
ks

In case the degradation of E had not been zero-order however, but a
first-order degradation instead, the differential equation for E would look
like this

F .
%:E:k5-A—VTf;;t-E (2.5)
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The set-point of A with a first-order degradation of E would therefore
be dependent upon the concentration of E, and given as

Eset . E
= Aset = Ass = Vmax — (26)
ks

In the latter case, perturbations in A would also lead to fluctuations in E
and therefore the level of A would not go back to its set-point and perfect
adaptation can no longer be observed.

2.3 Biological signaling and oscillations

Biological systems can be defined as an organism as a whole, an organ
system, an organ, or simply a cell. The common factor of biological systems
is the existence of a network of several subunits which are connected and
interacting. It has become popular to draw the connection between a
biological system and a computer [15]. We have already seen that control
engineering principles have been introduced in the association of biological
regulation to analogous regulations of electrical devices, etc. From a systems
theoretical perspective this fits well as all systems have similarities, and
knowledge about one could benefit from learning more about another
[13, 14].

The transfer of information within biological systems is called signaling,
and could also be seen analogous to signals in information technology (IT).
In IT information or signals can be given digitally and modulated in either
frequency or amplitude in order to convey different interpretations of the
signals. In biology, similarily, the amplitude or frequency of an analog signal
can also be modified in order to give a different output of the signal [38]. As
a result, transients and oscillations arise, and give different outcomes even
from the same signaling transmitter. The most obvious example of this could
be nerve signals. However, several biochemical reactions and phenomena in
biological systems are oscillatory. Examples of biological oscillations include
circadian rhythms [39, 40, 41], tumor supressor protein p53 [30, 42, 43],
mechanical oscillations [41] and cytosolic calcium [44, 45, 46].
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It is however important to note that for biological signals the receiver of
the signal is just as important to give a meaning of the signal. A signal can
be interpreted differently, depending on its receiver, and several different
signals can convey the same message to the same receiver. It is rarely
possible to look at the structure of the molecule, receptor etc. to analyze
what meaning a signal holds [38]. Calcium (Ca®*) is for instance one of the
most important signaling ions, second messengers, in cell intrinsic signaling.
The transfer of information through Ca’t signaling is interpreted by its
many recipients. The timing and readiness of the receiver (receptor) of a
Ca?T signal means everything for what information it conveys [47]. For
instance, Ca®t oscillations induced by the sperm cell can either initiate
or terminate egg cell viability depending on the egg’s age at the time of
fertilization (Fig. 2.6 [48]).

Goodwin was interested in the rhythms in biological systems, for instance
described in biological clocks [19]. In this context he characterized the
occurrence of oscillations in a cell as the result of a negative feedback
dynamic behavior for controlling cellular activites. Goodwin put together
a mathematical model with two variables in which one of them inhibits
the other thus creating a negative feedback. The model lead to oscillations
due to the negative feedback and zero-order kinetics of the degradation
rates [19, 49]. From a control engineering perspective oscillations are
often considered a hindrance and an unwanted phenomenon to control
a process; thus, control systems are usually designed to avoid them. In
biology however, oscillations are quite common and often present in cellular
events [19].

2.3.1 Types of oscillations

Oscillations can be described as periodic changes in a system. For oscil-
lations to occur in a negative feedback loop generally either one of two
separate conditions must exist. Oscillations can arise due to the presence
of zero-order kinetics in the degradation step of the manipulated variable
species (as we call E) and the controlled variable (called A), or as the result
of autocatalysis [25, 50]. In order for oscillations to occur in a negative feed-
back system, non-linear kinetics need to be present. In biological models,
this could be due to zero-order kinetics, or for instance cooperativity with
the introduction of Hill-functions [51]. In the Goodwin oscillator with three
intermediates for instance, degradation may follow first-order kinetics, but
then the inhibition species need to have a very high cooperativity leading to
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Recently ovulated egg Aged egg

APOPTOSIS

Figure 2.6: Different response to Ca?T signaling following egg cell fertiliza-
tion. In egg cells shortly after ovulation, Ca®" oscillations initiated by the sperm leads
to egg activation and the development of an embryo. In aged egg cells, however, the
resulting Ca®* following sperm interaction will lead to apoptosis and the termination of
the egg cell. Redrawn from [48].

oscillatory behavior [25, 52]. Alternatively, degradations in A and E in one
of the feedbacks shown in Fig. 2.1, for example motif 2, can be zero-order
and then an inhibition cooperativity of 1 is sufficient. Oscillations can also
be described by use of a combination of positive and negative feedback,
called antagonistic feedback oscillations by Franck [23]. He also described
a set of different feedback loops, similar to the basic set of feedback loops
shown in Fig. 2.1. However, he did not make the connection to homeostasis
and only considered them as different feedback alternatives between two
components [23].

As previously addressed, zero-order degradation or autocatalysis are
neccessary conditions for integral control leading to a robust homeostasis.
This means, by meeting certain conditions, the feedback motifs are also
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able to show oscillations. Oscillating homeostats will be presented and
discussed in more detail in the results chapter.

Using the phase space, it is possible to distinguish between two classes
of oscillations. Limit-cycle oscillations are represented in phase space by
a simple closed curve. When perturbed for a short while, the trajectory
will move towards the same limit cycle independent on the disturbance and
initial conditions. This suggests strong stability in a limit-cycle oscillator,
which corresponds well with biological and chemical oscillations, as a small
perturbation from its set-point will lead to oscillations in increasing spirals
until it reaches its limit-cycle. Conservative oscillations however, will be
represented as several separate closed curves in the phase space due to the
system’s tendency to shift and stay in a new trajectory as perturbations or
changes in initial conditions are applied. For conservative oscillations to
persist there cannot be damping in the system. These type of oscillations are
analogous to an ideal (mechanical) system following the Hamilton-Jacobi
equations [25]. Due to their nature concervative systems are considered to
have weak stability [19, 50].

Independently, Lotka & Volterra came up with a model (the "Lotka-
Volterra model") that gives conservative oscillations. Lotka looked at
chemical oscillations, while Voltera looked at oscillations in populations
[50]. Goodwin is believed to be the first to propose a model for biochemi-
cal oscillatory behavior, describing gene-level control [51]. The Goodwin
oscillator, or Goodwin model, is generally described as a three-component
oscillator [52]. He did however, also describe a conservative oscillator a
couple of years prior, which was formulated by only two variables [19]. This
two-component oscillator has zero-order kinetics in the degradation terms,
and show conservative oscillations [19]. In the three-component version
from 1965 the degradation rates have first-order kinetics and were described
to exhibit limit-cycle oscillations [52]. The latter version of limit-cycle oscil-
lations based on a first order degradation, has undergone some critique since
Goodwin did not address the cooperativity in the inhibitory step necessary
for this result [51]. Following Goodwin, his results were indeed confirmed
to give limit cycles nevertheless, though only with a Hill-coefficient (coop-
erativity) of 9 or higher for the inhibitory components [49, 51]. To achieve
a response similar to that of cooperativity, several alternatives have been
suggested. Instead of a Hill-type inhibition, the introduction of a critical
inhibitor concentration with a "switching" or bistability mechanism could
be possible to determine when the inhibition is turned on or off. Another
alternative is the addition of several components, for instance multiple
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phosphorylation steps in the inhibitory mechanism in order for the system
to be appropriately delayed for the occurence of undampened, limit-cycle
oscillations [49, 51, 53]. A three-component Goodwin oscillator with zero-
order kinetics in the degradation rates exhibiting limit-cycle oscillations
can also be shown with inhibitory cooperativity of 1 [25].

2.4 Iron homeostasis in plants

In plants as in humans, iron (Fe) is an essential and growth limiting nutrient.
Fe is involved in major processes such as photosynthesis and chlorophyll
synthesis [54]. High levels of Fe however are associated with toxicity due
to the Fenton reaction. In the soil and rhizosphere Fe is fairly abundant,
and both ferric iron (Fe''') and ferrous iron (Fell) are present. Which Fe
form is most abundant in the soil is dependent upon the soil condition. In
anaerobic conditions in acidic soil Fell is found in high levels, and is readily
taken up by plants [55, 56]. This could cause Fe overload of the plant which
could lead to toxicity due to formation of reactive oxygen species (ROS). In
order to prevent iron toxicity, formation of aerenchyma, spongy tissue with
air channels, can happen. This leads to an increase in gas exchange which
leads to oxygen diffusion to iron uptake regions [55, 56]. In aerobic soil
however, Felll is present as low soluble iron-oxides/hydroxides [55, 57, 58].
Because of the importance of maintaining a supply of Fe to the plant as well
as dealing with the risk of Fe toxicity, Fe needs to be kept homeostatically
controlled.

During Fe deficiency plants utilize specific strategies for Fe uptake, which
consist of Strategy I and II. Most flowering plants, angiosperms (both
monocotyledoneous and dicotyledoneous), apply Strategy I. The plants
using Strategy II are the graminaceous plants, grasses, including wheat,
maize etc. The Strategy I plants are also commonly referred to as the
non-graminaceous plants and include for instance the model organism
Arabidopsis thaliana [57, 59, 60]. In the work performed for this thesis, the
focus has been on the Fe-uptake in the model plant Arabidopsis thaliana.

As Fe™l in the soil has such a low solubility, the plant must somehow make
the Fe!'l more soluble, and reduce it to Fell in order to take it up efficiently
during Fe deficiency. Strategy II plants release chelating substances called
phytosiderophores which form the Fe'-phytosiderophores that the plants
have a highly specific uptake system for. In Strategy I plants, such as

17



CHAPTER 2. INTRODUCTION

Figure 2.7: Iron uptake in Arabidopsis thaliana. In the occurence of iron deficiency,
FIT1 will activate the gene expression of FRO2 and IRT1, leading to the response of
iron uptake from the soil. Extrusion of protons from the plant root into the rhizosphere
increases Fe!'! (Fe3t) solubility. The Fe'! is reduced by FRO2, and thereafter Fe'’ (Fe?T)
can enter the cell through IRT1.

111

Arabidopsis thaliana, the solubility of Fe''" is increased in addition to the

reduction of this to Fe!l [57, 59, 61].

The iron regulation in Arabidopsis thaliana has been well studied, and
important regulatory components are identified. HT is released through
ATPase AHA2 or AHAY into the rhizosphere. This is followed by the
reduction of Fe'll to Fell by the plasma membrane bound protein ferric-
chelate reductase oxidase (FRO2) [57, 58]. Iron regulated transporter
(IRT1) is essential and responsible for high affinity iron uptake to the root
from the soil following reduction to Fe!! [56, 62, 63]. In studies done on
IRT1 knockout mutants, the mutant plant showed severe chlorosis, growth
defects and death [56, 63]. The IRT1 mutant also failed to accumulate
radiolabeled ®>Fe after Fe starvation [56]. In plants containing IRT1, the
level of IRT1 has also been discovered to be high at low external iron
concentrations, and when the plant’s supply of iron is adequate, the IRT1
level decreases. This could suggest a homeostasis-mediating mechanism
where the degradation of IRT1 is iron-dependent [62].

In the case of low iron, " Fe-deficiency Induced Trancription factor protein
1" (FIT1) is required for the plant’s response. FIT1 is a basic helix-loop-
helix (bHLH) protein which has been found to interact with two other
bHLH proteins, AtbHLH38 or AtbHLH39 (At = Arabidopsis thaliana), in
order to control transcription of FRO2 and IRT'1 [58, 64]. See an illustration
of Strategy I in Arabidopsis thaliana in Fig. 2.7.

A couple of other bHLH transcription factor proteins, bHLH100 and
bHLH101, have also been found to be upregulated during Fe deficiency.
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These have been shown not to interact with FIT transcriptional targets
such as FRO2 and IRT1. bHLH100 and bHLH101 have however been
suggested to play a crucial role in the Fe-deficiency response due to mutant
studies where the plants showed chlorosis and growth defects. Sivitz et al.
[65] also suggest that bHLH100 and bHLH101 are part of the control of
iron homeostasis by affecting the distribution of iron between tissues and
organelles.

After Fe has entered the roots, it needs to be transported and distributed
to the rest of the plant. The transport through the plant is associated with
complexing/chelating molecules like nicotinamine (NA) and citrate [54, 57].
Once inside the cytosol, Fe needs to be distributed and sequestrated in
order to facilitate its important functions in addition to avoiding toxicity
[57,61]. Two major storage mechanisms for Fe in plant cells are vacuoles and
ferritins. Ferritins are iron storage proteins which can bind between 2500
and 4500 Fe3T ions [61]. It has been reported that chloroplasts comprise
up to 90 % of the total Fe concentration in leaf cells [54]. The "Permease
In Chloroplasts" (PIC1) has been shown to regulate Fe entry into the
chloroplast. The "Ferric Reductase Oxidase" 7 (FRO7) is also found in
chloroplast membrane and facilitates the reduction of Fel to Fe!l in the
cytosol. Studies of FRO7-lacking mutants have shown that sucrose is a
limiting factor for growth. Without sucrose, plants rely on photosynthesis,
and the results from the mutant experiment suggest that plants lacking
FRO7 have reduced photosynthesis [54, 57]. In addition, Fe enters the
mitochondria where it is involved in iron-sulfur (Fe-S) complex biosynthesis
as well as Fe-mediated enzymatic reactions and electron-transport. The
vacuole is a storage pool for Fe and other metals. The "Fe-deficiency
Induced Transcription factor protein 2" (FIT2), Ferroportin 2 (FPN2), and
"Vacuolar Iron Transporter 1" (VIT1) are responsible for the transport
of Fe from the cytosol into the vacuole [57, 61]. The "Natural Resistance-
Associated Macrophage Proteins 3 and 4" (NRAMP3/4) are responsible for
the release of Fe from the vacuole into the cytosol during Fe-deficienty, and
specially for germination purposes [57, 61, 66]. An overview of the involved
species in plant iron homeostasis can be seen in Fig. 2.8.

2.5 Calcium

Ja Kalzium, das ist alles!
—Otto Loewi, 1959.
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Figure 2.8: Iron homeostasis in Strategy I plants like Arabidopsis thaliana.
In the case of iron-deficiency non-graminaceous plants utilize a strategy for iron uptake
through the roots called Strategy I. FIT activates the transcription of involved proteins/-
transporters AHA2/7 and TRT1 for iron uptake. Uptake of Fe involves protonic (H™)
release by AHA2/7 followed by the reduction of ferric iron (Fe** ) to ferrous iron (Fe?™)
by FRO2 in the rhizosphere. The high-affinity transporter IRT1 transports Fe? through
the plasma membrane (PM). Inside plant cells iron is transported into the vacuole for
storage and into organelles like chloroplasts and mitochondria pending specific tasks.
PIC1 is responsible for iron uptake into chloroplasts, and FIT2, FPN2 and VIT1 are
responsible for iron storage in the vacuole. Remobilization of iron from the vacuole is
achieved by the NRAMP3/4-based efflux. Figure from [67].
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Calcium (Ca?* ) is one of the most abundant and important signaling ions
in the body. Not only is it crucial for our bone health and the release
of neurotransmitters, it is also involved in everything from fertilization,
to gene expression, and cell death [38, 68, 69, 70]. As Campbell adresses,
Ca?t is generally thought of as a structural component in our body by
most people. Ca? is commonly known as having something to do with our
bones and teeth [69]. The discovery by Ringer in 1883 of the need for Ca?*
in heart contraction was pioneering in the history of discoveries concerning
the role of Ca?* [68, 69, 70, 71]. Prior to this Ca?* had indeed only been
considered a structural element, and that was the beginning of multiple
pivotal discoveries following the next century on the importance of Ca?*
(68, 69, 70]. Table 2.1 summarizes some of the discoveries of Ca?t function
found in [68, 69, 70, 72]. Of course the discovery and invention of methods
and technologies accelerate and aid these discoveries, but only findings
concerning Ca?* itself and not the technologies leading to these have been
included in the table. Some of the first discoveries in the table concern Ca?*
in general and not necessarily only cytosolic Ca?t. All are nevertheless
important for the following pioneering and important discoveries that has
lead the level of knowledge we have today on cytosolic Ca®*.

Year Ca?* related discovery Discovered by
1883 Necessary for heart contractions Ringer
1894 Transmission of nerve impulses to muscle Locke
1906 Needed for development of fertilized eggs Loeb
1922 Cilia effects Gray
1933 Adrenaline effect of increased paramecium
motility due to cytosolic Ca** increase von der Wense
1937 Ca’" source in stimuli could be from

either internal or external pool of bound Ca?*  Heilbrunn

1947 Muscle contraction stimulated by injection
of Ca2* into the cell Heilbrunn
1948 Diffusion of Ca?* from outer

membrane to inside the cell is to slow to

account for rapid muscle contractions Hill
1953-63 Discovery of Ca?" storage in Bennet & Porter, Kumagai,
sarcoplasmic reticulum (SR) Hasselbach & Makinose, Ebashi
1964 Advent of Ca®" buffers (Ca-EGTA) Portzehl
1965 Determination of intracellular Ca®"
concentrations, resting ~ 0.1 uM Portzehl
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Year Ca?T related discovery Discovered by
1966 Discovery of plasma membrane

Ca®* ATPase (PMCA) Schatzmann
1967-70 Discovery of calmodulin Cheung, Kakiuchi
1968-70 Discovery of sarcoplasmic

Ca®* ATPase (SERCA) Martonosi, MacLennan
1971 Discovery of calsequestrin MacLennan
1974/1989  Discovery and isolation of calreticulin Ostwald& MacLennan, Fliegel
1979-83 Identification of the

inositol-4,5-trisphosphate reseptor (IP3R) Mikoshiba, Streb & Berridge
1986-88 Ca®" oscillations in human cells Woods, Berridge & Galione
1996 Discovery of arachidonic acid regulated

Ca*' (ARC) entry Shuttleworth

Table 2.1: Some calcium discoveries.

As Table 2.1 suggests, during the hundred years following Ringer [71],
research did not only confirm the importance of Ca?t for many cell and
body functions, the level of detail also became enormous. From learning
that Ca®t had some kind of role in heart contractions, we have learned
that signals arise from intracellular release from stores like the endoplasmic
reticulum (ER)/sarcoplasmic reticulum (SR), and also characteristics of
channels and molecules involved in this. As Portzehl and others following
discovered when measuring the concentration of free cytosolic Ca?™ its level
is submicromolecular during resting conditions [69]. This huge difference in
Ca?* concentration between resting conditions, signaling events, and the
extracellular concentration of around 1 mM highlights the importance of
robust and reliable regulation mechanisms.

2.5.1 Cytosolic calcium homeostasis

The cytosolic Ca?t concentration is regulated to around 100 nM [69]. Com-
pared to the external environment of approximately 1 mM, the cytosolic
concentration is very low. Due to the involvement of Ca?* for signaling
purposes and that high concentrations of Ca?* are associated with apop-
tosis, the maintenance of cytosolic Ca?* homeostasis is highly important.
Dysregulation of cytosolic Ca?t homeostasis has been linked to various
cancers, neurodegenerative diseases, and heart disease [73, 74].
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In order to achieve homeostasis, cytosolic Ca?* needs to be regulated by a
vast machinery of channels, pumps, receptors, buffering proteins, etc. These
components function as compensatory factors by regulating the cytosolic
resting level of Ca?". However, since large Ca?*t transients and oscillations
also occur in the cytosol, these have to be considered as they disrupt the
low resting level repeatedly. We have proposed in Paper 2 of the thesis
that cytosolic Ca?* oscillations could indeed be described as homeostatic,
and this will be adressed in the results section.

Even though Ca?" can leak through the plasma membrane (PM), this is
not a very efficient way of entering the cell. The way extracellular Ca?*
can enter the cytosol, is through different types of PM channels. These
are mainly the voltage operated Ca?* channels (VOCCs), ligand operated
Ca?* channels (LOCCs) - like the arachidonic acid regulated Ca?* channel
(ARCC), non-specific Ca?* channels (NSCCs), and the store operated Ca?*
channels (SOCCs). Since the focus of my work performed during this thesis
addresses non-excitable cells, the VOCCs are not considered, as they are
only found in excitable cells [38, 69, 70]. Once Ca?* has entered the cell, it
can be bound to buffering proteins in the cytosol, taken up into organelles
for storage, or removed from the cytosol through the plasma membrane
Ca?t ATPase (PMCA) or the Nat/Ca?* exchanger (NCX). A similar
pump to the PMCA is found in the ER/SR called the sarco-endoplasmic
reticulum Ca?* ATPase (SERCA) [38, 69, 70, 75].

An overview of the components involved in the cytosolic Ca?* homeostasis
is portrayed in Fig. 2.9.

Ca??T entry through the plasma membrane

In non-excitable cells, the ARCC and SOCC make up the main Ca?*t
inflow channels. In comparison they are quite similar in some ways yet
very different in the way they function. Both ARCC and SOCC are Orai
channels, which mean they are made up of Orai protein subunits [76]. Some
SOCCs can also be transient receptor potential (TRP) channels [38]. The
type of activation is quite different between the ARCCs and the SOCCs, as
SOCC inflow is activated by ER store depletion, whereas PM-bound ARCC
is activated by lower agonist stimuli of arachidonic acid, ~2-4 uM, to the
PM [72]. After signal stimuli to a PM bound receptor, phospholipase A,
(PLA3) hydrolyzes phospholipids in the PM leading to release of arachidonic
acid (AA). AA then activates the ARCC [38]. It is suggested that the
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Figure 2.9: Cytosolic calcium homeostasis in human cells. Cytosolic calcium is
kept under tight control by the interconnected machinery of channels, pumps, receptors,
organelles, etc. Extracellular Ca" enters the cell through voltage operated Ca®" channels
(VOCCs), arachidonic acid regulated Ca®' channels (ARCCs), store operated Ca?
channels (SOCCs), and non-specific cation channels (NSCC). Inside the cell, Ca®" is stored
and reacquired from organelles: sarco/endoplasmic reticulum (SR/ER), mitochondria
and buffering proteins through various transporters involved. Removal of Ca?* from
the cytosol to the extracellular space is performed by plasma membrane Ca®" ATP-ases
(PMCA), and Na™ /Ca®* exchangers (NCX).

main purpose of the SOCCs is to refill the depleted ER with Ca?t during
sustained elevated Ca?" signaling, also termed capacitative Ca?t entry.
The non-capacitative entry of Ca?* through ARCC is believed to modulate
the frequency of Ca?* signals/oscillations [72]. Both types of channels are
regulated by stromal interaction molecule (STIM). For the activation of
SOCC, STIM1 and STIM?2 function as Ca?T sensors in the ER lumen where
Ca?* binds to an EF-hand. When the Ca?* concentration in the ER drops,
STIM locates into puncta near the PM and connects to SOCC to activate it.
The difference between the STIM1 and STIM2 lies in the level of decrease
in luminal Ca?*. STIM2 is assumed to regulate basal Ca?* concentrations
and small decreases in luminal concentration. STIM1 activates Ca?* influx
through SOCC following ER depletion, and is sensitive to larger changes
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in the luminal Ca?* concentration than STIM2 [77, 78]. ARCC is also
regulated by STIM, only the mechanism is unclear. It has been suggested
that STIM plays a role in the activation by arachidonic acid, as STIM is
believed to be permanently connected to the ARCC Orai3 subunit [76].
There has been suggested a relationship between the two inflow channels
in function by inhibitory effects. The ARC channel has been found to be
inhibited by sustained increase in the cytosolic Ca?t concentration. This
indicates that when ER is depleted and the SOCC is activated resulting in a
sustained Ca?* signal, this will inhibit the ARCC. However, this inhibition
is a slow process, revealing that oscillatory signals will not affect the ARCC.
This means that the two channels have non-overlapping roles for Ca?*
entry, where ARCC is believed to modulate the frequency of oscillatory
Ca?t signals, while the SOCCs predominantly determine the amplitude of
sustained Ca?" signals [38, 72].

Ca?* extrusion through the plasma membrane

In non-excitable cells, the plasma membrane Ca?* (PMCA) is the most
important outflow path for Ca?*. Though mostly present in excitable
cells, the Na® /Ca?" exchanger (NCX) has also been found in non-excitable
cells, and has been suggested to play a role in the removal of Ca?* from
the cytosol [75, 79]. The difference in function between the two extrusion
pathways is that the PMCA is a high affinity and low throughput Ca?*
pump, while the NCX is a low affinity but high throughput exchanger.
The PMCA is an ATPase that hydrolyses 1 ATP and exchanges 1 H™
per Ca®t ion transported. It is more efficient than the NCX at lower
concentration ranges, and is likely to work as a fine tuner of the cytosolic
Ca?*t concentration. The NCX exchanges one Ca?* ion for 3 external
Na* ions [75, 80, 81]. Cytosolic Ca?* has been shown to activate both
the PMCA and NCX. Calmodulin (CaM) which is a Ca** binding protein
found in the cytosol, is known to modulate and bind to the PMCA in order
to relieve the PMCA from autoinhibition, see Fig. 2.10 [75, 82]. By binding
to the PMCA, CaM decreases the dissociation constant, K4, for Ca?t from
10-20 pM in resting state to 1 uM. The pump can also be activated by
acidic phospholipids in the PM, but only to about 50 % of its maximal
activation [75, 83]. CaM binding is therefore of great importance to the
efficiency and function of the PMCA and overall Ca?* regulation in the
cytosol.
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Figure 2.10: PMCA pump with and without autoinhibition. Binding of calmod-
ulin (CaM) to the CaM-binding site of PMCA relieves the pump from autoinhibition
allowing it to be activated by Ca** in order to remove Ca®* from the cytosol.

Ca?7 regulation inside the cell

Once Ca?t has entered the cytosol from outside the cell, its level can
be regulated by its removal through the PM, by transport to the ER or
mitochondria, or by binding to buffering proteins in the cytosol. Some of
the intracellular roles of regulation have already been addressed, like the
STIM proteins in the ER membrane activating the capacitative Ca?* entry,
and the activation by calmodulin (CaM) on the PMCA.

The Ca?*-binding proteins, sometimes refered to as Ca?* buffers can
be divided into two categories. One category envelopes the "true' buffers,
that bind Ca" as its concentration increases leading to a buffering effect,
while the other consists of the Ca?* sensors (or effectors) that bind to Ca*
in order to excert some sort of function. The sensors can also work as
buffers, if found in large concentrations [84]. Examples of Ca?t buffers are
parvalbumin, calbindin and calretinin. Calmodulin (CaM) is probably the
best known Ca?* effector/sensor. CaM is involved as a modulating factor
in many signaling events and enzymes, which also includes the cytosolic
Ca?* regulation machinery [84]. It contains 4 binding sites for Ca?*, where
only Ca®t binding to two of these have shown to elicit a conformational
change in order for activation of its targets. However, it is believed that its
fully liganded form binding 4 Ca?* is the most common functional form
[85, 86].
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Figure 2.11: Activation and inhibition of the IP3R. 1: IP3 binds to IP3R, 2:
Ca?" binds to IP3R at a concentration below 300 nM activating the channel and enabling
Ca?" release, 3: Cat concentration reaches a high level of above 300 nM and another
Ca?' binds to an inhibitory site, 4: IP3R get less sensitive to IP3 with Ca?" bound to
its inhibitory site, 5: IP3R closes and stops the Ca®" release through the ER.

Sequestration of Ca?* into the endoplasmic reticulum (ER) and mitochon-
dria also happens in order to maintain a low cytosolic Ca?t concentration.
The uptake pump in the ER is the PMCA-equivalent sarco/endoplasmic
reticulum Ca?™ ATPase (SERCA), which requires 1 ATP per 2 Ca?* ions
transported [80]. The ER is believed to hold around 0.1-1mM Ca?*, and is
also highly important in the formation of cytosolic Ca?* signals [87]. The
inositol 1,4,5-trisphosphate receptor (IP3sR) and the ryanodine receptor
(RyR) in the ER membrane are responsible for releasing Ca?* from the
ER into the cytosol. This Ca?T release from the ER is important in sig-
naling events. In non-excitable cells, the IP3R is most prominant, and an
interesting aspect of the IP3R is that in addition to its activation by ligand
IP3, Ca?* itself both activates and inhibits its activity [88]. This Ca?*
dependency follows a bell-shaped curve, where the Ca?* induced Ca?*
release (CICR) has a peak at around 300 nM. If the Ca?* concentration
rises above 300 nM it will inhibit the IP3R [88, 89]. The proposed activation
and inhibition of the IP3R can be seen in Fig. 2.11.

2.5.2 Calcium oscillations

The Ca?*t concentration in the cell can oscillate in order to convey a specific
signal to a receiver. This signal is interpreted by its receiver by means of
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amplitude and frequency of the signal, as this is relevant for affinities and
possible Ca?* binding-proteins that bind Ca?* first. Ca?t have in some
cases been considered a digital intracellular messenger, as multiple cellular
events initialized by Ca?*t is an all or nothing response. Such "on"/"off"
responses like should the cell die or not, or will the neuron fire or not,
can be considered as digital signals as they follow a binary pattern [69].
This strengthens the idea that a biological system is comparable in their
workings as computers.

Woods et al. [90] were one of the first groups to observe Ca?* oscillations
as repetitive transients in hepatocytes. Berridge has had an important
part in describing cytosolic Ca?* oscillations, as well as the role that the
IP3R in the ER membrane play in this phenomenon [44, 91]. SOCC is
believed to have a frequency modulating control of Ca?t oscillations, while
the ARCC has been shown to have a amplitude modulating role [72]. The
strength of the signal and the ligand concentration can also play a role in
what the nature of the resulting Ca?* signal and perhaps oscillations will
be. Different cells can also display different forms of oscillations [44, 69].
The Ca?* release through IP3R is believed to be one of the most important
mechanisms for Ca?* oscillations. It is believed that the described bell-
shaped Ca?* dependency of the channel is of fundamental importance in
the generation of the oscillations. Whether Ca?* oscillations are dependent
on IP3 or not is under debate [46, 92]. Since the IP3R channel is activated
at lower concentrations of CaT, it will open channels, and as one channel
opens it can trigger a cascade of the next channels opening too as they
are activated by the adjacent Ca?* concentration. However, as the Ca?*
increases above 300 nM or more, an inhibition occurs which closes the
channel and lets the Ca?* concentration decrease to its resting state before
the channel is able to be activated and opened again [44].

As both Ca?t oscillations and the cytosolic Ca?t homeostasis are such
important concepts, with great influence to many vital cell functions - as
well as linked to various diseases, it is essential to learn more about how
Ca?" is regulated. Through the work presented in this thesis the aim has
been to learn more about how Ca?T acts homeostatically, and on the other
hand also as a signal and regulator.
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Chapter 3
Materials and Methods

The work performed for this thesis has been entirely computational. Com-
putational methods have been used for developing mathematical mod-
els to describe biological systems. The models consist of a set of rate
equations based on reaction kinetics and control engineering principles.
FORTRAN 77 was used for programs, and computations were performed
by solving rate equations numerically with the subroutine Livermore
Solver of Ordinary Differential Equations (LSODE) [93]. The compiler
Absoft Pro 16.0 Fortran compiler (absoft.com) was used for compila-
tions. Gnuplot (www.gnuplot.info) and Adobe Illustrator (adobe.com)
was used for plots, and GraphClick 79 for extracting experimental data
from graphs (https://graphclick.en.softonic.com/mac). Gnuplot/Kaleida-
graph (www.synergy.com) and Excel was used for analysis of experimental
data from graphs. Figures were made in Adobe Illustrator. Some cellular
biology illustrations provided from Servier Medical Art by Servier have
been used in some of the figures (https://smart.servier.com). For structural
analysis and figures, the program Cn3D was used
(https://www.ncbi.nlm.nih.gov/Structure/ CN3D/cn3d.shtml). For simplic-
ity of annotations, concentrations of compounds are denoted by compound
names without square brackets.

3.1 Iron homeostasis
Arbitrary units (au) have been used for parameters in model calculations

because the cellular concentrations and associated rate constants from the
experimental results are unknown.
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3.2 Calcium homeostasis

For the model we have chosen a deterministic approach. In model calcula-
tions, all concentrations concerning initial conditions and rate constants
of the kinetic parameters are given in their respective figures and the text.
Initial conditions are overall given in uM, while the rate constants are given
as different units like s=!, uM, s=! uM~! and uM/s. The time unit is
seconds.

30



Chapter 4

Results and Discussion

In this part of the thesis, the results from my research will be presented
and discussed. The order of the following sections will begin with iron
homeostasis, followed by oscillatory homeostats, and finally Ca?* regulation
and homeostasis, which has been the major part of my thesis work. The
common theme has been homeostasis and mainly the regulation of ions, iron
and calcium. The novel approach has been the incorporaction of integral
control into negative feedback loops to describe how robust homeostasis
can be achieved in these systems.

4.1 Iron regulation

Iron (Fe) is an essential nutrient for plants. It is also an important nutrient
for humans, as Fe is part of enzymatic cofactors like hemoglobin, iron-sulfur
(Fe-S) clusters, catalase etc. In general heme-iron is found to be the better
option as an iron source for human consumption, compared to non-heme
iron found in plants [94, 95, 96]. People living in developing countries for
instance, and those having diet restrictions towards meat, depend upon
plant based Fe. It is a fact that anaemia is closely linked to iron deficiency
as it is a condition with too few red blood cells and/or the haemoglobin
level is below a critical level. Anaemia is a major health problem world
wide. In some developing countries it has been estimated by the WHO
that over half the children under 5 and pregnant women are affected by
anaemia. Surprisingly close to 40 % of the same group is affected also in
industrialized countries, and an estimate of one third of the entire global
population appears affected [94, 97, 98]. It is therefore of great value to
learn more about the iron regulation in plants and to investigate possibilities
of increased bioavailability of iron from dietary plants.
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4.1.1 Iron homeostasis in Arabidopsis thaliana

The purpose of making this plant iron model was to study iron homeostasis
during high-affinity iron uptake, and to investigate how different components
could be interconnected. As still much of the feedback, reaction kinetics
and connections between the iron homeostatic machinery in plants are
unknown, this led to the choice of using arbitrary units in order to focus
on the response kinetics and the qualitative comparison to experimental
findings.

4.1.2 IRT1 in iron homeostasis

IRT1, as described in section 2.4.1, is the high-affinity transporter for
iron under iron-deficient conditions. It is essential for the growth and
development of plants. When starting out developing a model for iron
homeostasis in A. thaliana, the negative feedback set-up of the involved
components needed to be sorted out. As a starting point, external and
cytosolic iron (Fe) was of course included in an initial model, as well as the
IRT1-mRNA and IRT protein. Iron is bound as Fe-oxides, and because of
the difficulty in sequestration of iron under such conditions, plants have
a high demand for iron supply, in agreement with the need of an inflow
controller. This harmonizes with the observation that when Fe is low
and needs to increase, the E-species, here represented by IRT1, needs to
activate. As the focus is on the iron homeostasis during iron uptake under
iron deficient conditions, the iron assimilation flux that maintains the cell’s
need for iron, has been represented by the single flux jpe-assim (Fig. 4.1):

JFe—assim = k2 - Fecyt (41)

At first a model where IRT1 activates the transport of external Fe into the
cytosol, and cytosolic Fe inhibits the transcription of IRT1 was formulated.
In this model, Fig. 4.1, the transcriptional control of IRT1 (representing
mRNA) is iron dependent, and the level of IRT1 protein is regulated by
this mechanism during iron deficiency.

The rate equations for the model in Fig. 4.1 are given as:

Feyr = k1 - IRT1 - Feeyy — ko - Feey (4.2)

Vinaz - IRT1

IRT1 = ks - IRT1 — 242~ —
> Ky + IRT1
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Figure 4.1: Model of iron homeostasis with iron-dependent IRT1 transcrip-
tional control. (a) Model reaction scheme, where Fecyt inhibits the transcription of
IRT1-mRNA by the inhibition constant K7 . Inhibition is represented by the expression
Feeyt / (K¢ 4 Fecyt) in the rate equation for IRT1. (b) Graph showing modeled iron
IRT1, and IRT following changes in external iron. The calculation has three phases where
the arrows represent the start of a new phase. Phase 1 has a sufficient level of external
iron (Feext=5.0); phase 2 has a low external iron concentration (Fecxt=0.5); in phase 3
external iron is resupplied in order to give sufficient amounts of external iron (Feext=5.0).
The set-point for Fecy¢ is arbitrarily set to 1.0. Rate parameters are as following during
the three phases: k1 = 1.0, k2 = 4.0, ks = 1.1, ks = 5.0 - 107", ks = 5.0 - 107", V;Fset
= 1.0, K'I\EfEt =1.0-107% and KF¢ = 1.0 - 107!, Initial concentrations are set to: Fecyt
= 1.0, IRT1 = 0.8, IRT1 = 2.0. IRT1 levels rise as Feext decrease in order to maintain
cytosolic Fe homeostasis.
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ks - KFe

IRT1 = — >t
Ki e + Fecyt

— k4 - IRT1 (4.4)

Assuming Ky < IRT1 gives a steady state expression of IRTI as
Vimaz/ks. Setting both IRT1 and IRT'1 = 0.0 given steady state conditions,
a set-point expression for Fe.y¢ can be written as:

ks - ks - KFe
MRS e (4.5)

Fecyt,set == V. k4 i
max *

The model simulation gives a qualitative agreement with experimental
findings that IRT1 levels increase when external Fe is low, and decreases
when external Fe is higher [56, 62, 63, 99]. However, considering the work
by Connolly et al. showing that IRT1 levels are increased in iron-deficient
conditions and decrease as Fe levels rise, their results suggest that IRT1 is
degraded in an iron-dependent manner [62]. Taking this into consideration,
a modification of the model was made, where Fe.y; is now activating the
degradation of IRT1 instead of inhibiting the synthesis of IRTI-mRNA.
The model, shown in Fig. 4.2, still has the structure of an inflow controller,
which leads to iron replenishment when iron-levels are low and below the
cytosolic set-point. The main difference between this model and the model
in Fig. 4.1 is the way cytosolic iron regulates the level of IRT1. The mRNA
IRT1 level does not change as all.

The degradation of IRT1 is iron-dependent, where K, f ¢ represents an
activation constant. K[ activating the degradation/removal or internal-
ization in an iron-dependent manner. The Eg enzyme degrading IRT1 is
active when bound to iron. The iron dependency can be described by the
Fe activation factor £

Fe

Fe cyt

= = 4.6
a K é?'e Fecyt ( )

The rate equations for the model given in Fig. 4.2 are given as:
Fecyr = ki - IRTL - Feey — ko - Feey (4.7)

Vinaz - IRT1 Feey

IRT1 = k5 - IRT1 — :
° Ky +IRT1 KFe 4 Fegy,

34



CHAPTER 4. RESULTS AND DISCUSSION

Fe

ext

extracellular space
cell way

Eset Eset
\Y K

max ’° "M

k, . IRTT_K,

3 Fe
/ \ Fe K?,,.---""’

cyt- ©)
assimilation/ k
transport 2
Fe-assim
Resupply:
Sufficient Fe_, Low Fe_, Sufficient Fe_,,
Fe,, = 5.0 (au) ¥ Fe,, = 0.5 (au) ¥ Fe,, =5.0 (au)
T T 5 —
14 N 5
= IRT1 14 5
S 12 F E
b) § A 13 2
3 1 Fe ! Fe H Fes <
T 192 =
o o
L o08F -
IRTT 1=
06 ¢ IRT1 IRT1 x
0 20 40 60 80 100 120 140
Time (au)

Figure 4.2: Model of iron homeostasis with iron-dependent IRT1 degradation.
(a) IRT1 represents mRNA, and IRT1 the protein. Feext denotes the external level of
iron, and Fecyt is the cytosolic iron level. KFe represent the activation constant for the
iron-dependent degradation of IRT1, and jre-assim is the assimilation flux and transport
of Fe to the rest of the plant. (b) Response of Fecyt, IRT1, and IRT following changes in
external iron. The shift to the next phase of the calculation is represented by an arrow.
Phase 1 has a sufficient external iron level (Feext=5.0); in phase 2 the external iron
concentration is lowered (Feext=0.5); in phase 3 external iron is resupplied to sufficient
amounts of external iron once again as in phase 1(Feext=5.0). The set-point for Fecyt is
arbitrarily set to 1.0. Rate parameters are as following during the three phases: ki1 = 1.0,
k2 = 2.0, ks = 1.0 - 10%, ka = 1.0 - 10, ks = 1.0 - 10%, V,.Zzet = 2.0 - 10, Kyt = 1.0 -
1074, and K¢ = 1.0. Initial concentrations are set to: Fecyr = 1.0, IRT1 = 1.0, and
IRT1 = 0.4. The graph represents the responses in IRT7-mRNA, IRT1, and cytosolic Fe
at different external Fe concentrations. The level of IRT1 increases when the demand for
iron is high, as observed by experiments. Figure adapted from [67].
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IRT1 = ks — ky - IRT1 (4.9)

The iron-dependent degradation, can also be considered as an iron sensing
mechanism. The iron sensor may function in a way where the IRT1 level
reflect the cytosolic Fe level and this could influence other regulatory
mechanisms. The nature of the fI'¢ equation reveals that it has saturation
properties, that means it reaches its maximum at high Fe concentrations.
When fI"¢ saturates the feedback loop breaks. Also the degradation of IRT1
follows Michaelis-Menten kinetics, with a relatively strong binding of Ege
to its substrate IRT1, i.e. assuming that K f/fet < IRT1. This condition is
an idealization in modeling, and ensures that Fe.y is kept homeostatically
regulated at its set-point. As can be seen in Fig. 4.2b, IRT1 increases
during Fe-limiting conditions to keep the cytosolic Fe level at its set-point,
given as 1.0 in this simulation. The set-point of Fecy is given from the
steady state expression of Eq. 4.8

ks - ks - K¢
key - Vinas! — ks - ks

Fecyt,set = (410)

The modelled results of the IRT1 response to external Fe conditions
compare well with the experimental results of Connolly et al., as well as
others [56, 62, 99, 100]. This is given as an indication that the degradation
of IRT1 is indeed iron-dependent, like Connolly et al. suggested. Compared
to the previous model in Fig. 4.1, this set-up gives a faster response time of
both IRT1 and thus the Fecy; level. Also, the regulation of IRT1 through
its degradation by iron is also corroborated by the experimental findings.

Interestingly, Barberon et al. also studied the degradation of IRT1, and
during IRT1-overexpression experiments they observed that this condition
lead to iron-independent degradation of IRT1 [99]. Barberon et al. used
irt1-1 mutants, IRT1 knockouts, where overexpression of IRT1 by 35S::IRT'1
gave accumulation of IRT1, strong overload of metals, and oxidative stress.
Also the degradation rates of IRT1 did not seem to correlate with the
amount of external Fe applied [99]. This discrepancy was investigated
by the model, and the model has also resulted in an explanation of why
Barberon et al. might have observed this presumed iron-independent
degradation of IRT1 during overexpression studies.

The same model, Fig. 4.2, was used to investigate the observations by
Barberon et al. In order to model the overexpression of IRT1 the ks
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parameter was increased. The increase in k3 also increases the set-point
of cytosolic Fe, see expression 4.10. The experimentally observed iron
overload [99] can be explained by the set-point change leading to a build
up of cytosolic iron. Since there is simply a new set-point, the homeostatic
property is kept, however considering Eq. 4.6 as the synthesis rate of
IRT1 increases, fI® is nearly saturated at high k3 values. When f/
approaches saturation (ff¢ — 1), the signaling pathway from cytosolic Fe
to IRT1 degradation reaches its capacity limit and the degradation becomes
independent of iron. An illustration of the effect of IRT'1 overexpression
can be seen in Fig. 4.3

4.1.3 FIT as an iron regulator during iron deficiency

The transcription factor FIT has been found to be upregulated during Fe
deficient conditions in A. thaliana. In addition, other important proteins
in the iron-uptake machinery like FRO2 and IRT1 have been found to
require the presence of FIT [58, 64]. As the previous model was quite
simple, in addition not allowing for a dynamic rensponse in the IRTI-
mRNA level, some additions were included in order to allow comparison
with experimental results for low and sufficient iron conditions.

As the FIT transcription factor protein does not work on its own, but in
complex with AtBHLH 38/39 [64],they have been added to the model as
a joined component TF (transcription factor). FIT itself has been found
to be regulated by iron [58], therefore this has also been added to this
extended model. Since there has been reported increase in both IRT1 and
FIT-mRNAs due to iron-deficiency [56, 58, 62], the regulation of FIT by
Fecyt was added as an inhibition of its transcription of FIT-mRNA. This
will in turn lead to both an increase in FIT and IRT1 levels. In this model,
the findings of an additional negative feedback [58], where FIT prevents
IRT1 protein turnover through inhibition has been added. The extended
model can be seen in Fig. 4.4.

Model calculations with the addition of a FIT-dependent inhibition of
IRT1 degradation suggest that this leads to a significant decrease in response
time of the homeostasis of cytosolic Fe. This regulation however, was added
as a negative feedback with no influence on the set-point of Feyt. In our
paper, we suggest that this type of negative feedback could be termed
"auxiliary feedback'. See model calculations comparing regulation with and
without this auxiliary feedback in Fig. 4.5. Rate equations can be found in
the publication [67].
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Figure 4.3: Model results for IRT1 overexpression. (a) Increase in ks leads to
IRT1 overexpression. At t=0, ks = 100, k3 value increased at t = 50 to ks = 190. At t
= 100 k3 is further increased to 1000. IRT'1, IRT1 and iron levels all increase in response
to the changes, however Fe.y; is homeostatically regulated to its set-point as long as the
IRT1 synthesis rate is lower than its degradation rate (jirT1 degr). At t=100, with a k3
value of 1000, the Fecyy homeostasis is no longer kept because now the synthesis rate of
IRT1 is greater than its degradation rate leading to saturation in jirTi degr as it reaches
the level of V,Zz¢t. (b) Iron-independent degradation of IRT1 during IRT1 overexpression.
IRT1 synthesis rate k3 = 1000 through the whole simulation and the external iron level
is varied (5.0, 0.5 and 0.01). The jirT1 degr is at its maximum value Vfg;ﬂ leading to
IRT1 being independent of the concentration of iron. Figure adapted from [67].
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Figure 4.4: Extended iron homeostasis model. New additions to the model
comprises FIT-mRNA and FIT protein, K{® representing the iron-dependent inhibition
of FIT synthesis, blue colored KT representing the FIT-dependent auxiliary feedback
as an inhibition of IRT1 degradation, and TF which is an abbreviation of transcription
factor. Also FIT-TF illustrating the complex of FIT with the TF, and KT TF which is
the activation constant of the FIT-TF dependent activation of JRT1-mRNA synthesis.
Figure adapted from [67], rate equations can be found in the supporting material of this

paper.

The results in Fig. 4.5 are in good agreement with experimental results
compared to results of levels of both mRNA transcripts and proteins [58].

The set-point of this model is determined in a different way than in the
previously given models, and is dependent on FIT. The rate equation of
FIT is given as

- KFe+ Feny KUT+FIT '

FIT

When the rate equation for FIT is set to zero, as well as using the
assumption that K ]@IT < FIT, the set-point of Fecyy is

kas
Fefzﬁj,;et = K{* <VFIT - 1) (4.12)
max

In this extended model FIT is involved in both transcriptional and post-
translational control mechanisms. The model shows some similarity to the
first introduced model, but instead of Fe.yt inhibiting the synthesis of IRTI
mRNA, the FIT-TF complex activates the synthesis of IRT7-mRNA in
accordance to findings by Colangelo and Guerinot [58].
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Figure 4.5: Regulation of cytosolic iron homeostasis with and without auxil-
iary feedback. (a) Feedback mechanisms included in the extended iron homeostasis
model. Auxiliary feedback is outlined in blue. (b) Regulation of Fe homeostasis, and
levels of IRT1 and FIT through changes in external Fe without auxiliary feedback. First
and third phases have low Feexy (= 0.5), while the second phase have a higher Feext level
(5.0). Rate constants: k; = 1.0, ko = 2.0, k3 = 1.0 - 10%, ks = 1.0, k¢ = 4.0 - 10%, kg =
1.0 - 10%, KT =1.0 - 10°%, k1y = 1.0 - 103, k1o = 1.0 - 103, KFTT'TE = 1.0 - 104, kis
= 1.0 - 10%, k19 = 10.0, ko = 1.0 - 10%, ko1 = 2.0 - 10*, K¢ = 1.0, kos = 4.0, V,FIT
= 2.0, KifT = 1.0 - 107", Initial concentrations: Fe.,, = 1.0, IRT1 = 16.0, IRT1 =
4.0, FIT = 381.0, FIT = 381.0, TF = 0.5, FIT-TF = 1905.0. (c¢) Same as in b but
including auxiliary feedback. Same rate constants except KI''T = 1.0 - 10™! and initial
concentrations: Fecyy = 1.0, IRT1 = 0.3, IRT1 = 4.0, FIT = 5.6, FIT = 5.6, TF = 0.5,
FIT-TF = 28.0. Regulation with auxiliary feedback shows a much more rapid response

time. Figure adapted from [67].
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Figure 4.6: Extended iron homeostasis model with alternative auxiliary feed-
back. The auxiliary feedback (AF) from earlier is still shown in blue, while the suggested
alternative AFs are shown in green. The alternative potential AFs all arise from Fecyy.
The Fe-dependent degradation of IRT, IRT1, and FIT, are given as KI¢~irt gIFe-IRT
and KFe=FIT respectively. The alternative feedback of the FIT degradation is given as
a black dashed line and with the activation constant K2°~/**. Figure adapted from [67].

Iron dependent auxiliary feedback

Auxiliary feedback (AF) was termed in the last section as a sort of helper or
assisting negative feedback. A characteristic is that it does not influence the
set-point, but rather helps improve the controller’s adaption kinetics to the
set-point [67]. In addition to the AF presented in Fig. 4.4, of FIT-dependent
inhibition of IRT1 degradation, several additional feedbacks were in turn
tested to see whether they would improve the response kinetics. These
include Fe determined AFs leading to Fe-dependent degradation of IRT1,
IRT1, and FIT, see Fig. 4.6. In addition an Fe-dependent degradation of
FIT was added, however this feedback affects the set-point of Fe.y because
the set-point is given by FIT in this model. Since this last feedback affects
the set-point it does not qualify as an AF, and is instead considered an
alternative regular feedback for the model.

The AFs were added one at a time separately and then in combination
with the existing AF of the extended model. The existing AF (FIT-
dependent degradation of IRT1) was still present while adding the alter-
native, however its inhibition constant, K f T was K f T = 1.0 - 10° like
in Fig. 4.5b where it can be considered inactive. The addition of the
AFs to IRT1, IRT1, or FIT, are given as activation factors f, which are
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multiplied to the existing corresponding rate equations. These are given in
the following expressions representing the fraction of activated enzyme in
the respective feedback mechanism

Fecyt

Fe—irt
= : 4.13
18 = r e e (113)
Fe

Fe—IRT _ cyt

fa e _ KaFe—IRT e (4.14)
cy

ffe—FIT _ Fecyt (4.15)

Kfe_FIT + Fecyt

The expression added to the FIT rate equation when adding the alterna-
tive Fe-dependent degradation, was added by the given expression

» Fe
Fe—fit _ i cyt (416)
a aFe—fzt +Fecyt

One hypothesis was that a combination might improve the response
time even further. However the combination of two AFs did not show any
significant improvement, and in some cases the opposite. A few of the
other auxiliary feedbacks showed promising results on their own however,
well comparable to the effect of the FIT-induced auxiliary feedback. See
an overview of some AF simulations in addition to the Fe-dependent
degradation of FIT in Fig. 4.7.
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Figure 4.7: Alternative and auxiliary feedback mechanisms. (a) Graph with no
added auxiliary feedback in model as given in Fig. 4.5b. (b) Scheme showing an overview
of the added auxiliary feedbacks and alternative feedback, all Fe-dependent degradations
of another reaction species. (c) K, Fe—irt i3 added alone, achieved by setting the ko level
extremely low eliminating the auxiliary feedback effect. When KZ°~""* is added alone
the response time decreases. Rate constants: k1 = 0.5, k1 phase 2 = 5.0, k1 phase 3 =
0.5, ko = 2.0, ks = 1.0 - 102, kg4 = 400.0, k¢ = 1.0, ks = 1.0 - 10, KT = 1.0 - 10°, k11
=1.0-10% k12 = 1.0 - 10°, KZ'™TF = 1.0 - 10*, k17 = 1.0, k1s = 1.0 - 10%, k1o = 10.0,
koo = 1.0 - 10%, ko1 = 2.0 - 10%, koo = 1.0 - 1074, K¢ = 1.0, kos = 4.0, VEIT = 2.0,
KF™T =1.0-107%, KFe=t = 0.5. Initial concentrations: Fecy, = 1.0, IRT1 = 16.0,
IRT1 = 4.0, FIT = 381.0, FIT = 381.0, TF = 0.5, FIT-TF = 1905.0. Unless stated, rate
constants remain unchanged for following calculations.
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(d) Both KF¢="* and KFT" AFs added, well comparable to only K777 added as seen
in Fig. 4.5c. Same now KTTT = 0.1. Initial conditions: Fecys = 1.0, IRT1 = 0.34, IRT1
= 4.0, FIT = 0.9, FIT = 4.6, TF = 0.5, FIT-TF = 22.9. (e) K¢ 'RT added alone,
gives nearly as fast response as for only K7, KFe=IRT — 20.0 (KF°~"* = 0.0). Initial
conditions: Fecyy = 1.0, IRT1 = 1.45, IRT1 = 4.0, FIT = 5.9, FIT = 29.5, TF = 0.5,
FIT-TF = 147.6. (f) Both KX~ 12T and K" (KF!T = 0.1) gives oscillations. Initial
conditions: Fecyy = 1.0, IRT1 = 0.5, IRT1 = 4.0, FIT = 2.1, FIT = 10.4, TF = 0.5,
FIT-TF = 51.9. (g) Only KZ*"'T added, gives shorter response time. K2~ T = 10.0
(KFe=TRT=0.0). Initial conditions: Fecys = 1.0, IRTI = 0.28, IRT1 = 4.0, FIT = 1.1,
FIT = 5.6, TF = 0.5, FIT-TF = 28.1. (h) Both K7¢=F'" and KI''" gives oscillations.
Same initial conditions as previous. (i) Additional feedback K¢~/ (KFe=f* = 1.0) is
added, has a higher response time than without this. (j) Addition of K¥/T = 0.1 AF
gives nearly the same result as only KTTT however the set-point is changed because this
feedback affects the determination of the set-point.

As Fig. 4.7 shows, addition of other feedbacks can also reduce response
time for cytosolic Fe to return to its set-point similarily to the original AF
given by K f T The most promising additional feedback is the Fe-dependent
degradation of IRT, where Fe.yy activates IRT degradation, Fig. 4.7c. When
combining with the original AF, which inhibits the degradation of IRT,
this combination leads to a well comparable response to K f IT alone. The
combination also leads to a slight increase in the IRT concentration, in
addition to increased FIT/FIT-mRNA levels, meaning that the regulator
level is increased. Any of the potential AFs alone will again lead to a
decreased overall FIT-level. The addition of the Fe-dependent activation
of the IRT degradation does not combine well with the existing K f IT AF,
Fig. 4.7f. Both AFs affect the same reaction in opposite directions. This
could potentially balance, however, in combination it does not seem stable.
On its own, the effect of the response time is positive nevertheless as the
response time is improved. The third alternative AF which is the activation
of FIT degradation by Fecyt, Fig. 4.7g, also decrease the response time,
however this combination also leads to an oscillatory response. It is not
presently known if Fe.y regulates any of these degradations. Experiments
have intrestingly shown that proteasomal degradation of FIT is required
for the plant response during iron deficient conditions [101]. Whether this
regulation is attributed Fecyt or not is as stated currently unknown. In
addition to the given potential AFs that were introduced, an alternative
feedback, an activation of FIT degradation, was also added. The higher the
KF e=fit rate constant is set, the higher the response time gets. However,
with the addition of K f T the response time drastically decreases again
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to around the same as when only K f IT g there. Still, this alternative
feedback actually influences the set-point of Fe.yt since its expression is
dependent upon the rate equation of FIT.

4.1.4 TIron homeostasis during iron storage and remobiliza-
tion

Until this point, the model has described a high-affinity uptake of iron
during low Fegy conditions. But what about the cases where there are
higher amounts of readily available Fe in the soil? This is the case in more
acidic soil where more iron is becoming soluble as opposed to normal neutral
soil where due to the pH (/7) iron is bound as low-soluble Fe(OH)s3 or
Fes03. In this condition the plant requires some additional mechanisms to
avoid the toxicity of high iron concentrations. A combined model integrating
both the low-affinity uptake during high Feey and the high-affinity uptake
during Fe-deficiency is presented in Fig. 4.8. The model also includes
intracellular storage and its remobilization.

The model is a further extension of the previously described model of
Fig. 4.4. In conditions of high/sufficient Feey, the plant still takes up
iron though no longer through the FIT-IRT1 pathway [61, 102]. FIT has
been found in overexpression studies to be produced in both Fe-deficient
and Fe-sufficient plant conditions. However, IRT1 and FRO2 production
is not induced during Fe-sufficient conditions, and are constrained to Fe-
deficient conditions [102]. This, together with the fact that iron is allowed
to enter the plant even in IRT1 knockout plants that are supplied with
Fe in the water, suggests that iron has an alternative inflow-path, i.e. a
low affinity transporter [56]. In order to avoid iron toxicity due to build-up
of Fecyt, there are storage mechanisms like Fecy binding to ferritins and
nicotianamine (NA). NA is also important for Fe transport within the
plant, and during conditions of high Fe concentrations, NA is synthesized
correspondingly. During high loading of iron to the plant, NA is mostly
found to be localized in vacuoles indicating an importance of vacuoles in
Fe storage in order to avoid toxicity [103]. Under Fe-deficient or normal
Fe-levels, NA is generally found in the cytosol, meaning that iron is not
stored in the vacuole during those conditions [103]. A common transporter
representing IRT2 and FPN2 is responsible for the iron-uptake into the
vacuole in the model [57, 61]. NRAMP3/4 has been found to be resposible
for the remobilization of Fegiore into the cytosol [57, 61, 66].
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Figure 4.8: Integrative iron uptake model including high and low affinity
uptake of iron. Low-affinity uptake mechanism combined with uptake of iron storage is
highlighted in blue. The derepression of an unknown repressor S leads to iron storage into
the vacuole/store. The low-affinity uptake is not dependent upon S, however, the set-point
(outflow control) is.

The model also includes remobilization of Fegtore to the cytosol
(highlighted in ochre). The mechanism representing the assimilation and transport to

other plant parts is shown in red color. Note some changes in rate constant notations
described in supporting material from [67]
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The rate of the high-affinity uptake described in the extended model

from Fig. 4.4, is given by the following jf}g? plake oy pression

Il = k1 - TRT1 - Fecgy (4.17)

The low-affinity uptake rate is assumed to be proportional to the Feeyt

. o : . Fe—uptak
concentration, and is given by the expression for j;,“~ """

er—uptak:e _ kl . Feeact (4.18)

la

The expression for jpe.assim iS still the same as in Eq. 4.1. Finally, the
rate of the storage flux, is described as jre—storage

K7

il 4.19
K?+S (4.19)

erfstm"age =kr- Fecyt :
The mechanism for Fe.y¢ transport into storage, is based on an inhibitor
S, which inhibits the entry of Fecy into vacuole/storage during iron-deficient
conditions. When Fecy is high, it activates the degradation of S, which
leads to derepression, and Fecyy is stored. This corresponds well with the
findings on ferritin activation [104]. K7 represent the inhibition constant
for the S inihibiton of jre_storage. For simplicity the flux of Fecyt into the
vacuole/storage is considered proportional to the concentration of Fecyt,
as the transporter concentration is regarded as constant (and thereby
also k7). Similarily, for the remobilization of Fegore, the rate constant
representing the NRAMP13/14 (ki3) is also considered constant. The rate
of the remobilization flux is given as

erfremobil = kl?) ' Festore ‘R (42())

A set-point for Fegyt in this model can be determined from the remobi-
lization equations with respect to the inflow controller R. The rate equation
for R is given as:

: . ) VE R
R = jr—synth — JR—degr = k14 — Fecyt - m (4.21)

Assuming that K ]@ < R, this gives the set-point at remobilization:

k14
Felly o = TR (4.22)
max
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The set-point of Fecyy determined during low affinity uptake and for the
storage of iron can be found from the rate equation for S:

S = jS—synth - jS—degr (423)

JS—synth is the constant kg in the model, Fig. 4.8, and jg_gegr is iron-
dependent and activated by Fecyt, and can be described by Michaelis-Menten
kinetics:

. ViSw S
jS—degr = Fecyt . (Kn]%;x+ S) (424)

By setting S = 0, this leads to the Fecyt et during low affinity uptake

JS—synth
Fefymet = 7‘/;@” (4.25)
max

Since there are several set-points for Fe.yt in this model, they need
to be arranged in a hierarchical way in order to avoid wind-up and to
ensure correct function in the model to avoid that controllers work against
each other [27]. In this context, the different set-points have the following

values based on the chosen rate parameters in the program; F efymet = 1.5,
F ecFyﬁ;et =10, F eg/met = 0.8. The difference in set-points also allows the

differentiation between storage, high-affinity and remobilization phases to
be easily identified; see calculations presented in Fig. 4.9.

In the beginning of the simulation, there is a high concentration of Fegyy
which means that the Fe-uptake is through the low-affinity transporter.
From the development of the graph in both Fig. 4.9a and Fig. 4.9b, the
Feext is observed to be proportional to the Fe-uptake during low-affinity
uptake. At the same time as the low-affinity uptake happens, there is
a flux of Fecy into the storage which is represented by the jre—storage
curve. At about t ~ 1250, the Feeyt concentration is no longer sufficient to
maintain the homeostasis by the S-controller and the Fe.y concentration
drops below the S-determined set-point of 1.5. As the low-affinity influx
of Fegyt decrease, the need for iron is now compensated and satisfied
by the increase in Fegy by the high-affinity uptake mechanism through
IRT1. At this time, there is a set-point of 1.0 which is maintained by the
high-affinity uptake. In combination, the jl};;j;’;f;fiity and the jflg;fp take
compensate the assimilatory flux represented by jre_qssim, in order to
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Figure 4.9: Iron regulation during storage, high-affinity uptake and remobi-
lization conditions. (a) Iron regulation during low-affinity uptake/storage conditions
in phase 1, high-affinity uptake in phase 2, iron re-mobilization in phase 3, and iron-
depletion conditions during the last 4th phase. Rate constants: k1 = 1.0, k2 = 2.0, k3 =
1.0 - 10%, ks = 1.0, k¢ = 4.0 - 10%, k7 = 1.0 - 10%, ks = 1.0 - 10%, V,5 ., = 10.0, K3, =
1.0 - 1074, K7 = 0.1, k13 = 0.5, k1a = 0.8, V,E,. =1.0, K& =1.0- 107, k19 = 0.5, kao
=5.0-107% KFe = 1.0, kay = 4.0, VEIT = 2.0, KEIT =1.0- 1074, kor = 1.0 - 102,
kos = 1.0 - 10°, kao = 1.0 - 10*, k3o = 2.0 - 10%, ks = 1.0 - 10%, k33 = 10.0, K} '"7F =
1.0 - 104, K}”T = 0.01. Initial concentrations: Feext = 10.0, all other initial conditions
are 0.0. (b) Same calculation and phases as in (a), but showing the different fluxes of
iron. Same rate constants as in (a). Figure adapted from [67].
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maintain Fe.ys homeostasis. This relationship can be represented by the
following expression

Fe—assim = Jigw ot fimity + J1it (4.26)
Eventually the Feoyt concentration is exhausted at around t ~ 2600. At
this point, remobilization of Fegoe occurs represented by the jre_remobil
flux. During these conditions, a new set-point is again reached, this time
determined by the R-controller at 0.8. At t &~ 3250, all iron in the system
both in external and internal reservoirs is depleted. At this point the R-
controller also fails to maintain Fe.y; homeostasis. The set-up of controller
motifs in this model, see Fig. 4.8, allows the system to respond to the
external Fe concentration in a way that maintains Fe.yy homeostasis.

Biofortification strategies for iron

Iron biofortification is of great interest to the health of the global population.
There are several possible processes for increasing the bioavailability in
food crops. Traditionally this has been done through conventional breeding
or agronomic practices, however genetic engineering and modification can
be used to predict and enhance the improvement at another level. Different
transgenic approaches in for instance rice have been identified and shown to
yield 1-6 fold of iron increase [105]. The model presented in this work is a
computational approach used to identify and model mechanisms for robust
iron homeostasis in comparison with experimental results. The overall
interest in this is to increase the understanding of plant iron homeostasis.
In the context of biofortification, the understanding of iron homeostasis,
iron localization and the mechanisms involved are helpful in order to develop
better strategies [61, 106].

During low external concentrations of iron, vacuolar iron storage does
not occur. The mechanisms involved seem to only lead to iron storage in
the vacuole when large amounts of iron enters the cell. This has been the
mechanism in the iron model presented here, in agreement with experimental
findings [103]. We suggest a possibility of increased vacuolar storage of
iron also during conditions where external iron concentrations are low.
This strategy is based on placing an inflow controller within the vacuolar
membrane and having the controller molecule inside the vacuole. Based
on the negative feedback structure of the controller molecule this will lead
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Figure 4.10: Iron storage in vacuole as a biofortification strategy. (a) Close
up view of the vacuole, but otherwise the same model as in Fig. 4.8. The addition to the
model is done in the vacuole where a controller molecule "I" is present. This controller
molecule activates an inflow transporter in the vacuolar membrane, but is also subject to
an iron-dependent degradation. I= kig - Festore - Vihae - I/ (K%, + I). Iron flux through
the inflow transporter is given as jfe_sw’”e = kq7 - Fecyt - I. (b) Plot shows how iron
increases in the vacuole, Festore, while cytosolic Fe levels are maintained. Assuming Kas
< I, the set-point inside the vacuole is given as Feﬁtore,set = kls/V,,Imz, and is set to
700.0 here. Rate constants: kiz = 1.0 - 1072, kig = 700.0, V;L,, = 1.0, K, =1.0 - 10
Initial concentration of I = 0.0. Figure adapted from [67].
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to the maintanance of a defined iron homeostatic set-point of the vacuole.
Mlustration of this addition to the iron model is shown in Fig. 4.10a.

Fig. 4.10b shows how the concentration of iron inside the vacuole increase
to the given set-point as a function of time. The set-point, F' egtorevset, is
defined as 700.0. This set-up is purely theoretical, but illustrates a potential
possibility of manipulating mechanisms involved in iron-storage. There
are experimental reports of incorporation of synthesized transporters like
putative ferric reductase 2 (FRP2) to the vacuolar membrane, as well as
overexpression of the vacuolar iron transporter (VIT1) to increase and

redirect vacuolar storage [61].

4.2 Homeostatic oscillations

4.2.1 Extending the concept of homeostasis

As previously stated, homeostasis is defined by Cannon "as a tendency of
a system to regulate itself back to a stable environment". Homeostasis of
a system is therefore traditionally interpreted and confined as the system
returning to a set value within narrow limits. We want to extend the
concept to include sustained oscillatory and pulsatile conditions, as we show
that robust homeostasis can be maintained based on the set of controller
motifs shown in Fig. 2.1 in the Introduction. With the emergence of
alternative terminologies such as rheostasis, allostasis and homeodynamics,
our attempt is not the first to add to the concept of homeostasis. We do
not wish to make a new term altogether but to expand the definition by
our approach using integral control un an oscillatory regime. The findings
from this study have biological significance to the oscillatory signaling of
calcium and pb3, in addition to the regulatory involvement of circadian
rhythms concerning homeostasis. Specifically, calcium will be discussed
with a preliminary model demonstrating an outflow homeostatic controller
showing oscillations in intracellular Ca?*.

4.2.2 Oscillatory controllers

The eight controller motifs of Fig. 2.1 represent negative feedback of the
controlled variable A where the species E will either activate or inhibit
its compensatory flux. These controller motifs can be used as oscillatory
homeostats to illustrate the ability to maintain robust homeostasis during
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Figure 4.11: Outflow controller 5 with two different integral control imple-
mentations. (a) Shows outflow controller 5 with integral control represented through
the zero-order degradation of E. The red arrows represent the set-point, given by the ratio
between the removal and synthesis rates of E. The blue arrow illustrates the negative
feedback by A to the activation of E. The green arrows show the compensatory flux, which
is the concentration of E regulating the process that makes A. Orange color indicates the
perturbations that affect the level of A. (b) This figure shows the same outflow controller
5, however with a different implementation of integral control. The integral controller is
now represented by an autocatalytic formation of E, as well as a first-order removal with
respect to E. The color scheme still represents the same as in panel a.

oscillatory conditions. Fig. 4.11 shows how a two-component homeostatic
controller motif can implement integral control in two different ways.

Both conservative and limit-cycle versions of the motifs can be shown
and can be compared with homeostatic mechanisms such as cytosolic Ca?*
oscillations. Motif 2 and 5 have been chosen as representative examples of
this because they portray both an inflow and outflow controller respectively.
The two motifs also represent differences in the way species E controls the
compensatory flux (jeomp), where in motif 2 E inhibits the jeomp, Whereas
E in motif 5 is activating the jeomp. Outflow controller 6 in its limit-cycle
version has also been used in the Ca?* oscillatory model.

Conservative oscillatory controllers

For a system to be considered conservative its energy (or Hamiltonian
function/H-function) can be found, and the H-value remain constant in
time. In phase space, conservative oscillators show periodic motions that
occur as closed paths in phase space for each H-value. The H-function
can derive the dynamics of a two-component conservative oscillator, and is
given as the following equations

OH

a5 = A (4.27)
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OH .
ai=F (4.28)

These equations are analogous to the Hamilton-Jacobi equations from
classical mechanics. They also show time independency and the system
can thus be considered conservative.

The negative feedback oscillators based on motif 1 and 5 of Fig. 2.1
can represent the Lotka-Volterra oscillator. In this case integral control
is implemented by autocatalysis in the formation of species A and the
following degradation of A by a first-order process with respect to A [24].
By changing the implementation of integral control to zero-order kinetics
in the removal of A, the same motifs now show harmonic oscillations.
See Fig. 4.11 for an illustration of how this difference is implemented
schematically. Motif 2 can be used to represent the Goodwin oscillator of
two components from 1963. Early on, Goodwin actually drew attention
to the analogy between the dynamics of a set of cellular two-component
negative feedback oscillators and classical mechanics [19]. As an example,
motif 2 is represented in the following figure Fig. 4.12.

The graph in Fig. 4.12c shows an increase in frequency as the perturbation
ks is increased from 1.0 to 3.0 after 50 time units. As another example
of perturbation response, a harmonic oscillator based on motif 5, is also
modeled. Typical for the harmonic oscillator is the constancy of the
frequency upon changing k; (perturbation) values. This can be observed
in the following representation in Fig. 4.13.

By comparing motif 2 and 5 as conservative oscillators, one can see the
difference in responce of the frequency and mean values <E> and <A> of
an inflow-type and outflow-type controller respectively. This can be seen
in Fig. 4.14.

In the inflow-type controller (motif 2), the increased outflow perturbation
is compensated by a decrease in the average amount of E. This leads to
an increased compensatory flux which in turn neutralizes the increased
removal of A. This is given as

ks KE

jcomp = Ki}g T E (4.29)

Rate equations for both A and E can be seen in Fig. 4.12b. The average
amount of A (<A>) is kept at its set-point given as
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Figure 4.12: Representation of conservative oscillator based on motif 2. (a)
Reaction kinetic representation of "Goodwin’s oscillator" based on motif 2. When K3y <
A and KZ%¢* <« E conservative oscillations occur. Integral feedback and thereby robust
homeostasis is introduced by the latter condition [27, 29]. (b) Rate equations for the
controlled variable A and manipulated variable E. (¢) Conservative oscillations in A and
E. Initial conditions are given as: k; = 0.0, ko = 1.0, K3y =1 -107% ks = 6.0, K¥ =
0.5, kg = 1.0, V;Bset =20, KAE;IS"“ =1-107°. Initial concentrations: Ay = 1.5, Eg = 1.0.
At time t = 50.0, ks is changed from 1.0 to 3.0.

Eset

v
< Ay >= -maz. (4.30)
k4

assuming K f/f” < E.

By using an harmonic approximation, the frequency, w, of oscillations
can be estimated, with the assumption of k; = 0. For motif 2 this can be

written as
k3 ks KF
w= A (4.31)

K[ + Ess
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Figure 4.13: Representation of conservative oscillator based on motif 5. (a)
Reaction kinetic representation of an harmonic oscillator based on motif 5. K ]‘?4 <
A (or ko = 0) and K37 < E. (b) Rate equations for the controlled variable A and
manipulated variable E. (c¢) Conservative oscillations in A and E. Initial conditions are
given as: k; = 1.0, ko = 0.0, ks = 1.0, K3, = 1 - 107% ks = 1.0, V;Fset = 2.0, K37t =
1 - 1075, Initial concentrations: Ag = 1.5, Eg = 1.0. At time t = 50.0, k; is changed
from 1.0 to 3.0. Figure adapted from Paper I [25].

where Egg is the steady state of E, which can be calculated when A=0

- KE (4.32)

Based on the indications from equation 4.31 and the modeled results in
Fig. 4.14a, the frequency is observed to increase as the perturbation ko
increases in motif 2. When ks increases to a point that the E level is lower
than KJIE , the compensatory flux, jeomp, approaches its maximum value of
ks. When this occurs the homeostatic capacity of the controller is reached
and further increase of ko leads to a breakdown of the controller. The
breakdown happens because the ko increase cannot be met by an increase
in jeomp. For outflow controller 5, the compensatory flux
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Figure 4.14: Frequency changes in conservative oscillators based on inflow
controller 2 and outflow controller 5. (a) Frequency, <A> and <E> as a function
of the perturbation ks. The frequency increases and <E> decreases with the increase
of ko, while <A> is kept at its set-point V,Zs¢t / ky = 2.0. (b) Frequency, <A> and
<E> as a function of the perturbation ki. The frequency is in this case constant as k;
increases. <E> increases with the increase of ki, while <A> is kept at its set-point
ViBeet /%y = 2.0.

jcomp = kS -E (4.33)

will compensate any inflow perturbations (k; changes) of A by increasing.
When K j\‘}[ < A and KE° < E the oscillations are harmonic around the
set-point < Aget > = VEset /ky. The frequency, w, for motif 5 is

w = k‘g . ]454 (434)

The oscillation period is

2w
T=—— (4.35)
Vks - ky

With an increase in perturbation strength (increased k;), the frequency
of harmonic oscillator 5 is unchanged, see Fig. 4.14b. With the increase in
jecomp, an increase in <E> will occur, thus keeping the homeostasis of <A>.
This behavior can also be observed for the corresponding inflow controller

motif 1.

Limit-cycle oscillatory controllers

As previously described, the idea of making limit-cycle oscillations is based
on conservative oscillations where an intermediate is added to the controller
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Figure 4.15: Representation of limit-cycle oscillator based on motif 2. (a)
Reaction kinetic representation of a limit-cycle oscillator based on motif 2 where an
intermediate a is added upstream of A. (b) Rate equations for the controlled variable A,
manipulated variable E and intermediate variable a. (c) Limit-cycle oscillations in A and
E. <A>, the average of A, is kept under homeostatic control despite pulsatile oscillations
in A. Initial conditions are given as: k; = 1.0, K& = 1.0, ks = 1.0- 10°, K¥ = 1.0- 1073,
ks = 1.0, V;Zzet = 2.0, KAEj” =1.0 - 107%, ko = 2.0. Degradation kinetics with respect
to A are no longer strictly zero-order as compared to motif 2 in the conservative case.
Initial concentrations: Ag = 1.5, Eg = 0.3, ap = 166.17. At time t = 50.0, ks is changed
from 1.0 - 10% to 2.0 - 10®, and at t = 100.0, k3 is changed to 3.0 - 10%. (d) Frequency,
<A> and <E> given as a function of the change in ke perturbation.

either upstream of A or E [24]. In Fig. 4.15 a representation of motif 2 as a
limit-cycle oscillator can be seen. In this model an intermediate a is added
upstream of the controlled variable A. E feeds back to the formation of the
intermediate a, and the degradation of A is no longer strictly zero-order.

Compared to the conservative case in Fig. 4.12, the limit-cycle case
also displays an increase in the frequency as the pertubation (kg) strength
increases. As in the conservative case, the limit-cycle oscillator also keeps
<A> at its setpoint at all times during perturbation changes, where <x>
is the average calculated as

1 T
. /O X (£)dt (4.36)

Motif 5 has also been converted into a limit-cycle oscillator by adding
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Figure 4.16: Representation of limit-cycle oscillator based on motif 5. (a)
Reaction kinetic representation of a limit-cycle oscillator based on motif 5. (b) Rate
equations for the controlled variable A, manipulated variable E and intermediate variable
e. (c) Limit-cycle oscillations in A and E. Initial conditions are: ko = 1.0, K3y = 0.1, k3
=0.0,ks = 0.5, ks = 0.2, V;Z:et = 1.0, Kﬁ“‘ = 1.0 - 107%. Initial concentrations: Ay =
1.9964 - 1072, Eo = 12.0258, e = 8.0983. At time t = 500.0, k; is changed from 4.0 to
10.0, and at t = 1000.0, k; is changed to 20.0. (d) Frequency, <A> and <E> given as a
function of k.

the intermediate e upstream to the variable E. This set-up can be seen

together with its behavior following an increased pertubation in Fig. 4.16.

<A> homeostasis is kept by increasing <E> in both the conservative
and limit-cycle cases. Frequency changes (both decrease and increase)
is observed for the limit-cycle oscillator, however overall the frequency
changes are not as large as for motif 2. This observation indicates that the
limit-cycle motif 5 oscillator has a kind of intrinsic frequency compensation
on ki perturbations similar to the harmonic one.

Considering the limit-cycle oscillations here, one can show, [25], that the
same controller motifs can also show homeostasis in <A> like in the case
of the conservative oscillators.

4.2.3 Robust frequency control in oscillatory homeostats

Several biological oscillators, such as the temperature compensation of the
circadian clock and the p53-Mdm?2 system, show a homeostatic regulation of
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frequency /period [42, 107]. The temperature compensation of the circadian
period holds a nearly constant period length of 24 hours at different but
constant temperatures [107]. Also the P53-Mdm?2 system has a nearly
constant period where the oscillation number might be indicative to the
strength of DNA damage within the cell [42, 108]. We are able to show
robust frequency control in two different ways. The first one is by the
presence of quasi-conservative kinetics in a limit cycle oscillator and the
second way is to have E regulated by additional inflow/outflow controllers
Iy,I5.

Robust frequency control based on quasi-conservative kinetics

In order to achieve quasi-conservative behavior in a limit-cycle oscillator,
the intermediate species, a or e, needs to obey approximately the steady
state assumption @ &~ 0 and é ~ 0. The result is called quasi-conservative or
quasi-harmonic due to the system still having a limit-cycle however behaving
more as a conservative system. pb3 is a transcription factor with tumor
suppressor properties, which is upregulated in response to stress signals
such as DNA damage [42]. The p53-Mdm2 system is a negative feedback
loop where pb3 activates Mdm2 transcriptionally, and Mdm2 will in turn
negatively regulate p53 both by inhibition of its activity and by enhancing
its degradation rate. It is found that this system exhibits oscillatory
behavior, where the amplitude varies widely, however the frequency is
less variable [42]. This description matches well with the behavior of the
quasi-harmonic oscillator. When motif 1 or 5 is used as a basis for this,
the system is quasi-harmonic, and the resulting oscillations and frequency
can be described by a harmonic oscillator, a single sine function. é =~ 0 is
achieved in the motif 5 limit-cycle oscillator by an increased ks value. The
practically perfect fit of the numeric simulation to a single sine function
can be seen in Fig. 4.17a.

The presence of zero-order degradation in A is needed to obtain conserva-
tive oscillations and will promote oscillatory conditions also for limit-cycle
oscillations. In order to have limit-cycle strict zero-order degradation is
no longer necessary, because of the intermediate species. However, rate
constants also need to be matched in order to have oscillations in that case.
Changing these may lead to the loss of oscillations. By the introduction of
a first-order degradation of A the oscillations in the quasi-harmonic system
can be effectively quenched. This has been done in the simulation shown in
Fig. 4.17b, where the quenching effect can be seen as k3 is changed to 0.1.
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Figure 4.17: Limit cycle oscillator based on motif 5 with quasi-harmonic
behavior. (a) Oscillations of A with different perturbation strength (k;). For t <
300 au, the numerical calculation of A shown in blue overlaps perfectly with the single
harmonic A(fi)(t) = Ampr) - sin(2wt/P + @) + <A>,e given in black. ki = 1.0,
Afampy = 5.0791, P = 31.44, ¢ = -0.05, and <A>..; = V;Eact /ky = 12.5. Aggp) i
the numerically calculated amplitude and P is the numerically calculated period length.
Parameter values: ko = 5.0 - 1072, K4+ = 1.0 - 107%, ks = 0.0, ks = 0.8, ks = 20.0,
Vet = 10.0, Kyt = 1.0 - 107°. Initial concentrations: Ag = 12.4290, Eo = 1.0139,
ep = 0.4952. At time t = 0.0, k; is changed from 1.0 to 5.0, and at t = 600.0, k; is
changed to 10.0. (b) In this simulation, the same conditions as in panel a applies, but in
addition the parameter kg is varied. At t= 200 and t=>500, k3 is changed from 0.0 to 0.1,
which effectively quenches the oscillations in the system, but <A> is still kept under
homeostatic control.

61



CHAPTER 4. RESULTS AND DISCUSSION

120 y T T 7 0.05
C / ]
500 |- P 1 004 5
=~ sk ﬂé frequency E )
§ E...‘f ................_: 003 3‘
Z, 60 £ ¢ . &
[ 1 002 &
V 40 fp--t-n . e
uCJ 20 E<y’/\/-llllllzllllllllllll_5 0.01
0 C |<A> ! 1 11 0
0 5 10 15 20
k, (au)

Figure 4.18: Concentration, frequency and amplitude homeostasis. <A>,
Aamp, <E> and the frequency are shown as a function of k;.

An increase in the ki value causes the oscillations to shift, however the
frequency stays the same. This can be observed in Fig. 4.18. With high k;
values the amplitude of A gets saturated, which is a secondary effect of the
oscillator’s homeostatic property.

Robust frequency control based on the control of <E>

Another way to achieve robust frequency control is to control <E>, because
there is a correspondence between <E> and the frequency of the oscillator.
This can be done by adding two extra inflow and outflow controllers, I; and
Is, to the limit-cycle oscillator. These extra controllers will have their own
inflow and outflow set-points for <E>, in order to obtain control of <E>.
In this type of oscillator (I1- and Is-controlled oscillator) the set-point of
<E> determines the frequency. In Fig. 4.19a, a possible set-up with the
extra controllers I; and I is presented for motif 5. The set-points for <E>
are given by the rate equations for I; and I in Paper I, [25], and are written
as:

k
<E>l=—F- (4.37)
max
v
<E>k-— ;:7 (4.38)
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Figure 4.19: Robust frequency control based on control of <E> in a limit-
cycle oscillator of motif 5. (a) Reaction kinetic representation of a limit-cycle
oscillator based on motif 5 with additional control variables I and I» added in order to
control <E>. (b) Rate equations for the controlled variable A, manipulated variable E,
intermediate variable e, control variable I; and control variable I.

I; and Iy have the same set-point of 20.0 au, and in the absence of I;
and Iy the frequency varies like in the limit-cycle model of motif 5 from
figure Fig. 4.16.

With Iy and Iy both active, <E> shows robust homeostasis at 20.0 with
an essentially constant frequency. When one controller, I;, is knocked
out (not present), <A> is still homeostatically controlled but <E> is not,
Fig. 4.20b. <E> approaches its set-point at high k; values, however the
frequency is no longer under control. When the other controller, Is, is
knocked out, Fig. 4.20b, control of both <E> and the frequency is still
observed, but is lost at higher k; values.

4.2.4 Homeostatic regulation during cytosolic Ca?* oscilla-
tions

The previous sections have shown how it is possible to have robust home-
ostasis in <A> during oscillatory conditions. In physiological terms there
are several examples where homeostatic regulation is needed in conditions
where oscillations occur, for instance in the case of cytosolic calcium (Ca2™).

Inside the cytosol Ca is regulated at a very low level, &~ 100 nM, whereas
the extracellular concentration is several orders of magnitude higher at ~ 1
mM [69]. As Ca?* is important for cellular signaling, as well as a signal for
apoptosis, it is crucial that cytosolic Ca?T levels are kept under homeostatic
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Figure 4.20: Frequency changes in conservative oscillators based on inflow
controller 2 and outflow controller 5. (a) Frequency, <A> and <E> as a function
of the perturbation k;. Rate constants: ki = variable, ko = 1.0, K]f}[ = 0.1, ks = 0.0, k4
=0.5 ks = 0.2, VEet = 1.0, Kot =1.0 - 107%, k¢ = 20.0, V}lL,, = 1.0, K1} = 1.0 -
1075, ky = 1.0, V22, = 20.0, K12 = 1.0 - 1075, Initial concentrations: Ay = 0.7638, Eo
= 18.8155, e = 1.6887, 1,0 = 1.6695 - 10%, and Io o = 2.7657 - 10%. Black dots show
frequency with Iy and Iz, while grey dots show frequency without I; and Iy control over
E. (b) Same as in a), but I; is knocked out. (c¢) Same as in a), but I, is knocked out.

control. To a cell Ca?t signals can be presented as Ca?* oscillations, and the
cytosolic concentration can reach much higher levels than the resting 100 nM
level. As cytosolic Ca?t oscillations may be under homeostatic regulation,
we investigated Ca?t oscillations in terms of oscillatory homeostats. In
response to increased stimulation of a cell, cytosolic Ca?T oscillations have
been found to increase in frequency [44, 90, 109]. The very information
conveyed by the Ca?T signal lays in both the amplitude and frequency of the
Ca?* spikes [109]. In order to control the intracelluar Ca?* concentration,
a large amount of different channels, pumps and buffers are involved, and
some even hold a role in modulation of the frequency and amplitude of
the oscillations. The storage operated Ca?* channel (SOCC) is believed to
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have control of frequency modulation of Ca?* oscillations [72]. Relating to
the oscillatory signaling of cytosolic Ca®t as well as it being under solid
homeostatic regulation, the possibility arises of oscillatory homeostats being
functional also during signaling.

The simple model suggested here in relation to the homeostatic regulation
of cytosolic Ca?t, Fig. 4.21a, is based on outflow controller 6. Rate equations
in Fig. 4.21b. The model considers a non-excitable cell under stationary
conditions which is stimulated. The model shows oscillations as well as the
removal of excess cytosolic Ca?t. Inflow of extracellular Ca?* is activated
by an external signal, while increased cytosolic Ca®*t levels induce an
additional inflow from internal Ca?* stores (Calcium-Induced Calcium
Release - CICR). For simplicity, both inflows have been considered as one
in the represented ki rate constant. In order to maintain the CICR flux,
cytosolic Ca?* is pumped into the ER to keep its internal level of Ca?* high.
The ER is used as a representative storage unit for Ca?* in the cytosol,
and is considered for this models purpose to have a constant concentration
of Ca?*. The only included removal of cytosolic Ca?t is therefore the
pumping through the plasma membrane (PM) to the extracellular space.

Considering different inflow rates (kj), which could biologically represent
different external Ca?* levels and/or a variation of activation levels of
the cell, this gives diverse oscillation patterns. Cytosolic Ca?* oscillations
at three different k;j levels can be seen in Fig. 4.21c. An increase in the
Ca?* inflow affects the oscillations in terms of increased frequency. At a
low ki level and increased Kj; value the oscillations are quenched. The
correlation between period length and inflow rate is shown in Fig. 4.21d,
where the oscillation period decreases with an increased inflow rate. This
relationship has been observed experimentally by Berridge and Galione
where the period of oscillations vary based on external conditions like Ca*
concentration and stimuli [44]. As both Fig. 4.21c and d illustrate, the
average level of cytosolic Ca?t (<Ca?*>) is kept at its set-point indicating
that robust cytosolic Ca?t homeostasis is maintained. Also at the third
scenario where oscillations are quenched, the cytosolic Ca?* level is still
kept at its homeostatic set-point.

This simple homeostatic model of cytosolic Ca?* demonstrates how cytso-
lic CaT oscillations could be seen as an example of oscillatory homeostasis.
An oscillatory homeostat, as have been presented during the previous sec-
tions, allows the maintantance of homeostatic conditions through a more
dynamic system where there are periodic changes in the controlled variable.
Oscillatory Ca?T signals are important for cellular signaling, and without
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Figure 4.21: Homeostatic model of cytosolic Ca%t oscillations. (a) Simple
model with reaction scheme of cytosolic Ca?" in a non-excitable cell. The set-up is based
on an extended version of outflow controller 6 with an intermediate e to have limit-cycle
oscillations. ki as a combined inflow from extracellular space and the ER is considered
a measure reflecting the stimulation strength. (b) Rate equations for <Caz;t>, E and
e. (c) Cytosolic Ca®" oscillations and average concentration <Ca§;rt> with different
stimulation strength represented by ki-values. Set-point for CaiJ5 = ks / ka = 2.0. Rate
constants: k; phase 1 = 5.0, k; phase 2 = 10.0, k; phase 3 = 1.0, ko = 500.0, K;¢' phase
land 2 =1.0-10"2, Ki¢ phase 3 =1.0, K3¢* =1.0-107% k3 = 2.0, ks = 1.0, ks =
1.0, K; = 0.1. Initial concentrations: CaZ}, ; = 1.772, Eg = 1.643, e = 2.908 - 107,
Ca?}, is considered constant = 1.0. At k; = 1.0 at t= 200, the Kas value is increased
leading to quenching of oscillations. (d) Period length and <Ca§y+t> calculated after
2000 time units for increasing ki values representing increasing stimulation strength.
Rate constants as in b) and Ky = 1.0 - 1072, Initial concentrations for each calculated

data point: CaZ, ; = 6.126 - 1072, Eo = 30.693, ep = 28.806.
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these oscillations the value of cytosolic Ca?t as a signaling tool would be
a lot more limited than it is. As the purpose of this Ca?T model did not
include adding the more complex characteristics of the Ca?* regulatory
network of the cell, more work is needed in order to understand more about
the complexity of Ca?* homeostasis as well as Ca?T signaling.

4.3 Cytosolic calcium homeostasis in non-excitable
cells

As the previous section shows, an interest in cytosolic Ca?* emerged, with
a simple model in which oscillatory homeostats were investigated. In order
to learn more about the homeostasis and regulation of cytosolic Ca?t, the
need for a more detailed model became apparent. The following section
will present a systematic development from a minimal model to a gradually
more complex basic mathematical model, including regulatory and kinetic
requirements which lead to the regulation and homeostasis of cytosolic Ca™.
Investigations of several mechanisms and kinetic requirements of cytosolic
Ca?* regulation as well as the role of cytosolic Ca?t as a regulator has
also been done. Although the focus in the previous section was oscillatory
homeostatic conditions, the main focus in this following work has not been
on oscillations. We did, however, observe that the model is capable of
showing oscillations and that Ca?t homeostasis can still be maintained
during these conditions.

4.3.1 Starting to make a Ca?T model

The aim for building this cytosolic Ca?t model was to describe and increase
the understanding of how cytosolic Ca?™ is regulated including homeostatic
mechanisms. The resulting basic model in this work is based on cytosolic
Ca?* homeostasis in non-excitable cells. It was developed by using negative
feedback loops with integral control with molecular interactions and kinetic
requirements known from experimental data found in litterature. The roles
and functions of Ca?t are complex. The vast number of Ca®t fluxes, paths,
etc., in cells, and the body in general, makes it necessary to limit the model
to some extent.

The initial minimal model included only the dynamics of Ca? and the
plasma membrane Ca?" ATPase (PMCA). The only elements were Ca?*
(both extracellular and intracellular), the outflow path of PMCA, as well
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as two different buffers; one general buffer (B) and calmodulin (CaM), the
latter being an important Ca?T modulator. Fig. 4.22 shows the initial
model including a flow diagram with the concept of integral control and
illustrations of the negative feedback loops between cytosolic Ca?t and
PMCA with and without integral control.
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Figure 4.22: (Continued from Previous page). Initial minimal model of the
negative feedback loop between cytosolic Ca?2t and PMCA. (a) Integral control
scheme with Ca?*. The concept of integral control is illustrated with Ca?* being the
regulated species. The actual Ca®" value is compared to its set-point, resulting in an error
which is integrated in time. The integrated error E is proportional to the concentration
of PMCA which removes excess Ca®T coming into the cell. (See Eqgs. 4.39-4.45) (b)
Scheme of an outflow controller, a negative feedback loop, between Ca®* and PMCA.
The compensatory flux generated by PMCA removes Ca?". Integral control introduced
by Michaelis-Menten kinetics in the internalization of PMCA, where k7 is much lower
than the cytosolic Ca®" concentration. (c) Overview of the simple initial model. The
model has an arbitrary inflow of Ca?" with PMCA as the only extrusioncompensating
mechanism. Steady state condition d(PMCA)/dt = 0 is assumed, giving the setpoint of
the controller as Ca?); = kg / ks. (d) Graph showing robust homeostasis in cytosolic
Ca’* for 3 different constant k; inflow values during three phases (indicated by dotted
lines). Rate constants: kiphaser = 1.0 - 1072 571, Kiphase2 = 2.0 - 1072 571, Kiphases
=4.0-102s 1 kp =008 k3 =1.0-10""s"1 ks =1.0-10"" pM, ks = 5.0 !
pM™! ke = 5.0 - 107" uM/s, kz = 1.0 - 1075 uM, ks = 2.5 57" uM ™!, ko = 5.0 571, k1o
=3.0-10* s uM™", ki = 5.0 - 10" s™". Initial conditions: CaZ); = 9.9991 - 1072 uM,
PMCA = 1.9995 - 10*> uM, Ca2f, = 1.0 - 10° upM, M = 9.5239uM, (M - Caq) = 4.7615 -
107! uM, B = 6.2502 - 10® uM, (B - Cas) = 3.7498 - 10*> uM. (e) Graph showing the
same feedback loop but without integral control. In this version the Michaelis Menten
kinetics in the internalization of PMCA is replaced with first order kinetics. Otherwise

same initial conditions and rate equations as in d.

The comparison of Fig. 4.22d and Fig. 4.22e, shows that integral control
gives a perfect adaptation in the perturbed system, while the lack of integral
control leaves the system without the ability of showing Ca?* homeostasis.
The rate equations are given as:

- PMCA- CaZ,
Cazgﬁ = k’l . Cagjt — ]€2 . Caz;% — kg . k;4+—CaQ+Cl/t (439)
cyt

—4-ks-M-CaZl+4-ko-(M-Cay) —4-kio- B-Call; +4-ki1 - (B-Cay)

PMCA

f — ke Ot —fp
PMCA = ks - Cagly — ks o prres (4.40)
M = —ks- M - CaZf; + ko - (M - Cay) (4.41)
(M -Cay) = —M (4.42)
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B=—kio-B-Calf; + ki1 - (B - Cay) (4.43)

(B-Cay) = —B (4.44)

With zero-order kinetics, assuming k; < PMCA and the steady state
condition PMCA = 0, the set-point of the controller is given as

Ca?t = ks

= 4.45
set k5 ( )

PMC A is proportional to the integrated error, i.e. [j(CaZ - Cazzj;
~ PMCA.

The set-up described in this section is a very simple overview of the
function of PMCA. PMCA has been found to remove Ca?t on its own in
the presence of acidic phospholipids in the plasma membrane, but only to a
limited degree [83, 110]. In the presence of calmodulin (CaM) activation of
PMCA is at its maximum. Without CaM present, PMCA is only activated
to about half of its maximum activity [75, 111]. The addition of CaM
would therefore be a natural step in further developing the model.

)dt

Erythrocytes as a starting point

The regulatory dynamics in this initial model system consisting of Ca?*
and the PMCA is comparable to that of erythrocytes. In non-excitable cells,
the PMCA is found to be the most abundant and functional pump [75].
Erythrocytes are non-excitable cells which have no nucleus, mitochondria,
or other organelles when they are mature making them a good choice as
the starting point for the model.

4.3.2 The Plasma Membrane Ca?t ATPase

In order to transport Ca?t out of the cell, the PMCA needs ATP and
hydrogen with the ratio of 1 ATP and 1 H* per 1 Ca?*. For simplicity, the
assumption of the availability of enough ATP and H" is made. To build
upon the simple model shown in Fig. 4.22, the binding of PMCA-CaM
is added as a complex given as (PMCA-M) and as (PMCA-M") after a
first-order activation by cytosolic Ca?t. The (PMCA-M") complex removes
Ca?T more efficiently. The PMCA is considered a high affinity pump with
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a Kg of 0.1-1 uM with CaM, and with a K4 of 10-20 uM at rest. PMCA
without CaM is still part of the model, but with only a minor effect on the
Ca?* removal from the cytosol.

The extended model is seen in Fig. 4.23 where the set-point for cytosolic
Ca?* can now be determined from:

ke(PMCA - M")
k7 + (PMCA- M)

dPMCOA- M) = ks-CaZ,- (PMCA-M) —

7 oyt (4.46)

With zero-order kinetics for the inactivation of (PMCA-M") and con-
sidering the steady state condition for (PMCA-M") where k7(=Kj;) <
(PMCA-M"):

d(PMCA-M")
dt

=ks-CaZfy - (PMCA- M) — kg =0 (4.47)

ks - CaZl, - (PMCA- M) = kg

cyt

the set-point and steady state value of cytosolic Ca?* is:

ke

24+ _ 24+ _
Clser = Cass = 1 pAICA- M)

set

(4.48)

The set-point of Ca?* in Eq. 4.48 is now dependent upon the (PMCA-M)
complex, which leads to the possibility of a variable set-point. Ca?* induced
increases in the steady state of cytosolic Ca?t was demonstrated by Russel
et al. [112]. This change in Ca?* steady state value was shown as immediate
and sustained following rapid additions of Ca?* to bovine parathyroid cells
when preincubated in 0.5 mM Ca?T. As with our model the set-point
steady-state of Ca®t can be variable.

As stated, the PMCA is a high affinity pump, however with low through-
put. This is characterized by a low transport turnover number (kg). In
order to obtain experimental values for input-data to the model, V4, and
K values were determined from analysis of experimental data. BRENDA,
the enzyme database, reports entries for both turnover numbers and Ky,
values for PMCA with respect to Ca?t. 12 reports found in BRENDA of
Kys values range betwen 0.13 - 20 gM, and values around 0.1 have also
been reported [113, 114]. Turnover numbers range widely from 9.5-149 s
found in BRENDA entries, and have also been reported from other sources
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Figure 4.23: Model of CaZ?t removal through the PMCA with CaM activa-
tion. Based on erythrocytes, the illustration shows the regulation of cytosolic Ca**
through the removal of a PMCA-CaM complex activated by Ca®" itself. Leak channels
for entry and low-rate removal of Ca?* are also included.

from 30 to 200 s! [113, 115]. Kj; was determined to be 1.2 uM based on
research by Niggli et al. which fits well with these reports [110]. V4, was
also determined both from different sets of experimental data in addition
to analysis of extrusion rates in experimental plots. Calculations based on
Scharff and Foder‘s experimental data gave a Vjqq of 300 pM/s [116]. This
is a good match with the calculations based on the experiments on cochlear
hair cells by Chen et al., where the extrusion rate was estimated to be about
200 Ca®* ions per second [115]. However, calculations based on Vanagas et
al. yielded values as low as 25 and 96 uM/s [117]. Dagher and Lew found
the zero-order kinetic extrusion rate of PMCA in erythrocytes by using an
ionophore, A23187, for loading the cells with massive amounts of Ca?*[118].
Vinaz Was determined based on the plots of the extrusion rates from these
experimental data, by finding the slope of the linear zero-order extrusion.
Michaelis-Menten kinetics are assumed, with K;; < Ca’*t, leading to v
= Vynae- A theoretical plot for Ca’?t extrusion through the PMCA was
obtained by model calculations and compared to the experimental plots
adapted from Dagher and Lew. Both plots can be seen in Fig. 4.24.

Vimaz derived from the slope of the straight line in the plots give a value
around 260 pM /s which compares well with the results from the other
experimental data.
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Figure 4.24: Ca2?T extrusion by PMCA in erythrocytes. (a) Plot showing
changes in Ca2?" concentration over time for extrusion rate determination adapted from
results by Dagher and Lew [118]. An ionophore was added to the cells to load Ca®*
into the cytosol. CoCly was then added at different concentrations in order to block
the ionophore at the times indicated by the arrow in the plots. White and black dots
in the plot show concentration based on different concentrations of the inhibitor. (b)
Graph shows theoretical plot based on model calculations. Inflow of Ca?t was blocked
after 3 minutes indicated by the arrow to mimic the same effect as in the experiment in
a. Theoretical plot shows similar shape and result from the experimental results. Rate
constants: k1 = 1.5 - 107° s, ko =0.0s 1, ks =7.0- 102 s7%, kg = 1.0 - 1072 puM, ks
=1.6-102 uM ' s k¢ =8.0-1072 uM/s, ky = 1.0 - 107 uM, ks = 2.5 57!, kg = 5.0
s kio=10-102 pM ' 57! ky; =800, ko =1.0-1072 uM ' s ki3 =1.0 -
1071 uM™t 57 kyy = 0.0 uM/s, kis = 0.0 uM/s, kig = 0.0 uM/s, kiz = 0.0 7%, kyg =
0.0 uM/s, kig = 0.0 s7*, ky phase 2 = 6.5 - 107" 57!, ko phase 2 = 1.0 - 107 57}, ks
phase 2 = 7.0 - 10% s7!, k; phase 3 =1.5-107° s7!, ko phase 3 = 0.0 s™!, k3 phase 3 =
7.0 - 10% s7'. Initial conditions: Ca?".,; = 9.8506 - 1072 uM, (PMCA - M*) = 2.3606
-107° uM, Ca*T .y = 56.0 uM, M = 9.5354 uM, (M - Ca*) = 4.6965 - 107" uM, B =
1.7943 - 10?2 uM, (B - Ca*) = 22.094 uM, (PMCA - M) = 4.8695 - 10~% yM, PMCA =
5.1068 - 1073 M.
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Dynamics of the PMCA and hysteretic behavior

By comparison with experimental data, the model was used to investigate
properties of the PMCA pump. Specifically the activation of the PMCA
as Ca’t enters the cell has been examined. Observations of the Ca?*
concentration inside the cell show that Ca?* levels have a tendency to rise
before they decrease, even with an active PMCA pump. Sedova and Blatter
looked at the concentration of Ca?t in endothelial cells as the PMCA was
active and then inhibited [119]. They performed this by adding 2 mM
of Ca’t. followed by washing of Ca?t and then inhibiting PMCA by
carboxyeosin before again adding 2mM of Ca?*t., see Fig. 4.25. This
procedure was done in order to observe how inhibition of PMCA would
affect the concentration of Ca?*.

The findings of Sedova and Blatter was explored by comparing model cal-
culations with their experimental data. The conditions of their experiment
were mimicked and parameters identified in order to find what requirements
are needed to obtain these results. A comparison between experiment and
calculations are shown in Fig. 4.25.

In order to keep Ca’T at the same level during phase 4 as in phase 2, our
model calculations show that the inflow rate ki needs to be lower during
this phase. The assumption by Sedova and Blatter was that the PMCA
is fully inhibited during phase 3, however the inhibition is ended before
the phase is over following the readdition of 2 mM Ca?t . in phase 4. We
suspect that the PMCA is not fully inhibited, and also that the inhibitor
carboxyeosin might have an effect on the inflow of Ca?* ;. Experimental
results in rat myocytes by Choi and Eisner indicate an inhibition of Ca?*
inflow through the plasma membrane by carboxyeosin [120].

An alternative explanation could be that the Nat /Ca?* exchanger (NCX)
can bring Ca** down to its set-point when PMCA is inactive [119]. This is
a controversial view as NCX has a lower affinity of Ca?t and is generally
believed to be active at higher Ca** concentrations than the PMCA [79, 81].
This alternative is not supported by the experiments of Parekh on RBL-1
cells which contain both PMCA and NCX [109]. In their experiment PMCA
was blocked by La®* to investigate oscillatory conditions. The Ca?* release
activated channel (CRAC) was also blocked. Both oscillations and the
Ca?T induced Ca?T release activity continued after blockage of PMCA. In
the case of that experiment, if the NCX was able to compensate for the
removal of Ca?t in the absence of the PMCA, it would most likely have
halted the oscillations as this will happen if PMCA is active.
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Figure 4.25: (Caption next page.)
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Figure 4.25: (Continued from Previous page.) Ca®T extrusion through the PMCA
in erythrocytes. (a) Replot of the experimental data from Sedova and Blatter [119].
The cytosolic Ca?T concentration is shown as a result of different treatments. The
experiment is divided into five phases, where each new phase is indicated by a dashed
vertical line. Phase 1: No Ca?" is added. Phase 2: 2 mM extracellular Ca®" is added.
Phase 3: Extracellular Ca®* is washed out. PMCA is inhibited by carboxyeosin. Phase 4:
2 mM extracellular Ca?" is added. Phase 5: Extracellular Ca®" is washed out. (b) Plot
based on model calculations of the events in panel a. Parameter input is set to match
experimental conditions. Phases represent the equivalent to that of the experimental.
Rate constants: k; = 1.0 - 107* s ko = 0.0s7 %, ks = 7.0 - 10 s7*, kg = 0.01 uM, ks
=16.0 uM ™' 57! ke = 8.0 - 107 uM/s, ky = 1.0 - 107% uM, ks = 2.5 57!, ko = 5.0
s kip = 100.0 pM ™t 57 ki = 80.0 57, kiz = 0.01 pM 57 kg = 0.1 pM Tt s
k14 = 0.0 ,LLM/S, k15 = 0.0 S_l, k16 = 0.0 ,LLM/S, k17 = 0.0 S_l, k18 = 0.0 /.LM/S, k19 =
0.0 s71, k; phase 2 = 0.026 s !, ks phase 2 = 0.0 s}, k3 phase 2 = 4.0 - 10®> s7 !, ky
phase 3 =1.0 - 107* s !, k phase 3 = 0.0 s~*, k3 phase 3 = 7.0 - 10? s™*, k; phase 4 =
0.01 s™%, ko phase 4 = 0.0 s™!, k3 phase 4 = 1.4 - 10% s7!, k; phase 5 = 1.0 - 107 71,
ko phase 5 = 0.0 s !, ks phase 5 = 3.0 - 10% s~!. Initial conditions: Ca2+cyt = 0.10247
uM, PMCA - M* = 1.0973 - 10~* uM, Ca®* ey = 1.0 - 10° uM, M = 9.5161, M -Ca? =
0.48886 M, B = 178.59 uM, B - Ca* = 22.936 uM, PMCA - M = 4.8225 - 1073 pM,
PMCA = 5.0677 - 107® uM. (c) Changes in k; and k3 during the five phases. As can
be seen from the plot, both k1 and k3 values are lower in phase 4 in order to achieve a
similar curve in the model calculations compared to the experimental observations given
in panels b and a respectively. For discussion, see main text.

The Ca?t concentration curve from the experiments by Sedova and
Blatter in comparison to the model calculations in Fig. 4.25 indicate that
hysteresis (slow changing effects) may play a role in Ca?* regulation. The
nature of the curves show similarities with that of hysteretic enzymes and
slow activation [119, 121, 122]. There are several rate limiting factors in
enzymatic reactions. These could be at the stages of either substrate binding
or product release, or more commonly at the stage of conformational change
after substrate binding. Kinetic properties in a conformationally changed
enzyme can cause slowness in the activation of the catalyzed reaction.
This phenomenon was studied by Carl Frieden and was termed hysteretic
behavior [122]. Hysteretic enzymes respond slowly to changes in ligand
concentrations. The manifestation of this property in the PMCA is shown
as a transient of Ca?t even without changes in the levels of Ca?t gy or
PMCA. Scharff et al. reported this reaction in PMCA and reached the
conclusion that this is a necessary attribute in enabling the occurence of
transients [121]. In the case of signaling, transients are important and
variations in their amplitude and frequency are interpreted as different
signals. The slow activation in PMCA allows the Ca2t concentration to
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reach relevant concentrations for signaling purposes. A subsequent slow
deactivation leaves the PMCA enough time to bring down the levels of
cytosolic Ca?t to its set-point again.

In order to incorporate this into the model, we have used CaM binding
as the limiting factor. It is included in the model in addition to PMCA in
an active state. It is widely agreed upon that CaM binding is notoriously
slow, and that its binding to the PMCA can vary for different pump
isoforms. In non-excitable cells, the PMCA isoforms predominantly present
are characterized as "slow pumps", whereas the PMCA isoforms mainly
found in excitable cells are "fast pumps" due to rapid and varying levels of
Ca?T [123, 124, 125]. Corresponding to the model set up, ApoCaM! has
been found to bind to proteins, receptors etc. in the cell membrane for the
purpose of local activation by thereafter binding to Ca?* [126]. By assuming
such a binding arrangement, the target (PMCA) already bound to CaM
can immediately be activated by Ca?t. With the other scenario possible,
PMCA without bound effector molecules first has to bind to Ca?T-CaM
competing with other targets as well. As the total concentration of CaM
with bound Ca?* has been found to be quite low, as low as approximately
1 %, we find it likely that CaM would bind to PMCA as ApoCaM [127].
In the model, Fig. 4.23, Ca?t-CaM is represented as M - Cay. The total
concentration of CaM is 10 pM, whereas the model representation M-Cay
makes up between 4 to 10 % of the total CaM concentration depending
on rate constants applied. In line with values found in literature, the
kg value and kg value, representing the on- and off-rate constants of the
binding/dissociation of Ca?t to CaM respectively, is set to 2.5 uM™ - 57!
and 5.0 s respectively. In this way the Kq is kept at a defined value of 2
puM [127, 128]. Hysteresis is applied in the model by a change in k3. The
PMCA channel with both an immediate and slow activation is shown in
Fig. 4.26.

Comparing peak shapes the hysteretic curve looks similar to the experi-
mental results in Fig. 4.25. As can be seen from Fig. 4.27, this characteristic
peak shape can also be represented by overshooting under non-hysteretic
conditions in the activation of the PMCA pump. The peak shape varies
for different ks values where a higher ks value gives overshooting before
decreasing to the steady state. Lower ks values give a more gradual increase
towards a steady state. However, with this overshooting the steady state
is quickly reached, compared to the case when k3 changes hysteretically

! Calcium-free calmodulin
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Figure 4.26: Hysteretic vs. non-hysteretic PMCA activation. (a) Change in
ks is shown, where the ks value is increased linearly in the calculation representing a
hysteretic behavior of the PMCA pump. In the non-hysteretic activation of PMCA
the ks value is increased immediately in a step-wise manner. (b) The plot shows the
concentration of calculated cytosolic Ca®t with slow activation of PMCA with CaM via
ks compared to a non-hysteretic, or immediate, activation of PMCA. (c) Change in k3
is shown, where the k3 value is increased linearly over time representing a hysteretic
behavior in the PMCA pump. Compared to the condition in panel a, this panel shows
change over a longer time period. When PMCA is instantaneously activated, ks undergoes
a step-wise change. (d) Plot based on same calculation as in plot b, however with an
extended phase 2 to illustrate what will happen over time with the Ca?T concentration
here. The concentration will decrease and approach its set-point over time with a linear
increase in k3. The concentration of Ca®* for the non-hysteretic condition will, as the
plots shows quickly reach the steady state.
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Figure 4.27: Ca?T concentration with immediate activation of PMCA with
different k3 values. The plot shows a comparison of the peak shape given for the Ca®*
with an immediate, non-hysteretic, activation of PMCA. One curve (purple) shows an
overshooting condition before it stabilizes at its steady state, ks = 4.0 - 10®> s=%. The
other curve (blue) shows a more gradual increase towards its steady state, ks = 3.0 - 10
st

(Fig. 4.26¢). This behavior is comparable to findings by Scharff et al. on
hysteretic behavior in PMCA [121]. The linear increase is an approximation
for an increase towards steady state that takes longer time. When it takes
some time for the pump to achieve its optimal capacity this can be described
in the model as k3 being a time function as incorporated here as it will
take longer to reach its steady state.

4.3.3 Expanding the model - including NCX

As mentioned in the previous section, the Na™-Ca?* exchanger (NCX) also
plays a role in the removal of Ca?* from the cytosol. We added NCX to the
existing model in order to investigate some of the findings and suggested
behavior of NCX by Sedova and Blatter [119]. As shown from the plots in
Fig. 4.25, hysteretic behavior and unsatisfactory inhibition of the PMCA
could explain the plot characteristics given. To investigate further and
compare our results to other cell types, we added NCX to the model and
explored its role. In the work done by Sedova and Blatter, using epithelial
cells, La3* was used to inhibit PMCA [119]. This inhibition was shown to
be effective. Combined with the results by Sedova and Blatter that the
Ca?* level decreases to its resting values in the presence of Nat suggests
that NCX is involved in the extrusion of Ca?* out of the cytosol [109, 119].
As supported by the findings by Chou et al. [129], CaM was, like for PMCA,
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Figure 4.28: Model of Ca%T removal by both PMCA and NCX. Model with
the additional Ca** removal by NCX (outlined in red).

added as a regulator of NCX activity. The expanded model including the
NCX can be seen in Fig. 4.28. The set-point of Ca?* when only NCX is
present can be calculated in an analogous way as for PMCA, i.e.

k61

Caset NCX — ?60 (449)

Where kg1 is the maximum velocity of the Michaelis-Menten type of
(NCX-M*) deactivation and kg is the rate constant of the Cacyt-induced
activation of (NCX-M), Fig. 4.28.

Fig. 4.29 show a recalculation of Sedova and Blatter’s work when both
PMCA and NCX are included into the model, in addition to the inhibition
by La3t [119]. The plots adapted from the experiments and theoretical
calculations compare well, and indicate that removal through NCX alone
could get Ca?t down to its set-point, albeit at a slower rate than with
PMCA active. To improve peak shape in the experiments by Sedova and
Blatter we have also added a slow hysteretic inflow of Ca?* into the cytosol
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(by k1), in addition to the hysteretic change of PMCA by k3. The hysteretic
changes in ky and k3 parameters are shown in Fig. 4.29c.

The equations for the increase in k; and linear increase in ks for both
phase 2 and 4, are:

Kiphase2 = k1ph1 + k{'pig - (1 — e*a(tftphl)) (4.50)

Experimental recording
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Figure 4.29: (Caption next page.)
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Figure 4.29: (Continued from Previous Page.) Ca®?t dynamics with model includ-
ing both PMCA and NCX in endothelial cells. (a) Experimental record redrawn
from Sedova and Blatter (Figure 6A in [119]). Phase 1: No Ca** entry. Both PMCA
and NCX are active. Phase 2: 2 mM Ca?" is added. Phase 3: Wash out of extracellular
Ca?*. Both PMCA and NCX are active for removal of cytosolic Ca?*. Phase 4: 2 mM
extracellular Ca®* is added again. Phase 5: 1.5 mM La®" is added to inhibit PMCA.
Only NCX is active for removal of Ca®" from the cytosol. (b) Plot based on model
calculations of the events in panel a. Increase in k; in phases 2 and 4 simulates entry
of extracellular Ca?* into the cytosol. In phase 5, k3 is set to 0 in order to model an
inhibition of PMCA by La?*. The time step in the calculation is given as 1.0 - 1072
s, with 5 phases and the intervals given as 48 s, 144 s, 210 s, 148 s and 300 s. Rate
constants: k; = 1.5-107% 57 ky = 0.0s7 !, ks =7.0- 102 s7, ky = 1.0 - 1072 uM, ks
=16-10° uM ' s ke =8.0-1072 uM/s, ky = 1.0 - 107% uM, ks = 2.5 s, ko =
5.0s 1, kg =1.0-10%2 pM ™1 57! ks =80.0s7 !, kio =1.0-1072 pM ! 571 ki3 =
1.0 - 1071 M~ 571 kyg = 0.0 uM/s, kis = 0.0 571, kig = 0.0 uM/s, kiz = 0.0 s7 1, ki
= 0.0 uM/s, kig = 0.0 s, ko = 16.0 uM ™' 571 kgy = 8.0 - 1072 uM/s, ke2 = 1.0 -
107% uM, kez = 1.0 - 10° s7* kes = 1.0 - 10% uM, kes = 0.0 uM/s, kes = 0.0 571, ko7
=1.0-10"2 uM ' 57, kes = 1.0 - 107! 71, k; phase 2 =3.0- 1072 57!, , phase 2
=4.5-10"2 s, k3 phase 2 = 5.0 - 10® s7!, 3, phase 2 = 2.0 - 10® s7', k; phase 3 =
1.0 - 107* 57!, k3 phase 3 = 5.0 - 10® s7!, ky phase 4 = 3.0 - 1072 s7!, , phase 4 =
4.5-1072 57!, ks phase 4 = 5.0 - 10® s7!, 8, phase 4 = 2.0 - 10?2 s~ !, k; phase 5 = 0.0
s7!, ks phase 5 = 0.0 s™*. Initial conditions: Ca®".,; = 1.0247 - 10~ pM, PMCA-M*
=1.0973 - 107* uM, Ca*T oy = 1.0 - 10° pM, M = 9.5161 pM, M-Cad = 4.8886 - 10"
uM, B = 1.7859 - 10% uM, B-Cad = 22.936 uM, PMCA-M = 4.8225 - 102 M, PMCA
= 5.0677 - 1072 uM, NCX-M* = 1.0973 - 10~* M, NCX-M = 4.8225 - 10~% M, NCX
=5.0677 - 1073 uM. (c) Changes in k1 and k3 during the five phases. Increase in k; is
hyperbolic and approaches an upper limit, and increase in ks is linear.

klphase4 = kl,phi’) + kTgfﬁ ’ (1 - eia(titphg)) (451)
k3phase2 = k3,ph1 + 5(t - tphl) (452>
kSphase4 = k3,ph3 + ﬂ(t - tph3) (453)

The ki pp1 and kg pp3 values are constant at 1.0 107 s71, while the
maximum values for k; in phase 2 (k%" ,,2) and phase 4 (k%" ,54) are
both 1.4 -1072 s~!. The parameter « is given as 4.5 -10~2 s~!, and describes
how fast k; increases during the phase, which also makes it possible to adapt
the increase in k; to the corresponding peak shape in the experimental
plots of Ca?*. Parameters tpn1 and tpp3 represent end times for phases
1 and 3. Variations in the behavior in cytosolic Ca?* concentration for
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different k; values and o« values are given in Fig. 4.30. In order to get
the desired peak shape from the experiment shown in Fig. 4.30b this was
obtained by decreasing ki and increasing «. This gives the same maximum
concentration of Ca?* while altering the change in its removal and thereby
the property of its peak. Hysteretic changes in k3 are described in the
equations 4.52 and 4.53. Also kq p1 and ky 43 are constant with a value of
5.0 -10% s71, and the parameter 3 is given as 200 s~2.

Another experiment by Sedova and Blatter described how the Ca?*t efflux
was affected with only PMCA active and with an active NCX present [119].
This is interesting in order to see if NCX could be responsible for the removal
of Ca?*. The comparison between experimental and modeled results also
gives us a good example in how model calculations can differ from biological
experiments in the shape of the resulting curves. A comparison of Ca?*
efflux with La3* inhibition of PMCA with and without NCX activated in
experimental recording and corresponding model calculation can be seen in
Fig. 4.31.

In phase 1 cells are at resting conditions with no Ca?* entering the
cytosol. In phase 2 extracellular Ca* is added (2 mM), while PMCA is
active and NCX is inactive due to Na™ free conditions. During phases 3
and 4 PMCA is inhibited by the addition of La?*, while in phase 4 Na*
is resupplied leading to the activation of NCX, which drives the cytosolic
Ca?* down to its resting level of 0.1 gM. In the model calculations, NCX is
inactive or activated by changing the kg3 parameter from 0 to 1.0 - 10° s~
Calculations simulate a complete inactivation of PMCA activity by setting
the turnover number k3 = 0 s~!. Comparing with the experimental results
the removal of Ca?t does not completely stop during phase 3, suggesting
an incomplete inhibition of PMCA even with La3*. There can also be other
aspects in the biological experiment such as leaking, buffering etc., because
there are so many more variables involved in a biological system than in a
model.

4.3.4 Complete model overview

The model was further expanded in order to incorporate more of the im-
portant components in the regulation of cytosolic Ca®t and its dynamics.
Different focus areas will be presented and discussed further in the fol-
lowing sections. Fig. 4.32 shows the full complete model. The grey areas
are regulatory mechanisms and pathways that have been included to the
program, they have, however not been explicitely explored. The ER has
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Figure 4.30: Change in Ca®?T concentration due to hysteretic variation in k;.
(a) Left panel shows hysteretic change in ki1 during phase 2 and 4 as in plots in Fig. 4.29.
ki = 0.06, o = 0.015. Right panel shows changes in Ca?" concentration given these
values. Variations in k; is given as: k; phase 1 = 1.0 - 107* s7!, k; phase 2 = 6.0 -
1072571, @, phase 2 = 1.5 - 1072 57!, k; phase 3 =1.0 - 107% 57!, k; phase 4 = 6.0 -
1072 57!, o, phase 4 = 1.5 - 1072 s71, k; phase 5 = 0.0 s~*. Time step is given as 1.0 -
1072 s, with 5 phases and the intervals given as 48 s, 120 s, 215 s, 125 s and 311 s. Rate
constants are given as k; = 1.0 - 10~ sfl, ko = 0.0 sfl, ks = 5.0 - 10° sfl, ks = 1.2
uM, ks = 16.0 uM ™' 57! ke = 8.0 - 1072 uM/s, ky = 1.0 - 107°% uM, ks = 2.5 s, kg
=505, kip=10-10> pgM~ ' s ki3 =80.0s7, ko =1.0- 1072 pM ™' 57, kyz =
1.0 - 1071 uM™ 571 kyg = 0.0 uM/s, kis = 0.0 71, kig = 0.0 uM/s, kiz = 0.0 s7 1, kg
= 0.0 uM/s, kig = 0.0 57, keo = 16.0 uM ™' 571, ke1 = 8.0 - 1072 uM/s, kgo = 1.0 -
107% uM, kez = 1.0 - 10° s7*, kea = 1.0 - 10% uM, kes = 0.0 uM/s, kes = 0.0 s}, ko7 =
1.0-1072 uM~' s71 keg = 1.0 - 107! 571, k3 phase 2 = 5.0 - 10®> s~ @ phase 2 = 2.0 -
102 s !, k3 phase 3 = 5.0 - 10° s7!, k3 phase 4 = 5.0 - 10°® s™', o phase 4 = 2.0 - 102
57!, k3 phase 5 = 0.0 s™*. Initial conditions: Ca®".,; = 1.0247 - 10~! uM, PMCA-M*
=1.0973 - 107* uM, Ca*T oy = 1.0 - 10° pM, M = 9.5161 pM, M-Cad = 4.8886 - 10"
uM, B = 1.7859 - 10% uM, B-Cad = 22.936 uM, PMCA-M = 4.8225 - 1073 uM, PMCA
= 5.0677 - 1072 pM, NCX-M* = 1.0973 - 10~% M, NCX-M = 4.8225 - 10~% M, NCX
= 5.0677 - 1073 uM. (b) Left panel shows a difference in hysteretic behavior in ki with
values k; = 0.03 and a = 0.045. Right panel shows Ca?' with corresponding shape of
peaks due to change in values illustrating the role of hysteretic behavior in k; on Ca®"
dynamics. Variations in k; is given as: k; phase 1 = 1.0 - 107* s™%, k; phase 2 = 3.0 -
1072 57!, o phase 2 = 4.5 - 1072 57!, k; phase 3 =1.0- 107* s7!, k; phase 4 = 3.0 -
1072 s7!, o phase 4 = 4.5 - 1072 s7!, k; phase 5 = 0.0 s™'. Same rate constants as a.
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Figure 4.31: Removal of Ca?T following La®t inhibition of PMCA. Experi-
mental recording and model calculations are compared in order to investigate the role
of NCX in the removal of Ca?" from the cytosol. In the experiment NCX is not active
until phase 4 as a result of unavailable Na™ in the first three phases [119]. In the model
this is achieved by setting k¢z = 0. Experimental graph in panel a was redrawn from
Sedova and Blatter (Figure 6B) [119]. Phase 1: No Ca®" entry. Phase 2: Extracellular
Ca?t is added in the experiment, k; is increased in the model to simulate this. Phase 3:
La®* inhibition of PMCA halts the removal of Ca®* from the cytosol, in the model ks =
0 which completely inactivates PMCA. Phase 4: PMCA is still inhibited, but now NCX
is active due to Na™ availability. In the model, kg3 = 1.0 - 10° s* in model calculations,
other rate constants and initial conditions are as in Fig. 4.30. Time step is given as 1.0 -
1072 s, with 5 phases and the intervals given as 20 s, 150 s, 180s and 225 s. Hysteretic
change in ki is given as: ki phase 1 = 0.0 s™%, k; phase 2 = 3.0 - 1072 s™*, o, phase 2
=1.3-107%2s7', k; phase 3 = 0.0 s™!, k; phase 4 = 0.0 s~'. Hysteretic change in ks:
k3 phase 2 = 5.0 - 10®> s7!, «, phase 2 = 2.0 - 10% s}, k3 phase 3 = 5.0 - 10® 57!, k3
phase 4 = 5.0 - 10° s™', o, phase 4 = 2.0 - 10? s7!, k3 phase 5 = 0.0 s~!. Changes in
kes parameter through the phases: kg3 phase2 = 0.0 s_l, ke3,phases = 0.0 s_l, ke3,phased
=1.0-10°s™"

86



CHAPTER 4. RESULTS AND DISCUSSION

now been added, which plays important roles in the regulation of cytosolic
Ca?* concentration and also signaling events. The capacitative Ca’t entry
through the store operated Ca?* channels (SOCCs) which is connected
to the Ca?T levels in the ER. Investigations of the IP3R channel and the
bellshaped Ca?* dependency of the Ca?* induced Ca?T release through
the IP3R channel in the ER was also performed.

In the following sections each new component of the model is described
and discussed. First, the possibility of change in cytosolic Ca?* is discussed
based on previous parts of the model in this new integrated model, followed
by the addition of the capacitative Ca?T entry and the dynamics of IPsR
in the ER.

Changes in Ca?T steady state

As seen in the previous section, the set-point for cytosolic Ca?T can be
variable as it is dependent upon the (PMCA-M) complex [112]. Russel et al.
[112] showed that with a sudden increase in extracellular Ca?T the resting
levels of Ca?t in the cytosol increased. They also saw that with a gradual
increase in extracellular Ca?* the cytosolic Ca?* levels did not change,
however spikes did occur in some cases before going back to the original
steady-state level [112]. This matches with model calculations shown in
previous figures where an increase of extracellular Ca?t leads to higher
cytosolic Ca?t levels. Fig. 4.33 gives a representation of the change in
cytosolic Ca®* at different levels of total PMCA with increasing inflow of
extracellular Ca?™ (increase in ky).

What the plot in Fig. 4.33 shows is that there is an increase in steady
state of cytosolic Ca?t with increase in inflow of extracellular Ca?*, and
that the change is more notable if the total amount of PMCA in the plasma
membrane is smaller. That the steady state can change with increases
in extracellular Ca®*t is in qualitative agreement with the experimental
observations by Russel et al. [112].

4.3.5 Capacitative Ca2™ entry and the endoplasmic reticu-
lum (ER) as important factors in Ca?t dynamics of
the cell

The connection between the store-operated Ca?* channel (SOCC) and
the ER was the next to be introduced to the model. This relationship is
important in the dynamic of the capacitative Ca?t entry and the function of
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Figure 4.32: Complete model of cytosolic Ca%?t regulation. The model repre-
sents a non-excitable cell with inflow and outflow mechanisms in the plasma membrane,
in addition to intracellular buffering and storage with the mechanisms involved in this.
The leak inflow channel, described by ki, and the PMCA and the NCX have already been
added before this point, in addition to CaM (M) and buffer proteins (B). An additional
inflow path through the plasma membrane, the store operated Ca** channel (SOCC)
has been included. The ARCC inflow pathway is colored grey as it does not have a
functional part in the model at this point. The endoplasmic reticulum (ER) with its
sarco/endoplasmic Ca?t ATPase (SERCA), leak outflow channel, lumic buffering proteins
represented by L, Ca?t sensor STIM and outflow channel inositol 1,4,5-trisphosphate
receptor (IPsR) have also been added. The processes in grey are added to the model
but have not been explored and implemented. The red Y-values represent the LSODE
Y vector components for each dynamic variable. Arrows show reactions involving the
different biochemical species. Dashed arrows represent activating or inhibiting signaling
events.
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the ER in its regulation. Not only is the ER important as a Ca?* store, but
channels like the inositol 1,4,5-trisphosphate receptor (IPsR) and ryanodine
receptor (RyR) located in the ER-membrane are involved in Ca?* signaling.
In order to replenish the ER with Ca?t the capacitative Ca’t entry, or
store operated Ca?* entry (SOCE), is initiated with the help of stromal
interaction molecule (STIM). Including the capacitative Ca?* entry also
gives a more realistic inflow mechanism to the model compared to only
having the more simplistic parameter k; from before. The model section
for SOCE is shown in Fig. 4.34.

Store operated Ca?* channels (SOCCs) are comprised of Orai-protein
channels in the plasma membrane, and are also sometimes called Ca?*
release activated channel (CRAC). SOCCs are responsible for the inflow
of Ca?t through the capacitative Ca?T entry. In order to identify the
requirements for the mechanism in SOCC, its flux jsocc was compared to
the j; flux of the plasma membrane leak channel. If the rate of synthesis
for STIM is three orders of magnitude larger than its degradation, than
the influx and Ca?* profile was identical to the leak channel. Fig. 4.35
shows the same model calculation as in Fig. 4.29 and the same conditions
only with SOCC responsible for the inflow of extracellular Ca?*. The two
graphs in Fig. 4.35 show identical behavior.
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Figure 4.33: (Caption next page.)

89



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.33: (Continued from Previous Page.) Influence of total amount of PMCA
on the steady state of cytosolic Ca%?T at increasing Ca?%t inflow. Plot shows
changes in steady state of cytosolic Ca?" at different total concentrations of PMCA.
The value of k; is also changed during the five phases shown in the graph. Black line
represents PMCA¢,: = 100 uM (k¢ = 2.0 - 103 uM/s), blue line represents PMCA ¢
=10 uM (k¢ = 2.0 - 102 uM/s), and red line represents PMCA¢o: = 1 uM (k¢ = 2.0 -
10* uM/s). With theoretical set-point of cytosolic Ca?t depends on PMCA-M with the
equation: CaZl, = Ca?l = ke¢/(ks - (PMCA-M). Variations in k; is given as: ki phase
1=1.0-10"1 57!, k; phase 2 = 1.0 s7!, k; phase 3 = 2.0 s7%, k; phase 4 = 4.0 s7 !,
k; phase 5 = 8.0 s~'. Time step is given as 1.0 - 1072 s, with 5 phases of 1.0 - 10® s.
Rest of rate constants are given as ko = 0.0 sfl, ks = 5.0 - 103 sfl, ks = 1.2 uM, ks =
2.0-10% uM~ ' 57! ke = 2.0 - 10° uM/s, ky = 1.0 - 1073 uM, ks = 2.5 57, kg = 5.0
s kip=1.0-10% pM~* 57! ki3 = 80.0s7, ko = 1.0 - 10* uM ' 57! k3 = 1.0 -
107 pM ™ 57 kg = 0.0 pM/s, kis = 0.0 s, kig = 0.0 uM/s, kiz = 0.0 s}, kig =
0.0 uM/s, k1g = 0.0 s7% koo = 1.0 - 10® uM/s, ko1 = 1.0 87}, koo = 1.0 - 10™* uM, ko
=1.0-10"2s"1 kog = 1.3 - 107% uM, kos = 5.0 - 10% pM~ ! 571 kog = 1.0 - 107 571,
kor = 4.0 - 107! 571, kog = 0.0 uM/s, kag = 0.0 s7, kao = 0.0 uM/s, k31 = 1.0 - 10?
s7!, kae = 0.0 uM/s, kaz = 0.0 57 kag = 1.0 - 10 pM ™' s7* kg5 = 1.0 - 10% 571, ks
=00 Mt s7! kzr =1.0- 1072 uM, kag = 5.0 - 107" 57!, k3o = 1.0 - 1072 M, kyo
=2.26-107" kyg = 7.94 - 107" kyp = 2.26 - 107, kg = 7.94 - 107", kgg = 1.0 uM/s,
k45 = 10 8717 k46 = 500 /LM71 8717 k47 = 10 Sil7 k48 = 20 uM/s, k49 = 10 Sil, k50
=840 uM ' s ksy =84 57! ksa = 1.0 - 10" uM/s, ksz = 1.0 5%, ksg = 1.0 - 10*
pM™1 s kss = 1.0 ksg = 1.0 - 1072 pM ™! 571, ksy = 1.0 - 10! 571, ksg = 1.0 -
10" uM/s, ks = 1.0 871, ko = 16.0 uM ™! 57! kg1 = 8.0 - 107® uM/s, ke = 1.0 - 107°
puM, kez = 1.0 - 10° 57, kes = 1.0 - 10% uM, kes = 0.0 uM/s, kes = 0.0 s™*, ker = 1.0 -
1072 pM ™ s7 kes = 1.0 - 1071 uM ™ 571 keo = 0.0 uM/s, ko = 0.0 871, kg1 = 1.0
Mt 57 kyo = 9.6 - 10" 571, ks = 1.0 - 10 uM s, kyy = 1.0 - 1077 puM, kys =
1.0 uM/s, k76 = 1.0 571, kyr = 1.0 pM ™t 571, kyg = 1.0 uM ™! 571, cooperativity phase
1 = 1.0. Initial conditions (all in uM): Ca®T ¢y = 1.00047 - 107, PMCA-M* = 4.89568 -
1072, Ca?*opy = 1.0 - 103, M = 8.58555, M-Cad = 4.29479 - 10~!, B = 8.88844 - 10?,
B-Ca4 = 1.11158 - 10?, PMCA-M = 9.99510 - 10*, PMCA = 1.16418 - 10°, NCX-M* =
1.20225 - 107°, NCX-M = 4.61388 - 1073, NCX = 5.37401 - 1073, SERCA = 4.00550 -
10%, Calf = 1.0 - 10%, L = 2.38096 - 10°, L-Ca30 = 1.19048 - 10%, STIM = 8.83782,
STIM-Ca = 9.20606 - 10*, SOCC = 1.0, S = 0.0, R = 1.0 - 10%, R-S = 0.0, ARCC = 1.0,
IP3R-IP3 = 9.09052, IP3R = 2.0, IP3 = 5.0.

Ca?T leakage from the ER

We have investigated the kinetic properties of the leak channel from the ER
in addition to the mechanisms of SOCC and SERCA. A decline in Ca?*
was shown to correspond to an increase in SOCE in experimental results
by Luik et al. [130]. Data points from experimental data by Luik et al.
and Camello et al. [130, 131] were extracted from their graphs presenting
Ca?* leak from the ER following SERCA inhibition in order to compare to
theoretical calculations. A representation of these data with a fitted line is
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Figure 4.34: Model with capacitative Ca2t entry. The involved components in
capacitative Ca" entry are given in red. The ER is used as a Ca?" store to replenish
the cytosol with Ca?*. The Ca?T level inside the ER is regulated by "capacitative Ca®*
entry", which, by using STIM, activates the store operated Ca** channel (SOCC) and
the inflow of Ca?* into the cytosol. IP3R represents the outflow path from the ER in
addition to a passive leak channel described by first-order rate constant ka7. SERCA is
the channel in the ER membrane involved in moving cytosolic Ca?T into the ER, and
functions in the model as an inflow controller for Ca%T jum.

given in Fig. 4.36.

The exponential fit, Fig. 4.36a, was employed by gnuplot’s fit function.
The initial leak rate (t=0) was estimated by
uM

M
vo = 465.947 - 0.01181 4% = 5587 (4.54)
S S

where Cag = 465.947 and k., = 0.0118101 s7L At t = 230 s the leak
rate is reduced to

M M
vago = 5.5E . ¢ 001181230 _ ) 3641 (4.55)
S S

Datapoints from experimental results by Camello et al. [131] were
presented as fitting monoexponential kinetics, however we find that it is
better fitted to Michaelis-Menten kinetics. The curve fit to Michaelis-
Menten kinetics was best approached by applying hysteretic change in
Vimaz as shown in the inset of Fig. 4.36b.The estimate of the average leak
rate was calculated by the following equation
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Ca?* entry through leak channel, Ca?* entry through SOCC
described by k,
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Figure 4.35: Plots of model calculations comparing Ca®t inflow through
plasma membrane leak channel (ki) vs. SOCC. Left graph shows the same model
calculations as presented in Fig. 4.29b, whereas the right side shows the same conditions
with the difference being that Ca®* is now through SOCC. The time step is given as
1.0 - 10725, with 5 phases and the intervals given as 48 s, 144 s, 210 s, 148 s and 300 s.
Rate constants for the model calculations where SOCC has replaced the leak channel
are given as: k; = 0.0 s %, ko = 0.0s7, k3 = 5.0 - 103 s7!, ky = 1.2 uM, ks = 16.0
pM™! 57 ke =8.0- 1072 uM/s, ky = 1.0 - 107¢ uM, ks = 2.5 57!, kg = 5.0 57, kyp =
1.0-10% pM ™t 57 k1 = 8005 ki =1.0- 1072 pM P 57! ki3 = 1.0 - 107! pM !
s7! kia = 0.0 uM/s, ks = 0.0 571, kg = 0.0 uM/s, kiz = 0.0 s71, kg = 0.0 uM/s, kig
=0.05"", koo = 1.0 - 10% upM/s, koy = 1.0 - 107 87}, koo = 1.0 - 107 uM, koz = 0.0
s kogy = 1.0 - 1072 uM, kos = 1.25 - 10> uM ! s71, kog = 1.0 - 10° 571, koy = 1.0 -
107 571, kog = 0.0 uM/s, kag = 0.0 571, kso = 0.0 uM/s, kz; = 1.0 - 10% 571, ko =
0.0 uM/s, kaz = 0.0 s7*, kag = 1.0 - 10 uM ™ 7% kss = 1.0 - 10* s71, kag = 1.0 - 10?
Mt 57t kgr =1.0- 1072 uM, ksg = 10.0 571, kgg = 1.0 - 1072 uM, kyo = 2.24 - 1071,
kay = 7.94 - 1071 koo = 2.24 - 1074, kg = 7.94 - 1071, kg = 1.0 pM/s, ks = 1.0 571,
ks = 50.0 /J,Mil Sil, ka7 = 1.0 Sil, kys = 1.0, kgg = 1.0 Sil, kso = 84.0 ,LLM71 Sil, kst
=845 ks = 0.0 uM/s, ksz = 0.0s™ " ksa = 10.0 M~ 57! kss = 1.0 571, ksg =
0.0 uM~ 1 57! ksy = 10.0 571, ksg = 0.0 uM/s, ksg = 0.0 574, keo = 16.0 uM ™ 57, k1
=8.0-107% uM/s, kez = 1.0 - 107% uM, kez = 1.0 - 10° 57}, ks = 1.0 - 10® uM, kes =
0.0 uM/s, kes = 0.0 574 ker = 1.0 - 1072 uM ™' 57! kes = 1.0 - 107 571 kgg = 1.0 -
10% uM/s, k7o = 1.0 87 ks = 1.0, ko = 1.0 875 ks = 1.0 - 107 pM ™t 571 kpy = 1.0
21077 uM, k75 = 1.0 uM/s, k76 = 1.0 s~!. Changes in the following phases are given
as: k3 phase 2 = 5.0 - 10® s7!, 8, phase 2 = 2.0 - 10% s7*, kv3 phase 2 = 3.0 - 1072, «,
phase 2 = 4.5 - 1072 57!, ks phase 3 = 5.0 - 10®> s™1, k3 phase 3 = 1.0 - 1074, k3 phase
4=15.0-10%s71, 3, phase 4 = 2.0 - 10 57, ky3 phase 2 = 3.0 - 1072, @, phase 4 = 4.5
- 1072 s71, ks phase 5 = 0.0 s !, ky3 phase 5 = 0.0. In the model calculation for the
leak channel, the input-values for the rate constants are identical, however SOCC and
STIM are not included, and the changes in the k73 in the values above are the values
used for k;. Initial conditions (in pM): Ca2+cyt = 1.0247 - 107!, PMCA-M* = 1.0973 -
1074, Ca?tep = 1.0 - 103, M = 9.5161, M-Cad = 4.8886 - 107!, B = 1.7859 - 102, B-Ca4
= 22.936, PMCA-M = 4.8225 - 1073, PMCA = 5.0677 - 1073, NCX-M* = 1.0973 - 10~*,
NCX-M = 4.8225 - 1073, NCX = 5.0677 - 10~%, SERCA = 8.1888 - 10%, Ca}} = 0.0,
L =2.5-10°% L-Ca30 = 0.0, S = 0.0, NCX-M = 4.8225 - 107%, NCX = 5.0677 - 107°,
STIM = 10.0, STIM-Ca = 0.0, SOCC = 1.0.
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Figure 4.36: Representation of experimental data of Ca®?t leak from ER.
(a) Shows datapoints given in red extracted from experimental results from Luik et
al. [130]. Green line is an exponential fit, following the function fe.p (w)ZAo-e(fk“’"x)
to the datapoints. (b) Red dots represent datapoints extracted from experimental
results from Camello et al. [131]. Green line is a fit following zero-order Michaelis-
Menten kinetics with a hysteretic change in V.4, for a better fit. Change in V0
is shown in the upper right corner of the plot for reference. The rate equation is
given as dCa?:'m/dt = VmazCa?:'m/(KM + Caij'm), where V.. increases towards a
maximum value fitting hysteretic behavior. Hysteretic change in V.4, is given by
Vinaz (£)=VIirel(1.0-e"Krvs D) Where VL = 0.7 uM/s, Kay = 215.0 uM, and the
hysteretic factor Kpnys = 0.019 s7'. t = t(0) + At, At = 0.1. Initial conditions: Ca"
= 243.0 uM, CaZ; = 0.0 uM.

Vinaz(t) - Ca2t
Vleak = ( ) 2l+um (456)
Ky +Ca

lum

where V,42(t) is the hysteretic change in V4, with time in the following
way

Vinaa (1) = Vil (1 — e Khve) (4.57)

max

The change in V4, from the insert in Fig. 4.36b, is shown by applying
the following parameter values VS = 0.7 uM/s, Ky; = 215 uM, Khys
= 0.019 s~ !, and initial concentration of Ca?*y,,, = 243 uM. The leak rate
derived from the Camello data points was determined to be

250 — 30)uM M
(250 = 30)uM _ ) 5o1tM

4.
1000s S (4.58)

Vieak =

These leak rates compare to reported leak rates of 19 uM to a few tens
of uM per minute in pancreatic acinar cells, or and BHK-21 cells, even
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though there has also been reports of higher values in sensory neurons and
HeLa-cells [131].

Similar to experiments done by Luik et al. SERCA was inhibited in the
leak calculations from the ER [130]. Experimenting with rate constants
involved in the leak itself as well as in the buffering of Ca?* in the ER
lumen, different decay kinetics were observed. In Fig. 4.37 response in
SOCC activity as well as Ca?t concentration in the ER is compared by
changing the level of Caijm that is buffered and the rate constant for the
leak.

From the plots in Fig. 4.37 it is seen that the leak rate increases as ka7
(rate constant for CalZJm leak to the cytosol) increases, as does the SOCC
activity. The same effect can also be seen with a decrease in buffering of
Ca?* in the ER lumen, where Fig. 4.37c shows a similar behavior as in
Fig. 4.37a.

SERCA as an inflow controller

SERCA is reponsible for replenishing the ER with Ca?t and is an ATPase
similar to PMCA. Ca?*t activates the degradation of SERCA from the
ER lumen. In the model we constructed SERCA as an inflow controller
meaning that it will maintain the level of luminal Ca?" in the ER by adding
Ca?* from the cytosol. The set-up of SERCA and Ca?* involved in an
inflow controller fits inflow controller 1 previously presented [27]. With

zero-order kinetics, and the assumption that koo < Calzjm the set-point of
luminal Ca?t by SERCA is

Cal2u+m,set = % (459)
21
In the model ko is set to 1.0, meaning that the value of koy determines
the set-point for Ca®*t in the ER here. This is done as a tool to lock Ca?*
levels in the ER at a certain level. The systems behavior through changes
in this kog parameter is shown in Fig. 4.38.

The plots in Fig. 4.38 shows that as the level of Ca?* in the ER decreases,
the SOCC flux increases. The level of available STIM as Ca?T is released
correlates with the activity of SOCC. Also the level of bound Ca?* to
buffering proteins in the ER lumen follow an expected behavior compared
of decreasing level of Ca?t as shown in Fig. 4.38a. Since the set-point of
luminal Ca®* is determined by the parameter koy alone, we see that even as
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Figure 4.37: Influences of Ca®*t leak out of ER and Ca®t buffering in ER. (a)
Plot shows concentration of Caij'm and jSOCC in two phases where SERCA is inhibited
in phase 2 as well as a change in ko7 (rate constant for the Ca®" leak from ER). The
time step is given as 1.0 - 1072 s, with 2 phases and the intervals given as 100 s each.
Rate constants are given in phase 1 as: k; = 1.0 - 1071 sfl, ko = 0.0 sfl, ks = 5.0 - 10*
sl ke =12 uM, ks = 16.0 uM ™' 57! kg = 8.0 - 1073 uM/s, ky = 1.0 - 107% uM, kg =
25 uM~ s ke =5.0s57 1, kig =1.0- 102 pM ™' 571 ki3 =80.0s71, ko = 1.0 - 1072
uMil Sil, ki3 = 1.0 - 107! Sil, k14 = 0.0 ,uM/s7 kis = 0.0 Sil, kie = 0.0 MM/S, ki7z =
0.0 7%, kig = 0.0 uM/s, kg = 0.0 5%, koo = 5.0 - 10® uM/s, ko = 1.0 5%, koo = 1.0
2107 M, ko = 1.0 - 1072 571 kog = 1.3 - 107° uM, kos = 5.0 - 10% pM ™t s71, kog
=1.0-10" s koy = 1.2 - 1072 57! kog = 0.0 uM/s, kag = 0.0 s7*, k3o = 0.0 uM/s,
kz; = 1.0 - 10® 571 ka2 = 0.0 uM/s, ka3 = 0.0 874, kag = 1.0 - 10 pM ' 57, kss = 1.0
210% 571 kag = 0.0 uM L 57! kgr = 1.0 - 1072 M, ksg = 5.0 - 1071 571, kgg = 1.0 -
1072 uM, kgo = 2.26 - 107, kyy = 7.94 - 1071, kyp = 2.26 - 1071, kyz = 7.94 - 1071, kyy
=1.0 uM/s, kas = 1.0 571, kag = 50.0 uM ™' 57 kyr = 1.0 571, kyg = 2.0 uM/s, kag =
1.0s7, ko = 84.0 pM ™' 57! ks1 = 8.4 571, ksa = 10.0 uM/s, ks3 = 1.0, ksg = 10.0
uM™h s kss = 1057 ksg = 1.0 - 1072 upM ™ 571 ksr = 10.0 571, ksg = 10.0 uM/s,
kso = 1.0s7 %, keo = 16.0 pM ™' 7% ke1 = 8.0 - 1073 uM/s, kea = 1.0 - 1075 uM, kez =
1.0 - 10° s7%, ks = 1.0 - 10% uM, kes = 0.0 uM/s, kes = 0.0 874, kg7 = 1.0 - 1072 pM™*
8717 k(;s =1.0- 1071 Sil, k69 = 0.0 uM/s7 k70 = 0.0 Sil, k71 =1.0 /,LM71 Sil, k72 =
96.0 571, kyz = 10.0 pM ™! 7% kpy = 1.0 - 1077 uM, kys = 1.0 uM/s, krg = 1.0 s71, kyy
= 1.0 uM~* 57}, kyg = 1.0, cooperativity phase 1 = 1.0. Phase 2: Same as above except
ks =50 -10%s" ko3 =0.05", ko =4.0- 107 57!, kyy = 1.0 - 10" pM ™1 578 kg
= 1.0 uM~* 571, Initial conditions (in pM): Ca**.,; = 6.88358 - 1073, PMCA-M* =
9.20553 - 107", Ca®" ez = 1.0 - 10°, M = 1.06641 - 10°, M-Cad = 3.67037 - 10~*, B =
9.91471 - 10%, B-Cad = 8.53109, PMCA-M = 7.26366 - 1072, PMCA = 6.81131 - 1073,
NCX-M* = 1.43989 - 1077, NCX-M = 9.14246 - 10~3, NCX = 8.57311 - 10~*, SERCA
= 6.05347 - 10%, Ca; = 4.99994 - 10°, L = 2.43903 - 10°, L-Ca30 = 6.09751 - 10", S =
0.0, R =1.0 - 10?2, R-S = 0.0, ARCC = 1.0, IP3R-IP3 = 9.93163, IP3R = 2.0, IP3 = 5.0,
STIM = 1.62523 - 10, STIM-Ca = 8.46461 - 10', SOCC = 1.0. (b) Same rate constants
as in a, however in phase 2 ko7; = 1.0 s7 1. (c) Same rate constants as in a, however in
phase 2 ko7 = 1.0 - 107" s7'.(d) Same rate constants as in c, however in phase 2 rate
constant of L-Cago formation (binding of Calzjm to buffers in ER) is decreased from kos
=5.0-10 uM ' 57" to kas = 10.0 uM g5 .
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Figure 4.38: Influence of locked Calz:rm concentrations on jsocc, L and STIM
levels. (a) Plot shows the level of Ca2" in the ER given a change in koo through 5 phases.
Phase 1 koo = 1000.0 M /s, phase 2 koo = 800.0 uM/s, phase 3 koo = 600.0 M /s, phase
4 koo = 400.0 uM/s, and phase 5 koo = 200.0 uM/s. As given by the set-point, koo
determines the set-point of luminal Ca?*. The time step is given as 1.0 - 1072 s, with 5
phases and the intervals given as 200 s each. Rate constants are the same as in Fig. 4.37,
except for koo given above and kipnases—5 = 0.0 s~1. Initial conditions (in pM): Ca2+cyt
= 5.08708 - 1073, PMCA-M* = 8.92504 - 107!, Ca?T.o; = 1.0 - 103, M = 1.06739 - 102,
M-Cad = 2.71495 - 107, B = 9.93683 - 10%, B-Ca4 = 6.31869, PMCA-M = 9.82881 -
1072, PMCA = 9.20827 - 1072, NCX-M* = 1.02566 - 10~7, NCX-M = 9.14322 - 1073,
NCX = 8.56596 - 10~ *, SERCA = 4.01054 - 10*, Ca;," = 1.0 - 10°, L = 2.38096 - 10°,
L-Ca30 = 1.19048 - 10%>, S = 0.0, R = 1.0 - 10%, R-S = 0.0, ARCC = 1.0, IP3R-IP3 =
9.94939, IP3R = 2.0, IP3 = 5.0, STIM = 8.837872, STIM-Ca = 9.20606 - 10*, SOCC =
1.0. (b) As the luminal Ca?t level decreases, the flux through SOCC, jsocc, increases.
(c) Plot shows how decreasing Ca®" levels in the ER affects the level of Ca®* bound by
buffers in the ER lumen. (d) STIM-level bound and unbound to Ca®T is given, and is
clearly following the level of Ca®* in the ER and fits well with the activation of SOCC
represented in the jsocc plot in panel b.
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SOCC flux increase etc. as a response to this, there is no refilling of Ca?*
in the ER to the physiological resting level as would be expected under
these conditions. Since Caifm is locked, the filling of the ER by Ca?* is
dependent on the ER Ca?* set-point.

STIM and its activation of capacitative Ca?T entry

In the model STIM activates the PM bound SOCC, whereas STIM-Ca is
inactive. STIM is a Ca?T sensor located in the ER membrane, and activates
the capacitative Ca?T entry mainly by binding to the Orail protein when
Ca?T in the ER is depleted [132, 133]. Though there are two isoforms
of STIM, only one STIM form is included in the model for the sake of
simplicity. There are still questions about the differences between the two
STIM forms and their role in SOCE. They differ in their regulation, but
have been found to have similar affinities to Ca?*. The Kp of STIMI1 being
0.2-0.6 mM and the Kp of STIM2 is 0.5 mM. The different regulatory roles
are suggested to be due to properties in their structure [134, 135]. Both Kp
values fit well with STIM1 Ca?* sensing in the range of ~ 100 - 400 uM
[130, 136, 137]. STIM1 is suggested to be the main active sensor during
Ca?* depletion from the ER in order to activate capacitative Ca?* entry.
STIM2 seems to respond to smaller changes in luminal Ca?* concentrations.
Research differ between proposing only a minor role for STIM2 in the
capacitative Ca?T entry to indicating that it too is a feedback regulator
of both cytosolic and luminal Ca?t however during smaller decreases in
Ca?* from the ER [78, 134, 138]. Cooperativity in STIMI in the activation
of the capacitative Ca?t entry by SOCC has been suggested with a Hill
coefficient of ~ 4 - 8 [130, 136]. Since only an EF-hand binding site in
STIM has been known, oligomerization has been suggested by some to
be a suitable and possible explanation for this cooperativity. However,
more recent studies suggest that several more binding sites, perhaps 5-6,
located in the EFSAM part of STIM, could be involved [136, 137]. It is also
believed that the EF-hand site must first bind to Ca?* in order for STIM
to undergo conformational changes so that other sites can become available
[136]. Depletion of the ER Ca?T can be from either release through the
IPsR (or RyR) channel, which will be discussed more later, or leak channels.

Further we wanted to investigate the cooperativity of STIM since that
has been a question in terms of the activation of the capacitative Ca?*
entry. Luik et al. has estimated a Hill coefficient of ~ 3.8 and 4.2 based on
experimental findings [130].
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Figure 4.39: Capacitative Ca?t entry (jsocc) with different cooperativity in
STIM. Red data points show extracted data by Luik et al. [130]. Green and black
fitted lines show fitted Eq. 4.60 with adjustable parameters n and K, according to a
cooperativity of 3.62 and 1.0 respectively. Data is analyzed according to the equation:
K7-STIMo: /K7 +Caf,,,. For n=1.0, & = 310.28 + 73 pM and K = 96.0 uM =+ 37 uM.
For n=3.62459, a = 2.37719 + 0,171 uM and K = 184.527 pM + 14 pM.

From the experimental data by Luik et al. [130] we analyzed and
compared different cooperativities by using the relationship in Eq. 4.60.

K}Z . STIMtOt «

' = = 4.60
Jsocc Ky +Cay B+ Cal (4.60)

n represents the cooperativity (Hill-coefficient) of jsocc by luminal Ca2*,
7 is the inhibition constant and STIM;, is the total concentration of
STIM. The coefficients o and 3 were fitted to the Luik et al. [130] data
points, where 5 = K. The black line in Fig. 4.39 represents a condition
where STIM only binds one Ca?* (n = 1.0), and the green line shows a
cooperativity of 3.62 (n = 3.62) that was found to be the optimum value.

We analyzed the Hill equation presented by Luik et al. [130] in their
supporting info concerning their Fig. 1lc. We were not able to verify
their stated fitting function, which was supposed to be inhibitory with
respect to calcium, but the stated expression of fitting function actually
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shows a calcium activation of jsocc (pA/pF). We believe an equivalent
expression to the one we use, Eq. 4.60, was also used by them. The Hill-
coefficient of 4.2 found by Luik et al. was interpreted by them as a result
of STIM oligomerization [130]. Even though Fig. 4.39 shows a good fit of
Eq. 4.60 with a cooperativity of 3.62, we interpret this result as potentially
misleading. The result of high Hill-coefficient could be misleading due
to the indication of the green line in Fig. 4.39 should reach a plateau
at low Ca?ti,m, concentrations. Also Eq. 4.60 indicates a mechanism of
derepression where luminal Ca?* inhibits jsocc, but only done indirectly
by STIM binding. STIM cooperativity was investigated more thoroughly,
and different scenarios for cooperativity is presented in Fig. 4.40.

Plot shapes were compared to experimental data represented by the red
data points. Different values for n (cooperativity) were applied, and the
different colored plots in Fig. 4.40a represent cooperativities from 0.8 to
1.5. The plots show the higher values for cooperativity agree well with
higher concentrations of Caijm, but the smaller n values agree better with
a lower concentration of Cal%jrm. As a result, in Fig. 4.40b we started with
a cooperativity of 1.3 and decreased n linearly to 0.8 as Caijm concentra-
tion from higher to lower concentrations. Considering the relatively high
experimental uncertainty in the data, this model seems to be the best fit
with the experimental data by Luik et al. [130].

IPsR

IP3R was chosen as the only channel for the release of Ca?t from the
ER. Although RyR also have this function, it is mainly located in the
sarcoplasmic reticulum (SR) of excitable cells [139]. IP3R has been found
to produce agonist-induced oscillations of Ca?* on its own, however some
contradicting research has been published on the subject mainly in excitable
cells [140, 141]. Also, for modeling purposes, only one form is used, even
though the channel has three isoforms. All isoforms of IP3R have a biphasic
regulation by Ca?t giving them a bell-shaped curve, with a maximum
at around 300 nM cytosolic Ca?t, and they are also regulated by IP3
[88, 89, 142, 143]. Kaftan et al. [143], however, found that at lower or
higher IP3 presence the bell-shaped curve shifted its maximum to the left
or right respectively due to changes in the Ca?t dependent inhibition. This
activation and subsequent release of Ca?t from the ER by cytosolic Ca?*
has been named Ca?' induced Ca®" release (CICR) [38, 88, 144].
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Figure 4.40: Model calculations vs. experimental data with different coop-
erativities. (a) Red large data points adapted from Luik et al. like in previous figure
Fig. 4.39 [130]. Incorporation of different STIM cooperativities into the current model
were compared to the experimental data. Different n values for cooperativity were applied
to the calculations, and the different colored plots represent cooperativity from 0.8 to
1.5. The time step is given as 5.0 - 1073, Rate constants are given as: k1 = 0.0 sfl, ko
=005 ks =50-10"s"" kg = 1.2 uM, ks = 16.0 uM ™" 57 kg = 8.0 - 1073 uM/s,
ky =1.0-107% uM, kg = 2.5 uM ™' 571 ko = 5.0 %, kip = 1.0 - 10* pM~ ' 571 kyy =
80.0s ', ki =1.0-1072 uM ™' s7 ki3 = 1.0 - 107 571, kyy = 0.0 uM/s, ks = 0.0
s7! kig = 0.0 uM/s, kiz = 0.0 571 kyg = 1.0 - 10® uM/s, kig = 1.0 - 1072 571 koo =
5.0 - 102 pM/s, ko = 1.0 87, koo = 1.0 - 107 pM, koz = 1.0 - 107* 571, koy = 1.3 -
107% uM, kos = 1.25 - 10° uM =1 571 ko = 1.0 - 10% 571, koy = 1.0 - 107 571, kog =
0.0 uM/s, kag = 0.0 571, kso = 0.0 uM/s, ka1 = 1.0 - 10% s7*, k3o = 0.0 uM/s, kaz =
0.0s ', kag =1.0-10% pM ' 57! kas = 1.0 - 102 57, kag = 0.0 uM ' 571, kzr = 1.0
21072 uM, kag = 1.0 71, kgg = 1.0 - 1072 uM, kgo = 2.26 - 107}, kay = 7.94 - 1071,
kag = 2.26 - 107", ka3 = 7.94 - 107", kag = 1.0 uM/s, kas = 1.0 571, kgg = 50.0 pM™*
sl kar = 1057, kg = 2.0 uM/s, kag = 1.0 57, kso = 84.0 pM ' 57!, ksy = 84571,
ks = 10.0 uM/s, ks3 = 1.0 s7%, ksg = 10.0 uM ™ 7% kg5 = 1.0 57, ks = 1.0 - 1073
pM™t s ks = 10.0 571, kss = 10.0 uM/s, ksg = 1.0 571, ko = 16.0 uM~* 571, ke
=80 1072 uM/s, kea = 1.0 - 107% uM, kez = 1.0 - 10° 57, kes = 1.0 - 10% puM, kes =
0.0 uM/s, ks = 0.0 s7*, ker = 1.0 - 1072, keg = 1.0 - 107! s7*, keo = 0.0 uM/s, kro
=005k =1.0 uM P57 ko =96.057, kyg = 10.0 pM ™' 57, kpy = 1.0 - 1077
M, krs = 1.0 uM/s, kv = 1.0 574, kyr = 1.0 pM L 574 kyg = 1.0 uM ! 571, n = 1.0
koo starts at 5.0 - 10?2 uM/s, with a negative increment (K20INCR) of 20.0 and a final
lower koo at 20.0 uM/s, with the equation kag=k2o+K20INCR for each time step. Initial
conditions (in uM): Ca?* ., = 7.96397 - 1072, PMCA-M* = 3.13031 - 1073, Ca®" .
=1.0-10% M = 1.05774 - 10?, M-Cad = 4.21192, B = 1.0 - 10°, B-Ca4 = 9.95496 -
103, PMCA-M = 6.27627 - 1073, PMCA = 5.93364 - 102, NCX-M* = 3.13031 - 103,
NCX-M = 6.27627 - 107%, NCX = 5.93364 - 10~*, SERCA = 1.11336 - 10°, Ca’! =
1.0 - 10°, L = 1.11112 - 10%, L-Ca30 = 1.38889 - 10%, S = 0.0, R = 1.0 - 10, R-S = 0.0,
ARCC = 1.0, IP3R-IP3 = 6.25566 - 10%, IP3R = 2.0, IP3 = 5.0, STIM = 9.99001 - 107},
STIM-Ca = 9.99001 - 10, SOCC = 1.0. (b) Red data points adapted from Luik et al.
identical to (a) [130]. In this calculation the cooperativity n was changed linearly from n
= 1.3 at CaZ" =500 uM to n = 0.8 at Ca’’ = 200 uM (with An = 0.0208).

lum lum
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Figure 4.41: Structure of IP3R with binding sites of IP3 and Ca3*t. IP3R
structure is based on structure 3JAV from rat [147]. The channel consists of four
subunits, here shown in blue, brown, purple and green color. The IP3 binding core
(IBC) as well as Ca** binding sites provided from amino acid sequences from litterature
are highlighted in yellow in the structure and pointed out in the figure in white. For
simplicity, descriptions in white are given for only one subunit.

The large size of the IP3R channel as well as being a transmembrane
protein has made it difficult to examine its structure[145, 146]. By the use
of single particle cryo-EM a 3D structure of IP3R has been reported by
Fan et al. [147]. The IP3R structure, based on the work by Fan et al.,
combined with collected data from the research by Sienaert et al. and Ding
et al. on binding sites of IP3 and Ca?* is given in Fig. 4.41 [147, 148, 149].

As to how exactly channel gating works regarding both the activation and
inactivation by Ca?T, as well as the precursory binding of IP3 for activation,
is still not fully understood. It is suggested that configuration changes
following IP3 binding to IP3R makes binding sites for Ca®t available.
There are several Ca?t binding sites suggested, but the exact functions are
yet to be explored and uncovered [88, 148, 150]. Research indicates that
the activation and inhibition by Ca?* on the channel is due to different
binding sites with different affinities [88, 151]. A model suggested by
Taylor and Tovey describes a mechanism where the binding of IP3 either
makes the activating or inhibitory site for Ca?* available determined by
its own presence [88]. CaM has also been suggested to be involved as an
accessory protein for Ca?* for its inhibition as opposed to direct Ca?*
binding. Mutant studies without the high-affinity Ca?*-CaM binding site
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Figure 4.42: Dicalcic model. The middle activated form indicated with the asterix,
CaIP3 R} py, is able to transport Ca?t through the ER membrane. The forms in the
top, Ca2 1 Py Ry p3 and C“IPngnga?;%, and bottom, I PsR;p3 and P3RFP3~Ca?;3, are
inactive forms due to either no cytosolic Ca?* bound in the activating site of the
transporter, or that two cytosolic Ca** have bound to it and inhibiting the channel
activity. Dissociation constants are given in red.

does however still give a bell-shaped curve of Ca?* dependency. This
finding indicates either direct binding by Ca?* or binding in association
with another protein for the inhibition of IP3R [88, 152]. However, this
view is still controversial [153].

In our model, the IP3R mechanism is based on a IP3R-IP3 complex
which is either activated or inhibited by Ca®*, see Fig. 4.42. The channel is
activated or inhibited based on the concentration of cytosolic Ca?*, with 300
nM being the limit where it switches between being activated or inhibited.
We have included a cooperativity of 2 for the inhibitory mechanism which
agrees well with the properties in experimental Ca?* biphasic curves by
Kaftan et al. [143], see also Fig. 4.44. Analogous to a diprotic model [154],
we assume that there is a optimal number of bound Ca?* to IP3R which
leads to maximum channel activity, and term the model as "dicalcic model".

Dicalcic model of IP3R regulation by cytosolic calcium

The dicalcic model is illustrated in Fig. 4.42.

The model consist of a IP3R-IP3 complex where one bound cytosolic Ca?*
leads to an active form. Any further binding of cytosolic Ca?* to IP3R-IP3
gives an inactive channel. The active IP3R complex can transport Ca?*
from the ER lumen to the cytosol. The kinetics of the IP3R transporter is
described in terms of Michaelis-Menten kinetics. The addition of the dual
Ca?* binding model to the model is shown in Fig. 4.43a. An illustration
of the different possibilities of Ca?* binding to the IP3R-IP3 complex is

102



CHAPTER 4. RESULTS AND DISCUSSION

given in Fig. 4.43b. At step 7 there is an inhibition with a cooperativity of
2, which means two Ca?* have to bind to the complex at inhibitory sites.
In Fig. 4.42 this would be seen as an extra step upwards where you would
have ©®3IP3R-IP3 and “**IP3R-IP3 - Ca?TgR with the binding of this extra,
Ca’*.

IP3R

The dissociation constants K and K131 from Fig. 4.42 are given
by the following equations

KIP3R _ (Cagg};)([P;;ijg) (4 61)
1 (Cacyt IP3R’]EP3) '
2+\Cac *
KIP3R (Cagy) (V4IP3 R} p3) (4.62)

(Cacuta [Py Ry p3)

The transport rate of Ca?t from the ER into the cytosol is described as

v = ko(P N I PR} py-Cah,) (4.63)

The two dissociation constants of the two possible processes concern-

ing Caevt | Py R P3-C'a?§§% either releasing the allosterically bound Cazyﬁ or

2+

binding another Cagy

to inactivate the channel, are given as

KIP3RCa (CaZ)(IPsR1p3-Cajly)

= 4.64
(Cacvt I Py Ry py-Cafyly) (169
2+ Cac * 2+
K21P3R-Ca _ (Cacyt)( “ ytIP3RIP3'CaER) (4.65)

(Cacvts [Py Ry p3-Catly)

The transport rate, v, is proportional to I PR channel open probabilities
at different I P; concentrations as a function of Ca?t concentration from
experimental results by Kaftan et al. [143]. The expression of v is derived
based on an assumption of the transporter mass balance where IP3Rg is
the total amount of transporter (which for simplicity is assumed to be
constant):

IPsRy = IP3R;p3 + CacytIP3R7P3 + Cacyty IP3R;p3 + IP3RIP3-CCLJQEJ§%

+ CacytlpgR?P?)'Ca%E + Cacyty IP3RIP3'CCLJ2EJ§%
(4.66)
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Figure 4.43: The IP3R channel in the model. (a) A section of the model showing
Ca’" transport by IP3R and how IP3R is activated and inhibited by cytosolic Ca®*.
At low cytosolic Ca®" concentrations Ca®" .y activates the IP3R-IP3 complex, while at
higher levels (above 300 nM) Ca®* will inhibit it. In addition, high Ca** will also activate
the dissociation of the complex such that IP3 is released. (b) Similar to Fig. 2.11 in the
introduction, this gives a visual illustration of the activating and inhibiting function by
cytosolic Ca?T on IP3R. This illustration however is based on the mechanism included in
the model and therefore also includes an additional step with a cooperativity of 2 in the
binding of Ca?" to the IP3R. 1: The IP3R-IP3 complex is available for Ca®" interaction,
2: Ca’" binds to the activation site, 3: IP3R-IP3 is activated and is able to transport
Ca?* from the ER into the cytosol, 4: At higher Ca®" concentrations it will bind to
the inhibitory site of IP3R-IP3, 5: IP3R-IP3 has bound Ca®" to its inhibitory site with
a cooperativity of 1, 6: This new state leads to the release of IP3 from the IP3R-IP3
complex, 7: This state shows the IPsR with a cooperativity of 2 in its inhibition by Ca?*
which will be shown in our results to be a better fit to experimental results.
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IP3R;ps and ©%vi2 [Py R ps from Egs. 4.61 and 4.62 can be expressed
in terms of “%vt I Py R o, while IP3Ryp3-Caty and “9evt [Py Ry ps-Cagh,
from Eqs. 4.64 and 4.65 can be expressed in terms of €@evt [ PsRy P3-Ca125§%.
This leads to the expressions of two new constants termed frpsgp and

f1P3r-ca given as

K3k Ca’T,

Jipsr =1+ + (4.67)
CaZ, KSR
and
KIP3R-Ca Ca’t,
fipspca =1+ —1 Y (4.68)
a CaZ, KPR Ca

Using these, the total transporter concentration, Eq. 4.66, can be rewrit-
ten as

IP3Ry = frpsr(C v IP3 R} ps) + frpsrca(C v IPs R py-Ca’ly)  (4.69)

Note that frpsr and frpsr.ca are functions of cytosolic Ca®t, which
activate or inhibit IP3R. In Fig. 4.43a the expressions frpsr and frpsr.ca

can be seen, where k g = K{P?’R, ky1 = KQ’PSR, kyo = K{P3R'0a, and kys
_ KIP3R~Ca
= K} .

The assumption of steady state of C%vt ] P3Ry PS'CCLQEJ%, is also made

d(Coes TPy Ry Calhy)

_ 4.
- 0 (4.70)

leading to a dynamical equilibrium constant relating CaQE} and Coevt J P3Rjps
with €T P3R; P3~C’a2E+R, analogous to Michaelis Menten kinetics and K;:

(Coon P8Ry pyCally) o

By rearranging the expression of Ky, C%vt ] P3Rjps can be expressed in
terms of C“C-WIPBR}m~C’a2E+R

* KM *
CacytIP3R1P3 — CTE% (CacytIP3RIP3.Ca2EE> (472)
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Inserting this into the rewritten mass balance of I P3Ry from Eq. 4.69
gives

K *
IPsRy = <f1P3R : Caig{“ + fIPSRCa) (o IPsR}py-Catly)  (4.73)
ER

This can now be inserted into the v expression from Eq. 4.63:

2
v = Vinae - (Cagh) 2T (4.74)
Jrp3r - Kar + frp3r.ca - (Cagly)

where Viao=Fko- (I P3sRyp).

Comparing calculated results of biphasic curves given by the binding of
cytosolic Ca?* to the IP3R-IP3 complex with experimental results by Kaftan
et al. [143] a cooperation of 2 for the inhibitory step gives a much better
model representation This indicates that a cooperative binding of 2 in the
inhibitory step of Ca?* to the complex, as illustrated in Fig. 4.43b, appears
present, possibly to enforce a more abrupt shut-down of the transporter
in order to avoid too high cytosolic Ca?* levels otherwise building up. A
comparison between theoretical calculations and experimental data can be
seen in Fig. 4.44.

The calculations of the Ca?t binding to the IP3R-IP3 complex is done
by determining the theoretical rate by using equation 4.74. Calculations
show similar behavior to the experimental results, however the experimental
inhibition of the channel opening occurs more rapid than the model predicts.
Since cooperativity is known to give more abrupt transitions compared to
non-cooperative, a cooperativity of 2 was applied for the inhibitory binding
of Ca?T. As can be seen from the green curves in Fig. 4.44 this gives a
better fit to the experimental data by Kaftan et al. [143].

The model approach (including the dicalcic model) to IP3R activity gives
a good fit to experimental data as shown from the Fig. 4.44. Some newer
approaches addressed for instance in the review by Dupont and Sneyd
[155] include modal models of IP3R. Modal models are a way of describing
variations in the channel open probability by IP3R, that have been observed
even at constant levels of both Ca?* and IP3. The modal description of IP3R
activity shows that channel open probability switches between different
modes where the channel is more or less likely to open [155, 156]. One type
of model describes a "park" mode, where IP3R rarely opens, and a "drive
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Figure 4.44: (Caption next page.)
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Figure 4.44: (Continued from Previous Page.) Biphasic curves of channel open
probability vs. pCa at different IP3; concentrations. Graphs show biphasic curves
based on experimental data from Kaftan et al. [143] Figure 2 represented by the red
lines, and theoretical calculations based on the dual calcium binding model with no
cooperativity represented by the blue lines, and a cooperativity of 2 in the inhibitory
binding by Ca?" represented by green lines. The different graphs are the result of different
IP3 concentrations where (a) and (b) are the result at [IP3] = 0.02 M, (c) and (d) at
[IPs] = 0.2 uM, (e) and (f) at [IP3] = 2.0 uM, and (g) and (h) at [IP3] = 180 uM. The
pCa peak shifts to the left with an increasing concentration of IPs. (a), (c), (e) and (g)
show the curves with no cooperativity in the binding of Ca?" to the IP3R-IP3 complex,
whereas the other four (b), (d), (f) and (h) show curves calculated with a cooperativity
of 2 in the inhibitory binding of Ca?t to the IPsR-IP; complex. Theoretical calculations
are based on channel open probability = Vimae - 1/(frpsr - Kv + frpsr.ca - 1) for
different Ca" concentrations. For all calculations: pCa = 2 - 10, Ca = 10P°? Ky, =
0.01 uM, substrate concentration = 1.0 uM, KPR = K, IP3R-Ca _ 10"’K11133R7 K,P3R
= K,P3R-Ca _ 10‘pK21P3R, Ca’tgr =1 uM. In noncooperative calculations: [IP3]=0.02
pUM: Viae = 0.4 uM/s, pK1'P3R = 6.75, pKo'P3R = 6.75. [IP3]=0.2 uM: V,par = 2.5
pM/s, pKi PR = 6.75, pK,'P3R = 6.75. [IP3]=2.0 uM: Ve = 7.8 uM/s, pK; T3]
= 6.4, pK2'"3R = 6.4. [IP3]=180.0 uM: Ve = 11.5 uM/s, pK; 3% = 6.15, pKo'P3R
= 6.15. In calculations with cooperativity of 2 in inhibitory binding: [IP3]=0.02 pM:
Vinaz = 1.07 uM/s, pK1"F3R = 13.9, pKo™3R = 6.1. [IP3]=0.2 uM: Vipae = 8.15 uM/s,
pK1 3R = 14.4, pKo'R = 6.2. [IP3]=2.0 uM: Ve = 14.2 uM/s, pK; 3R = 13.3,
pKo™3F = 6.1. [IP3]=180.0 uM: V,pew = 4.15 uM/s, pK1'T3® = 9.4, pK,'™3R = 6.7.
Also frps = frparn where n = 2, and Ca?* to the power of 2 is divided by Ko'F3® in the
original equation. This applies equally to frpsr.cen. pCa = —logloCaQJrCyt.

mode" where it opens more frequently. Another model set-up includes three
modes with low, intermediate and high open probabilities combined with
the number of Ca?* and IP3 bound to the channel [155, 156]. Difficulties
of constructing such models are described as the availability of data on
single-channel behavior of IP3R, and also set-up of the model in terms of
identifying and transitioning between modes [155].

Influence of cytosolic Ca?T on the dissociation of IP;R-IP3

Implementing these findings into the model, a concentration of IP3 of 2 uM
was used, in addition to a cooperativity of 2 in the inhibitory binding by
Ca?*. Different feedback set-ups and kinetics were applied to demonstrate
and see the variation in the Ca?* outflow from ER as a function of cytosolic
Ca’t. A comparison in the way cytosolic Ca?t influences the IP3R-IP3
dissociation can be seen in Fig. 4.45.

The plots in Fig. 4.45b shows a biphasic curve comparable to the familiar
shape of Fig. 4.45a, already shown from the experiments by Kaftan et al.
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Figure 4.45: Influence of cytosolic Ca®t on the dissociation of IPsR-IP3. (a)
Biphasic curve showing the addition of the cooperative binding model of Ca*" to the
model with a cooperativity of 2 in the inhibitory binding of Ca?* to the IP3R channel,
and [IP3] = 2 uM. Based on the same calculations as in Fig. 4.44f. (b) Plots show
Ca’* outflow through the IP3R from the ER with no Ca?" influence on the IPsR-IP3
dissociation (dissociation kinetics: k7s - (IP3R-IP3)), and with influence of high Ca?t on
the dissociation with the following kinetics: krg - (IP3R-IP3) (14 Ca®"). The time step
in the computations is given as 1.0 - 1072 s, phase 1 = 1.0 - 10® s, phase 2 = 9.0 - 10% s.
Rate constants are given as: k; = 1.0 - 1072 sfl, ko = 0.0 sfl, ks = 5.0 - 10* sfl7 ks =
1.2 uM, ks = 16.0 uM ™' 57! kg = 8.0 - 1072 uM/s, k7 = 1.0 - 107° uM, kg = 2.5 uM™*
sHko=50s"1 kio=1.0-10 uM~ts7! ki3 =80.057 4, ko =1.0- 1072 pM~ L 571,
ki3 =1.0 - 107! 5717 k14 = 0.0 uM/s7 kis = 0.0 Sil, kie = 0.0 ,uM/s7 ki7 = 0.0 Sil, kis
= 0.0 pM/s, kig = 0.0 57, kgo = 1.0 - 10® uM/s, ka1 = 1.0 574, ko = 1.0 - 10™* puM,
koz = 1.0 - 1072 57, kog = 1.3 - 1075 uM, kos = 1.25 - 10° uM ! 571, kog = 1.0 - 10°
sl kor = 1.2 - 1072 571 kog = 0.0 uM/s, kag = 0.0 s7*, k3o = 0.0 uM/s, ka1 = 1.0 -
102 571, kao = 0.0 pM/s, kzz = 0.0 57}, kag = 1.0 - 10 pM ' 571 kas = 1.0 - 10% 71,
ksg = 0.0 pM ™ 571 ksy = 1.0 - 1072 uM, kg = 5.0 - 107 571, k3o = 1.0 - 1072 uM,
kao = 2.26 - 1071, kg = 7.94 - 107! kyp = 2.26 - 1071, kys = 7.94 - 1071, kyg = 1.0
uM/s, kas = 1.0 574, kyg = 50.0 pM ™t 571 kyr = 1.0 5%, kug = 2.0, kag = 1.0 5%, kso
=84.0 uM™ ' 57 ksy = 8.4 57", ksa = 10.0 upM/s, ksz = 1.0 87!, ksg = 10.0 pM ™' 57,
kss = 1.0, ksg = 1.0 - 1073 uM ™" 57! ksr = 10.0 571, ksg = 10.0 uM/s, ksg = 1.0 s,
keo = 16.0 uM ™' 57 key = 8.0 - 1072 puM/s, kea = 1.0 - 1076 uM, kez = 1.0 - 10° 571,
kes = 1.0 - 10% uM, kes = 0.0 uM/s, ke = 0.0 5™, key = 1.0 - 1072 uM " 57, keg =
1.0- 1071 Sil, keg = 0.0 ,uM/s7 k7o = 0.0 Sil7 k71 = 1.0 /LMil Sil, k7o = 1.0 Sil7 k73
=10.0 M~ 57 key = 1.0 - 1077 uM, kys = 1.0 uM/s, krg = 1.0 871, kyr = 1.0 upM™?
s7!, krg = 1.0 uM ™" 571, Initial conditions (in uM): Caf;“t = 8.10976 - 10~*, PMCA-M*
= 3.25883 - 107*, CaZf, = 1.0 - 10°, M = 1.07015 - 10, M-Ca4 = 4.33933 - 1072, B =
9.98988 - 10, B-Ca4 = 1.01269, PMCA-M = 6.16508 - 10~*, PMCA = 5.76095 - 1073,
NCX-M* = 1.50566 - 1078, NCX-M = 9.14533 - 1072, NCX = 8.54584 - 10~%, SERCA
=1.22012 - 10°, Ca;, = 1.0 - 10%, L = 1.11111 - 10°, L-Ca30 = 1.38890 - 10°, S = 0.0,
R = 1.0 - 10%, R-S = 0.0, ARCC = 1.0, IP3R-IP3 = 10.0, IP3R = 2.0, IP3 = 5.0, STIM
= 1.00798 - 107!, STIM-Ca = 1.00798 - 10?, SOCC = 1.0.(c) Plot show a first-order
influence of IP3R-IP3 dissociation by Ca?", where low Ca?",,; leads to low IP3R-IP3
dissociation, with the following kinetics: ks - (IPsR-IP3) - Ca’T. Same rate constants
as in panel b.
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[143]. There is no vast difference in whether Ca?* has no influence on the
dissociation of IP3R-IP3 or if only high concentrations of Ca?*t influences
this dissociation. In Fig. 4.45c the plot shows how an influence of cytosolic
Ca?t activating the dissociation of IP3R-IP3 influences the rate of Ca?*t
transport through the IP3R channel. In this case lower concentrations of
Ca®t in the cytosol (represented by a low j1) influences the outflow through
IP3R such that the bell-shaped transport rate disappears. This transport
profile through IP3R does not compare well to experiments since there are
low transport rates at low cytosolic Ca?* concentrations. Based on the
profile of the curves given in Fig. 4.45b either of these could explain the
way Ca?*t could have an influence on the dissociation of IP3R-IP3.

Plots in Fig. 4.45 is based on a number of calculations with vIPsR vs.
cytosolic Ca?* which are given in Table 4.1.

j1 (uM/s)  CaZf; jrpsr (uM/s) jrpsr (WM/s)  jrpsr (uM/s)
(No Ca** influence) (14+Ca’") (L.order Ca®" influence)

10 8.0-107*  5.1.1073 5.1-1073 6.26

20 1.1-107%  6.6-1073 6.6-1073 6.28

40 1.5107%  9.6.1072 9.6-1073 6.28

80 2.5:107%  1.6:1072 1.6-1072 6.28

160 4.41073 2.7-1072 2.7-1072 6.26

320 8.3107%  5.2.1072 5.1-1072 6.23

640 1.6-1072  1.0-107*' 9.8-1072 6.17

1000 2.5:1072 1.5-1071 1.49-107! 6.1

2000 5.1-1072  3.0-107! 2.8.107¢ 5.9

4000 1.05-107Y  5.7.1071 5.2.1071 5.43

8000 2.3.107'  9.1.107*' 7.4.1071 3.97

1.5-10* 5.1-1071  6.46-107! 421071 1.26

3.0-10* 1.8 7.7-1072 2.8.1071 4.29-1072

4.0-10* 4.8 1.1-1072 1.9-1072 2.34-1073

Table 4.1: j;psr with different Ca?" influences. j; is the inflow of external Ca** into
the cytosol. Rate constants and initial conditions as in Fig. 4.45.

Other than the variation in kinetics describing the Ca?T influence of the
IP3R-1P3 dissociation, the only parameter that has been changed is ki,
which represent the rate of inflow of external Ca?* into the cell. In table

4.1 j; can be seen as this change as j; = k; - Caz;ft.
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The Arachidonic Acid Regulated Ca?t Channels (ARCC)

ARC channels have also been added to the model, however not implemented.
This is represented in the overview figure Fig. 4.32 in grey color. In this
model they are added as a simple agonist-induced channel for Ca?* entry
in addition to the simple Ca?* leak through the PM represented by k; and
the store-dependent capacitative Ca?t entry represented by SOCC. This
pathway for Ca?T entry is a relatively new discovery of agonist-induced
Ca?*t entry. SOCC has been discovered and researched longer, and was
thought to be the responsible entry pathway for replenishing Ca?* following
agonist induced oscillations following store depletion of the intracellular
stores, mainly the ER [157].

ARCCs are activated by arachidonic acid in an intracellular site. Exoge-
nous administration of low concentrations of arachidonic acid is found to
induce Ca’*t entry to the cytosol without detectable depletion of intracellu-
lar stores. ARCCs have been found to be biophysically similar to SOCC
as they both consist of Orai-proteins and are both activated by STIMI.
However, the STIM which activate ARCC is found in the PM, and it has
been found that a small portion of the cellular STIM concentration reside
there. A more inclusive role of ARCC could also be investigated further
with the model, as it has been suggestions that at low-agonist induced
oscillations, the ER is not depleted in such a manner that it would induce
SOCE [157]. SOCE as the main Ca?" entry pathway during sustained
Ca?* oscillations is well supported [46, 158, 159]. There have however been
proposed a valid question as to whether ARCC could be involved in this
in a store-independent manner with agonist induced oscillatory conditions
[157]. As depletion of more than ~ 35-40 % is needed in order for STIM1
oligomerization and translocation in order for activation of SOCC, this
seems to be contradicted with findings from pancreatic acinar cells where
only 2-3 % of Ca?* is depleted at the peak of each oscillation [157]. However,
a good argument to this could be that STIM2 is in contrast to STIM1
activated at resting and only low depletion conditions of the ER [46, 78].
STIM2 knockdown is not found to affect oscillations however, but STIM1
was shown to be involved in Ca?' entry following knockdown [158]. This
was suggested to be explained by STIM1 being activated by a transient
depletion of the ER by these agonist-induced oscillations, which would
lead to its activation of SOCC [158]. Shuttleworth [157] points out that
as it has been discovered that ARCC also consist of Orail proteins like in
SOCC as well as being activated by STIM1 in the PM, as opposed to in the
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ER membrane, a knockdown experiment of these would not be conclusive
of a store-operated Ca?* entry being responsible. As this suggests, there
are still much to be discovered and researched regarding Ca?*t entry and
regulation both during signalling events and otherwise.

4.3.6 Model oscillations

As mentioned initially, cytosolic Ca?* oscillations were observed using the
model. Sustained oscillations were obtained from the interaction between
cytosolic Ca?t, PMCA /NCX, capacitiative Ca?* entry and CICR through
IPsR. We found that the parameters affecting the period length of the
oscillations are mostly the Ca?* inflow rate through the plasma membrane
(k1 or others), the set-point for luminal Ca?* (in the ER: koo and ko1 ) and
the turnover numbers of SERCA (keg3) and IP3R (ksg). This is under an
IP5 independent oscillatory condition. Models are generally classified either
as either being IP3 independent or IP3 dependent [46, 92]. With a IP3
dependent oscillatory condition (with IP3R-IP3 dissociation and formation),
also different levels of IP3 can influence the period length. It is also expected
that kinetics and mechanisms of other control species in the model can
also affect the oscillations. The oscillations have been observed in both the
ultradian (2 s) and circadian range (up to 30 h). Examples of oscillations
with different period lengths are given in Fig. 4.46.

In this model the oscillations that are generated are not local but rather
global events in the sense that the cytosolic Ca?t oscillations represent the
whole cytosolic concentration. We know that there are oscillations in certain
locations of the cell and that this has a function for signaling purposes. The
plots in Fig. 4.46 also show that different fluxes and concentrations oscillate
together with the oscillating Ca?t concentration. The oscillations in our
deterministic model are regular, and we assume that they have a limit cycle.
Calcium oscillations are often modeled using stochastic models, and even if
different cells with different densities of IP3R respond different to stimulus,
they way they respond to a change in stimulus seems to result in a similar
relative change. Since different cells respond similarly to this change in
stimuli, the physiological response is also the same [155]. Further work
needs to be done in order to investigate other factors that could contribute
to Ca®* oscillations in the cell. It is nevertheless interesting that the model
can demonstrate oscillations with such variable period lengths.
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Figure 4.46: Oscillations with different period lengths. Plots a-i show examples
of oscillations observed in the model displaying different period lengths. a-c, d-f and
g-i shows oscillations of cytosolic Ca2+, luminal Ca?T and jrpsr with a period of 2.35
seconds, 8.6 minutes, and 30.5 hours respectively. The split peak observed in panel f
occurs because of the bell-shaped curve of the channel activity dependency of Ca’*.
Rate constants are the same as Fig. 4.45, except for the following: (a)-(c): ky = 1.0 -
1072 87! k3 = 5.0 - 10° 57!, koo = 10.0 pM/s, koy = 10.0 s7%, koo = 1.0 - 1077 uM, ko3
=80.0s"1 koy =1.0- 1072 uM, koy = 1.0 - 1071 571, k3 = 1.0 57}, ksg = 10.0 s 2,
kyo = 2.24 - 1071, kyg = 1.0, ksa = 0.0 uM/s, ksz = 0.0 574, ks = 0.0 uM ™ 571, ksg =
0.0 uM/s, ksg = 0.0 s7*, keg = 1.0 - 10®> uM/s, kzo = 1.0 s7*, ky1 = 10.0 uM ™ 571, kro
=96 1025 kyz3 =1.0-107* uM ' 57! kyr = 0.0 pM 571 keg = 0.0 pM 7t 57
(d)-(f): same as a-c except increase in koo = 1.0 - 10? uM/s, decreased ko3 = 1.0 - 1072
s71, and increase in ksg = 1.0 - 10% s71. (g)-(i): same as a-c except increase in kzg = 5.0
uM/s, decreased ko = 1.0 - 1072 sfl, and increase in kg = 1.0 - 10% s™!. Less increase
in koo compared to (a)-(c) than in the condition with 8.6 min oscillations, however ksg is
one order of magnitude larger.
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4.3.7 Calcium in disease

As previously addressed, Ca®* is an ubiquitous and important signaling
ion and its regulation is of extreme importance in order to maintain normal
cellular conditions. So, what happens when there is a dysregulation of
cytosolic Ca?t? There are many diseases and conditions that are associated
with abnormalities in the homeostatic machinery of cytosolic Ca?* ranging
from cancers, neurodegenerative diseases and other diseases related to the
heart, skin and more [160, 161, 162, 163]. Notably, Ca?" signals are found
in several studies to promote progression of different types of cancer, in
processes like proliferation and migration, such as in breast cancer, ovarian
cancer, prostate cancer, colorectal cancer and gliomal cancer [74, 160].

Several channels, pumps and transporters involved in Ca?* regulation
have been associated with different types of cancer. In different types of
diseases, these pumps and channels are either overexpressed or downregu-
lated which could lead to either evasion of apoptosis, or enhancement of
cell proliferation [161]. Other changes could be the localization in the cell,
or even expression of other isoforms than the non-cancerous cell equivalents
[74]. In fact, targeting these channels or pumps have been used in clinical
practice in clinical trials for many different types of cancers as potential
targets for new anticancer drugs [160, 161]. Some of these behaviors is the
activation of the transcription factor STAT3 which is related to activation
of immunosupression related genes. In this case, blocking Ca?*t signals
could possibly be a strategy in increasing the antitumor immune response
[160]. For instance, breast cancer cell line mRNAs (and in some cases also
protein) of Orail, Orai3 and PMCA2 have been found to be upregulated
[74]. Ca?T channels such as SOCCs, VOCCs and TRPs have also been
associated with the regulation of epithelial-mesenchymal transition (EMT)
in, for instance, breast cancer, where the use of channel blockers have been
researched as therapeutic strategies [160]. Inhibition of SOCE was also
shown to have positive effects with respect to antitumor effects in colorectal
cancer [160].

Neurodegenerative diseases like Alzheimers disease, Amyotrophic Lateral
Sclerosis (ALS), Huntingtons disease and Parkinsons disease have also been
associated with abnormal Ca?*t signaling and dysregulation of cytosolic
Ca?* homeostasis [162, 164]. In normal aging a change in neuronal Ca?*
signaling also occur, for instance by reduction in the number of Ca?*
binding proteins and also by the impairment of mitochondria. Compared to
neurodegenerative diseases, these changes are less critical, but could also be
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making the neurons more vulnerable to these diseases [164]. A large portion
of people suffering from dementia are diagnosed with having Alzheimers
disease, characterized by the progressive loss of neurons. Magi et al. [162]
suggests that manipulating NCX could have a potentially important effect
in preventing neuronal degeneration and cell death. As there are so many
indicators pointing to Ca?T regulation having a role in diseases, potential
drug targets could be found among these Ca?* blockers. The possibility of
using computational models as a guide and a helpful tool could also aid in
the work on understanding more about these functions.
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Chapter 5

Conclusion and Future
Perspectives

This thesis presents studies of homeostatic mechanisms and regulatory
aspects of biological systems. The controller motifs applied in the work
can be arranged according to biological feedback with different kinetic
requirements. Mathematical models were developed and used in order to
perform calculations which could be compared to/or utilized to investigate
physiologically relevant data. In the first study presented, iron homeostasis
in non-graminaceous plants was investigated using the set-up of an inflow
controller and implementing auxiliary feedback which resulted in improve-
ment in response time of the system. The model is in compliance with
experimental data, and we have suggested that the transcription factor FIT
is involved in the degradation of the iron transporter IRT1. As iron is an
essential nutrient not only for plants, but also for humans, a biofortification
strategy in conditions of low environmental iron was also discussed. The
next two parts of the study are tied together in highlighting and investigat-
ing the homeostasis and regulatory mechanisms of cytosolic Ca?*. First,
the concept of homeostasis was suggested to be expanded to include oscil-
latory conditions as biological oscillators were studied applying controller
motif set-ups. The study show that even during oscillatory conditions
the set-point can be achieved as an average, which is done by applying
compensatory mechanisms as frequency and amplitude modulation. Since
cytosolic Ca®* is such an ubiquitous and important signaling ion and is
regulated at a very low resting level, it was used as an example for this type
of model. Calcium will also oscillate in cells during signaling events, and
both frequency and amplitude modulation has been described as means
in this signaling process. A simple model was made in order to describe
cytosolic Ca®t oscillations based on an outflow controller. The model is
based on a very simplistic view of Ca?T regulation and shows that robust
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homeostasis can be achieved with frequency modulation. However, as
cytosolic Ca?t regulation and homeostasis is such a complex system, we
wanted to further investigate and study this in order to learn more about
the regulatory aspects involved. We based the model on cytosolic Ca?*
in non-excitable cells, and even though the focus was not on oscillations
we have included a brief example that certain interactions of components
can lead to sustained oscillations with a surprising variability in the period.
From a simple two-component model of cytosolic Ca?T and PMCA, an
integrative model was built up step by step including several inflow and
outflow mechanisms, the ER, capacitative Ca’* entry and Ca?t induced
Ca?* release. The model has been developed using biologically relevant
kinetic values (as they were available), and has been compared to and used
to analyze regulatory mechanisms in the Ca?T homeostasis machinery. We
can describe that during pertubations and signaling events the set-point
of Ca®* is shifted, which fits with experimental data. Hysteretic behavior
in the PMCA has been studied and seem to fit well with experimental
data. A dicalcic model, similar to the diprotic model, is presented with
regards to the IP3R regulation. Also a cooperativity in the Ca?t depen-
dency of the Ca?T induced Ca’T release is also suggested. As with all
models there are certain limitations. Modeling is a great tool in trying
to describe regulatory systems and mechanisms in biology. The model of
cytosolic Ca?t for instance describes the cell as a whole, with no spatial
variation. Many mechanisms are added, but there are also some organelles
and mechanisms that are simplified or not included as such is needed in
order to simplify a model. Many aspects of Ca?* signaling occur in local
cell areas and changes in concentration may not be globally within the cell.
Even though there are limitations, a model is useful in that is can highlight
and make suggestions to the physiological mechanisms that can be difficult
to study in a cell by experiments. It can also be used as a tool in order to
predict outcomes and investigate how systems behave in addition to the
experimental investigations.

5.1 Future perspectives

Mathematical modelling has already been widely used. Certainly the
application of mathematical modeling would be suggested to have an
increasingly important role in the future. The whole world is developing into
a more digital and computer based global society and it is only natural that
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also the area of biology will continue to follow. Maintaining homeostasis is
so important in order for normal functionality that it will still need further
investigations in order to build our understanding of it. Evolving our
knowledge on adaptation and regulation of different systems will aid in order
to help answer questions involving diseases and other issues. Using models
in order to describe, suggest, test and predict outcomes of experimental
work is of great value as it can often be done more rapidly. With the work
on iron, different biofortification approaches would be of interest as there
is a vast part of people in not only developing countries, but also industrial
countries, that suffer from iron deficiency anaemia. However, there are still
many ethical questions, for instance concerning GMO that several countries
are sceptical of in terms of environmental and longterm consequences.
There are biofortification strategies that are more conventional and does
not involve genetic engineering, however genetic modification hold several
opportunities that could assist in this important global concern. With
regard to the model of cytosolic Ca?t homeostasis and cytosolic Ca?*
regulation, the model could be developed even further. Oscillations have
only briefly been addressed here and observed in some conditions. This will
need to be studied and investigated in more detail, as further development
of the model. As we have only included the ER as a storage organelle
for CaT, there are other organelles like the mitochondria that was not
included. It would be very interesting to use the model to describe certain
disease conditions as dysregulation in cytosolic Ca?t has been found to be
involved in everything from cancers to neurodegenerative diseases. As some
of these involve excitable cells, the model could be expanded to include
voltage operated Ca?T channels (VOCCs) and other regulatory mechanisms
involved in these types of cells or of a specific cell type. Perhaps model
calculations could be performed in order to see if other regulatory species
could be utilized in the absence of others, which is sometimes the case in
these diseases. The presented model could be used as a starting point for
improving and adding more parameters, or with a specific research question
in mind in order to narrow and specialize for that objective.
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Appendix A

Appendix: Rate equations
for Calcium model

The complete model of cytosolic Ca?* in non-excitable cell is shown in
Fig. A.1.

Rate equations for the model is as follows:

dCat PMCA-M*)-Ca%,
TVt y-Ca, — ky-CaZ, — - ) et
ks + Cacyt
— 4-kg-(M)-(CaZfy) + 4-ko-(M-Cay) — 4-k1o-(B)-(Cally)
kas-(SERCA)-(CaZh)
kog + Cag;

+ k36(RS)(ARCC)(CCLg;;) + k:38~(IP3R'IP3)'(Ca2+

dt

+ 4-k11-(B-Cay) — + ko7-Calt

lum

lum)
k37 4+ Ca?t, k3o fipsr + fipsr.capn-Capy
ka3 (Caggy)-(NOX-M?) N kr3-(Call,)-(SOCC)-(STIM)
kea + Caz;; k7q + Ca’T

ext

+ ks1(Ind-Ca) — kso-(Cacyt)-(Ind) (A.1)

d(PMCA-M*)
dt

kg-(PMCA-M*)
k7 + (PMCA-M¥)

= ks-Calf;-(PMCA-M) —

(A.2)



APPENDIX A. APPENDIX: RATE EQUATIONS FOR CALCIUM
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Figure A.1: Complete illustration of the calcium model in a non-excitable

cell. Figure shows an illustration of the model in this work with all inflow and outflow
paths and other regulatory mechanisms.

d exr .
(C;tt) =0 (extracellular Ca iskept constant at 1 or 2 mM) (A.3)

dM

7 ki — ki7-M — kio-(M)-(PMCA) + ki3-(PMCA-M)
+ kQ'(M'Ca4) - ks(C’ag;’t)(M) + k‘ﬁg'(NCX-M)

— ker-(M)-(NCX) (A.4)
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d(M-Cay)

= ks-(CaZh)-(M) — ko-(M-Cay) (A.5)

cyt

dB
E = kigs — k19-B — klo(B)(Caz;;) + kll‘(B‘C(M) (Aﬁ)
d(B-C
(dta4) = klo(B)(Cag;;) — k‘u‘(B‘CCM) (A?)
‘Wjj‘{g“l'm — kio-(PMCA)-(M) — krg-(PMCA-M)
ke:(PMCA-M™*) _ ot
PG ~ e (Cat)(PMEAM) (A
d(P]thA) — Jors — kg (PMCA) — ko (PMCA)-(M) + kys-(PMCA-M)
(A.9)
. . 24
d(SERCA) gy — k21-(SERCA)-(Caj, ) (A.10)

dt koo + (SERCA)
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dCall  kas-(SERCA)-(Cagy)
dt a koa + Caz;;
+ 30k (L-Cago) — n-krr-(STIM)-(Cagf )"

kag-(IPsR-1Ps)-(CaZt

lum)

— k27‘C’a2+ — SOkQB(Ca?Jm)(L)

lum

+ kyon-(STIM-Cay) —

k3o frpsr + frpsr.capr-(Carl )
(A.ll)
dL 2t
% = kog — kog-L — k25~(0alum)-<L) + kQG-(L~CQ30) (A.12)
d(L-C
(dta?’o) = k25-(Cal2Jm)-(L) — k‘Qﬁ'(L'Ca:go) (A.13)
dS
E = k30 — k31'S — k34(S)(R) + k35(RS) (A.14)
dR
% = k3o — k33-R — k‘34(8)(R) + ]{535(RS) (A15)
d(R-S
UL5) kg (S)-(R) — ke (R-S) (A.16)
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dARCC
dt

= kaq — kus-ARCC (A.17)

IPsR-IP
W = kr7-(IP3)-(IP3R) — 14;78.(]P3R.IP3)-(C@2;§), condition (i)
(A.18)
d(IPi’)d]jIPi%) = kr7-(IP3)-(IPsR) — krs-(IPsR-I1Ps)-(1+ CaZfy), condition (i)
(A.19)
W = krr(IP3)(IP3R) — krs-(IPsR-IP3), condition (iii)
(A.20)
d(IP.
(dtf”) = kyg-(PLC)(PIPy) — ka7-(IPs) — ky7-(IP3)-(IP3R)

+ krg-(IP3R-IPs)-(Ca??,

eyt), condition (i) (A.21)
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d(IP:
(dtd) = kag:(PLC)(PIPy) — kuz-(IP3) — krr-(I1Ps)-(IP5R)
+ krs-(IP3R-1P3)-(1 4 CaZy,), condition (ii) (A.22)
d(IP
(dt3) = kas-(PLC)(PIP3) — ka7-(IP3) — ky7-(IPs)-(IP3R)
+ krg-(IPsR-IPs), condition (iii) (A.23)
d(f;[tPg) =0, constant PIPyat 1uM (A.24)
d(S2
(dt> = k‘52 - k}53-S2 - k54(SQ)(G) + k?55(GS2) (A25)
d(Ind-Ca)

= —ks1(Ind-Ca) + kso-(Cacyt)-(Ind)

_d(Ind)
== (A.26)

dt
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dG

= ~ha(52):(G) + ks (G-52) + ks — kso G (A.27)
UGS 1 (59)(6) ko (G2 (A.28)
d(Pd 50) ks (G)-(S2) — ks (PLC) (A.29)
CWVC;W — koo-(NCX-M)-(CaZh) — kf261+(](\7]$§ XA@)) (A.30)
d(NC:;('J\@ = kgr(M)-(NCX) — kgs-(NCX M)
— koo (NCX-M)-(CaZh) + kijlﬁvﬁ CX XAL)) (A.31)
d(]\;fX) — ligs — koo (NCX) — kgr-(M)-(NCX) + ks (NCX M)

(A.32)
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viii

USTIM) _ gk (STIM)—krr-(STIM)-(Ca, ) +hra(STIM Ca)
(A.33)
CWTId]‘f'CW = ky1-(STIM)-(CaZt, )" — kyo-(STIM-Cay)  (A.34)
d(SStCC) = kz5 — k- (SOCC) (A-35)
d(IPsR
( dt3 ) = kyg — k49'(IP3R) - k77'(IP3R)'(IP3)
+ k78‘(IP3R'IP3)'(Ca(2;;§)7 condition (i) (A.36)
d(IP3R

( dt3 ) kas — kag-(IPsR) — kr7-(IPsR)-(1P3)

+ kg (IPsR-IPs)-(1 + Cag;@), condition (ii) (A.37)



APPENDIX A. APPENDIX: RATE EQUATIONS FOR CALCIUM
MODEL

d(IPsR
<dt3> = kas — kag-(IP3R) — k77-(IP3R)-(IP3)

+ krg-(IP3R-1P3), condition (iii) (A.38)

d(IPsR
(dt?’) = kus — kag-(IPsR) — kyr-(IPsR)-(IPs)

+ kzs-(IPsR-1P3)-(Cazy}), condition (i) (A.39)

d(IPsR
(d;’) = kas — kao-(IPsR) — ky7-(IPsR)-(IPs)

+ kzs-(IPsR-1P3)-(1 4 CaZb), condition (ii) (A.40)

d(IPsR
<dt3> = kas — kag-(IP3R) — k77-(IP3R)-(IPs)

+ krg-(IP3R-1P3), condition (iii) (A.41)

Different approaches were applied in some of the calculations, which

has been labeled condition i, ii and iii. These conditions were used in the
section where the effect of Ca2+cyt on the dissociation of IP3R-IP3 was
studied.
In addition to the equations in the results section of the thesis, there is also
an indicator (Ind) shown in grey in the overview of the complete model
as this was added in order to add the effect of an indicator to the model
calculations as an indicator would be present in experiments.
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Abstract

Homeostatic and adaptive control mechanisms are essential for keeping organisms structurally and functionally stable.
Integral feedback is a control theoretic concept which has long been known to keep a controlled variable A robustly (i.e.
perturbation-independent) at a given set-point A4, by feeding the integrated error back into the process that generates A.
The classical concept of homeostasis as robust regulation within narrow limits is often considered as unsatisfactory and
even incompatible with many biological systems which show sustained oscillations, such as circadian rhythms and
oscillatory calcium signaling. Nevertheless, there are many similarities between the biological processes which participate in
oscillatory mechanisms and classical homeostatic (non-oscillatory) mechanisms. We have investigated whether biological
oscillators can show robust homeostatic and adaptive behaviors, and this paper is an attempt to extend the homeostatic
concept to include oscillatory conditions. Based on our previously published kinetic conditions on how to generate
biochemical models with robust homeostasis we found two properties, which appear to be of general interest concerning
oscillatory and homeostatic controlled biological systems. The first one is the ability of these oscillators (“oscillatory
homeostats”) to keep the average level of a controlled variable at a defined set-point by involving compensatory changes in
frequency and/or amplitude. The second property is the ability to keep the period/frequency of the oscillator tuned within a
certain well-defined range. In this paper we highlight mechanisms that lead to these two properties. The biological
applications of these findings are discussed using three examples, the homeostatic aspects during oscillatory calcium and
p53 signaling, and the involvement of circadian rhythms in homeostatic regulation.
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Introduction

The biological motivation of this work can be summarized as
follows: How can homeostatic mechanisms possibly work when
many or even most of the regulatory processes within a cell are
based on oscillations? Versions of this question and how oscillatory
processes participate in homeostatic and adaptive mechanisms
have been repeatedly asked and discussed [1-5]. Our aim is to
identify and build homeostatic/adaptive motifs on a rational basis
with possible applications within physiology and synthetic biology.
In this paper we apply control-engineering and kinetic methods
and show how the classical concept of homeostasis [6,7] is linked
to oscillatory behavior. We demonstrate how biological oscillators
can have robust (perturbation-independent) homeostatic/adaptive
behaviors both with respect to average concentration of a
regulated variable and with respect to a robust control of the
oscillator’s frequency. By taking three examples, we argue that
such properties appear closely linked to the controlled period
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lengths of the p53-Mdm2 oscillatory system and circadian rhythms
[1,8] or to the homeostatic regulation of cytosolic calcium during
signaling [9].

Organisms have developed defending homeostatic mechanisms
in order to survive changing or stressful conditions by maintaining
their internal physiologies at an approximately constant level
[7,10,11]. In this respect, many compounds are tightly regulated
within certain concentration ranges, because they are essential for
cellular function, but may lead to dysfunction and diseases when
their concentrations are outside of their regulated regimes. The
term “homeostasis” was introduced by Cannon [6,7] to indicate
that the internal milieu of an organism is regulated within narrow
limits. The examples Cannon addresses in 1929 [6] are still actual
research topics, such as the regulations of body temperature, blood
sugar, blood calcium and blood pH levels [12-15]. Today many
more homeostatic controlled compounds have been identified,
including hormones [16], transcription factors and transcription
factor related compounds [17], cellular ions such as plant nitrate
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levels [18,19], iron [20], and calcium [21]. The Supplementary
Material of Ref. [22] contains further examples.

Because many biochemical processes are oscillatory [1,8,23—
27], Cannon’s definition of homeostasis has been perceived as
unsatisfactory and various alternative homeostasis concepts have
been suggested. The term predictive homeostasis [1] has been
introduced in order to stress the anticipatory homeostatic behavior
of circadian regulation. Other concepts include allostasis [2,5] to
focus on the concerted and interwoven nature of the defending
mechanisms, rheostasis [3] to put emphasis on set-point changes,
and homeodynamics [4] to stress the nonlinear kinetic behaviors of
the defending mechanisms as part of an open system.

The appearance of cybernetics together with system theory [28—
31] caused an interest to understand homeostasis and biological
control from the angle of system analysis and control theory [32—
39] by introducing control-engineering concepts such as integral
control [22,40-45]. Integral control allows to keep a controlled
variable (say A) precisely and robustly at a given set-point Ay, by
feeding the integrated error back into the process by which 4 is
generated [46]. To gain insights how integral control and
homeostasis may appear in biochemical and physiological
processes, we  started [43] to study two-component negative
feedback controllers, where one component is the (homeostatic)
controlled variable A, while the other is the manipulated or
controller variable E. Each controller consists of the two species A
and E and three fluxes, the inflow and outflow to and from E and
an I -controlled compensatory flux (either inflow or outflow) of 4,
denoted jeomp. The compensatory flux compensates for distur-
bances in the level of A caused by perturbations in other
uncontrolled inflows/outflows of A. By considering activating or
inhibitory signaling events from A to £ and vice versa, eight basic
negative feedback configurations (controller motifs, Fig. 1a) can be
created [22,47]. Two kinetic requirements leading to integral
control have so far been identified, one based on a zero-order
kinetic removal of the manipulated variable E [22,43,48], the
other on an autocatalytic formation of £ in association with a first-
order degradation [45]. Fig. 1b gives a brief summary of these two
kinetic approaches by using motif 5 as an example. For details, the
reader is referred to [22,45]. We feel that this approach provides a
rational basis to build networks which allow to view the behaviors
of the individual controllers and to understand emergent
properties of the overall network. By combining individual
controller motifs with integral control we previously showed that
an integrative and dynamic approach to cellular homeostasis is
possible, which includes storage, excretion and remobilization of
the controlled variables [19,22,49].

In the present study we extend the concept of homeostasis to
include sustained oscillatory or pulsatile conditions. We show that
oscillatory homeostats based on the controller motifs in Fig. la can
maintain robust homeostasis in A. For controllers where E is
inhibiting the compensatory flux (motifs 2, 4, 6, and 8, Fig. 1a), the
frequency can be shown to depend on the level of E and therefore
on the applied perturbation strength. In this class of controllers the
frequency generally increases upon increased perturbation
strengths; here we use motif 2 as a representative example. For
the remaining controller motifs the frequency has been found to be
less dependent upon perturbations. As a representative example
for this behavior we use motif 5. We further show that robust
frequency control can be achieved by either using additional
controllers, which keep the average levels of A and E homeostatic
regulated, or by using the intrinsic harmonic/quasi-harmonic
properties of motifs 1 or 5. The biological significance of these
findings is discussed with respect to the oscillatory signaling of
cytosolic calcium and p33, as well as the regulating properties of
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circadian rhythms with respect to homeostasis and temperature
compensation.

Results

Kinetic Approach to Implement Integral Control

We consider the negative feedback motifs in Fig. 1. A general
condition for integral control can be formulated if the rate
equation of the manipulated variable E allows for a rearrangement
in form of two functions g(E) and /1(A4), and where the integral of
1/g(E) with respect to E exists and can be written as G(E). Then,
the set-point in A is determined by the solution of 4#(A4)=0, i.c.

E=h(A)g(E) M

Rearranging Eq. 1 and requiring steady state conditions gives:

E .
i3] G(E)=h(A)=0 2)
Eq. 2 has been applied for nonoscillatory steady states with
g(E)=1 by using zero-order kinetic degradation/inhibition of E
[22,43] or with g(E)=E by using first-order autocatalytic
formation and degradation in E [45]. Other functions of g(E)
may be possible but plausible reaction kinetic mechanisms need to
be identified. For the sake of simplicity, we consider here that
integral control is achieved by a zero-order removal of E using
g(E)=1.

To extend the condition of Eq. 2 to sustained stable and
marginally stable oscillations, we observe that the integral of the
periodic reaction rates A and E along a closed orbit ¢ in the
system’s phase space is zero. For E this can be written as:

<E>.- iEd:: fF h(A)di=0 3)

Dependent on whether A is activating or inhibiting the
production or removal of E, two expressions for the set-point of
the oscillatory controller can be derived from Eq. 3. In case 4 is
activating (motifs 1, 2, 5, 6) and by assuming first-order kinetics
with respect to A in the rate equation for E, the set-point of A is
given by (see Eq. S1 in (File S1))

<A>[:fi; A(ydt=<A>, (4)
¢

where the integral is taken along one (or multiple) closed and
stable orbit(s) in the system’s phase space. With increasing time ¢,
the average concentration of 4, <A4 >, will approach its set-point
<A> e,

.e.,

1 L
<A >1:7J A(r)dt—> <A> 0 when t->w (5)
0

When A4 is inhibiting the production or removal of E (motifs 3,
4, 7, 8) and assuming (for the sake of simplicity) that the inhibiting
term has a first-order cooperativity with respect to 4 with an
inhibition constant K, the following expression is conserved and
perturbation-independent (see derivation in File S1, Eq. S8):
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Figure 1. A basic set of two-component homeostatic controller motifs with two i of integral control. (a) Compound 4
is the homeostatic controlled variable and E is the controller or manipulated variable [22]. The motifs fall into two classes termed as inflow and
outflow controllers, dependent whether their compensatory fluxes jc,, add or remove A4 A from the system. In motifs outlined in gray the controller
compound E inhibits the compensatory flux, while in the other motifs E activates the compensatory flux. (b) middle figure shows a standard control
engineering flow chart of a negative feedback loop, where the negative feedback results in the subtraction of the concentration of 4 (blue line) from
A'’s set-point (red line) leading to the error (4, — A4). The error feeds into the integral controller (brown box). The controller output (the integrated
error) is the concentration of E (green line) which regulates the process that creates 4. The perturbations which affect the level of 4 are indicated in
orange color. (b) left panel shows the structure of negative feedback (outflow) controller 5. The colors correspond to those of the control engineering
flow chart. For example, the set-point (red) is given by the ratio between removing and synthesis rates of E, while the integral controller (brown) is
related to the processing kinetics of E, in this case E is removed by zero-order [22,43]. (b) right panel shows the same outflow controller (motif 5).
The only difference is that the integral controller is now represented by a first- order ¢ autocatalytlc formation (indicated by brown dashed arrow) and a
first-order removal with respect to E [45].

doi:10.1371/journal.pone.0107766.9001

Conservative Oscillatory Controllers. A conservative sys-

1 dr tem is a system for which an energy or Hamiltonian function (H-

< m >c= 1; m:conslam (6) function) .c:m‘ be found andA for w.luch the values .Of H renllam
! i constant in time. Conservative oscillators show periodic motions
characterized by that they in phase space do not occur in isolation
(i.e. they are not limit cycles). For a given H-level h a periodic
motion (a closed path in phase space) is surrounded by a
continuum of near-by paths, obtained for neighboring values of
h [50]. The dynamics of a two-component conservative oscillator
can be derived from the H-function using the following equations:

Homeostasis by Oscillatory Controllers

To illustrate the homeostatic response of the oscillatory
controllers, we use, as mentioned above, conservative and limit-
cycle versions of inflow controller motif 2 and outflow controller
motif 5 as representative examples. These motifs have been
chosen, because they represent different ways to achieve negative oH -4 oH K %
feedback and homeostasis of the controlled variable A. In motif 2 [ To4
(as in motifs 4, 6, and 8) E inhibits the compensatory flux, while in
motif 5 (as in motifs 1, 3, and 7) the compensatory flux is activated
by E. A limit-cycle version of motif 6 will be used to discuss
cytosolic Ca®* oscillations in terms of a homeostatic mechanism.

which are analogous to the Hamilton-Jacobi equations from
classical mechanics. In general, solutions of these equations are not
necessarily oscillatory, but here we focus only on the conservative
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oscillators, which can be derived from the eight controller motifs
(Fig. 1a). Dependent on how integral control is implemented,
some of the conservative oscillators are well-known; they are: the
harmonic oscillator [51] based on either motifs 1 or 5 (using zero-
order implementation of integral control; see left panel in Fig. 1b),
the Lotka-Volterra oscillator [45,52,53] also here based on motifs 1
or 5 (but using the autocatalytic implementation of integral
control; see right panel in Fig. 1b), and Goodwin’s oscillator from
1963 [54] based on motif 2. In the literature the Goodwin
oscillator comes in two versions, which are both based on motif 2.
There is a conservative oscillator version from 1963 [54] with two
components. There is also another version from 1965 with three
components [55]. The difference between the two versions lies in
the kinetics of the degradation rates of the oscillators’ components.
In the 1965 three-component version the degradation rates are
first-order with respect to the degrading species, while in the
conservative case (1963 version) the degradation rates have zero-
order kinetics. These kinetic differences change the oscillatory
behavior of the two systems significantly. To get limit-cycle
oscillations, it is well-known from the literature [56] that the three-
dimensional system where the components are degraded by first-
order kinetics requires a cooperativity of the inhibiting species of
about 9 or higher. Our results presented here using motif 2
confirms Goodwin’s 1963 results that when components are
degraded by zero-order kinetics the system can oscillate with a
cooperativity of 1 with respect to the inhibiting species E. Here we
also extend Goodwin’s results by showing that limit-cycle
oscillations can be created based on motif 2, but still using a
cooperativity of 1 with respect to the inhibiting species E (see
below).

The following two requirements are needed to get conservative
oscillations for any motif from Fig. 1a: (i) integral control has to be
implemented in the rate equation for E, and (ii) all removal of A
should either occur by zero-order kinetics with respect to A, or,
when the removal of A4 is first (or nth)-order with respect to A, the
formation of A needs to be a first (or nth)-order autocatalytic
reaction [45]. When conditions (i) and (i) are fulfilled, a function
H(A,E) can be constructed, which describes the dynamics of the
system analogous to the Hamilton-Jacobi equations from classical
mechanics, where the form of H depends on the system’s kinetics.
Details on how H is constructed for the various situations is given
in File S1.

Fig. 2a shows a reaction kinetic representation of motif 2, which
is closely related to Goodwin’s 1963 oscillator [54]. It was
Goodwin who first drew attention to the analogy between the
dynamics of a set of two-component cellular negative feedback
oscillators and classical mechanics [54]. In this inflow-type of
controller, increased outflow perturbations (i.e., increased k>
values) are compensated by a decreased average amount of E (i.c.,
< E>, Fig. 2b), thereby neutralizing the increased removal of 4
by use of an increased compensating flux

Jeomp=k3 KF |(Kf + E) (8)

In this way the average level of 4, <A >, is kept at its set-point
VEqa ks (see Eq. S5 in the File S1). During the adaptation in
<A> (when kj is changed) the controller’s frequency as well as
the <E>-level are affected. The frequency w for each of the
eight conservative oscillators can roughly be estimated by a
harmonic approximation (see File S1), which in case of motif 2
(Fig. 2a) is given by (assuming ki =0)
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w=

©)

KE+E,

Eg (:kgK,E/szK,E) is the steady state of E, which is obtained
when 4=0 (Fig. 2a). Because the level of < E> is decreasing with
increasing ky values, Eq. 9 indicates, and as shown by the
computations in Figs. 2b and 2c, that the frequency of the
oscillator increases with increasing perturbation strengths (k>
values) while keeping <4 > at its set-point. In fact, the increase in
frequency upon increased perturbation strengths appears to be a
general property of oscillatory homeostats, where the manipulated
variable £ inhibits the compensatory flux (for limit-cycle examples,
see below).

At high k> values, i.c., when the E level becomes lower than
KF, the compensatory flux jiomy approaches its maximum value
k3. At this stage the homeostatic capacity of the controller is
reached. Any further increase of k> cannot be met by an increased
compensatory flux and will therefore lead to a breakdown of the
controller. For discussions about controller breakdowns and
controller accuracies, see Refs. [22,48].

The scheme in Fig. 2d shows outflow controller motif 5, which
will compensate any inflow perturbations of 4 (due to changes in
k1) by increasing the compensatory flux

Jeomp =k3'E (10)

When Ky «A and Kf:,“" < E the oscillator is harmonic and is
described by a single sine function which oscillates around the set-
point <A>g=VEs ks with frequency w=+v/ksks and a
period of 27/+/k3'ks. Increased levels in ky (Figs. 2¢ and 2f) are
compensated by increased <E> levels which keep <A > at its
set-point. Harmonic oscillations can also be obtained for the
counterpart inflow motif 1 (see Fig. S9 and Eqs. S44-S50 in File
S1).

For the harmonic oscillators (motifs 1 or 5) <A >-homeostasis
is kept by an increase in <E>, which matches precisely the
increase in the (average) compensatory flux without any need to
change the frequency. For the other motifs either an increase or a
decrease in frequency is observed with increasing perturbation
strengths dependent whether E inhibits or activates the compen-
satory flux, respectively.

Limit-Cycle Controllers. The conservative oscillatory con-
trollers described above can be transformed into limit-cycle
oscillators by including an additional intermediate, and, as long
as integral control is present, homeostasis in 4 is maintained by
means of Eq. 4 or 6. Fig. 3a gives an example of a limit-cycle
homeostat using motif 2. Dependent on the rate constants the
oscillations can show pulsatile/excitable behavior (Fig. 3b). In
these pulsatile and highly nonlinear oscillations <A > homeosta-
sis is maintained at the set-point <A > ;= V,f;“‘, /ka, although the
peak value in A exceeds the set-point by over one order of
magnitude (Fig. 3b). As already observed for the conservative case,
an increase in the perturbation strength (i.e., by increasing k)
leads to an increase in frequency while homeostasis in <4 > is
preserved (Fig. 3c).

Similarly, a limit-cycle homeostat of motif 5 can be created
(Fig. 4a) by including intermediate e and maintaining integral
control with respect to A. With increasing perturbation strengths
(ky values, Fig. 4b), homecostasis in <A > is maintained by
increasing <E>. Compared to the conservative situation
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Figure 2. Rep ion and kinetics of conservative oscillators based on motif 2 and motif 5. (a)-(c) “Goodwin’s oscillator” (motif 2).

Conservative oscillations occur when K7, « 4 and E < K£*; the latter condition introduces integral feedback and thereby robust homeostasis [22,43].
(b) Conservative oscillations in A and E, with k;=0.0, k=10, K{,=1x10"%, k3=6.0, Kf =0.5, ky=1.0, VE1=2.0, KI‘E;" =1x10-°. Initial
concentrations: 4y = 1.5, Eg = 1.0. At time t=50.0 k, is changed from 1.0 to 3.0. (c) <4 >, <E>, and frequency as a function of the perturbation k,.
While the frequency increases and <E> decreases with increasing k>, <A> is kept at its set-point V,ﬁ;;/k4=2.0. (d)-(f) Harmonic oscillator
representation of motif 5. Conservative (harmonic) oscillations occur when Kj{j «< A (or ky=0) and E<<K‘f,“h (e) Harmonic oscillations in 4 and E, with
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Initial concentrations: 4g=1.5, Ey=1.0. (f) <4>, <E>, and frequency as a function of the perturbation k. Typical for the harmonic oscillator is the
constancy of the frequency upon changing k; values. <E> increases with increasing ki, while <A > is kept at its set-point VZs /ks =2.0.

may
doi:10.1371/journal.pone.0107766.9002
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despite the fact that 4 peak values may be over one order of magnitude larger than the set-point. (<) <4>, <E>, and frequency values as a
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E(=0.3, and ay=166.17. Initial concentrations in (c) for each data point:
doi:10.1371/journal.pone.0107766.9g003

(Fig. 2f), the frequency now shows both slight decreasing and
increasing values. However, the overall frequency changes are not
as large as for motif 2, indicating that similar to the harmonic case,
the frequency of the motif 5 based oscillator has a certain intrinsic
frequency compensation on kj-induced perturbations (Fig. 4c).

Robust Frequency Control and Quenching of Oscillations

In this section we present for the first time biochemical models
that can show robust (perturbation-independent) frequency
control. There are several biological oscillators where the
frequency/period is under homeostatic regulation. Probably the
best known example is the temperature compensation of the
circadian period, i.e. these rhythms show an approximately
constant period length of about 24 h at different but constant
temperatures [57]. Temperature compensation is also observed in
certain ultradian rhythms [58,59]. Another biological oscillator
with a fairly constant period is the p53-Mdm?2 system [60], where
the number of oscillations may indicate the strength of the DNA
damage in the cell [61].

We show two ways how robust frequency control can be
achieved. One is due to the presence of quasi-harmonic kinetics,
i.e. the system, although still being a limit-cycle oscillator, behaves
more like a harmonic oscillator. On basis of experimental results,
we believe that the p53-Mdm2 system falls into this category (see
discussion below). In the other approach, frequency homeostasis is
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Ap=1.725x 1079, Ey=1.585, and a9 =0.861.

obtained by regulating E itself by additional inflow/outflow
controllers 11,/5. This approach leads to many possible ways how
11,1, can interact with the central negative feedback 4-E loop/
oscillator and several ways are illustrated using motif' 2 and motif
5. Such an approach may apply to the period homeostasis of
circadian rhythms (see discussion below).

Robust Frequency Control by Quasi-Harmonic
Kinetics. We consider now the case when the intermediate
that has been implemented to obtain limit-cycle behavior
(compounds a or e in Figs. 3a or 4a) obeys approximately the
steady-state assumption, ie., ax0 or éx0. We term the
oscillators’ resulting behavior as quasi-conservative, because these
systems still have a limit-cycle, but behave also as a conservative
system. An interesting case occurs when the system is quasi-
harmonic, i.e. when motifs 1 or 5 are used. In this case the limit-
cycle oscillations and the frequency can approximately be
described by a harmonic oscillator, i.e., a single sine function.
This is illustrated in Fig. 5 where an increased ks value is applied
to the scheme of Fig. 4a (which leads to €x0). Fig. 5a shows the
oscillations for three different perturbations (ki values). The
oscillations in 4 show a practically perfect overlay with a single
sine function, outlined in black for k; =1.0. When k; is increased
the oscillations (outlined in blue) undergo a phase shift and an
increase in amplitude, but the frequency stays constant at the value
of the (quasi) harmonic oscillator. For high k; values the
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Figure 4. A limit-cycle model of controller motif 5. (a). Rate equations: A=k —kyE-A/(Kjs+A)—kyd; e=ksA—kse;
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doi:10.1371/journal.pone.0107766.9004

A-amplitude of the oscillator becomes saturated, which is a
secondary effect of the oscillator’s homeostatic property. Due to
symmetry reasons and because the oscillator is locked on to the
harmonic frequency, the value of 4 cannot exceed beyond twice
the level of its set-point, which in this case has been set to 12.5
(Figs. 5a and 5b). As in the harmonic case (Fig. 2f), <E>
increases with increasing kj (Fig. 5b). Fig. 5c shows the approach
to the limit-cycle (outlined in black). When ks increases further
and the steady state approximation for e becomes better and
better, the limit-cycle disappears and the system becomes purely
harmonic.

Quenching of Oscillations in Quasi-Conservative
Systems. A requirement to obtain conservative oscillations
and an oscillatory promoting condition for limit cycle oscillations
is the presence of zero-order degradation in 4. Changing the zero-
order degradation in 4 may lead to the loss of oscillations. For
example, in quasi-conservative systems the oscillations can be
effectively quenched by either adding a first-order removal term
with respect to A4 (with rate constant k3, Fig. 4a) or by replacing
Ki\) by first-
order kinetics with respect to A4, or by increasing K. Fig. 5d
illustrates the suppression of the quasi-harmonic oscillations by
adding a first-order removal with respect to A. In contrast, when
an oscillatory system does not show quasi-conservative kinetics,
addition of a first-order removal with respect to 4 does not
necessarily abolish the oscillations. A detailed parameter analysis

the zero-order kinetics degradation in 4 (using k»,
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showing how the value of ks affects the period of the oscillations
and how first-order degradation in A affects the size of the
parameter space in which sustained oscillations are found is given
in (Figs. S10 and S11 in File S1).

Robust Frequency Homeostasis by Control of
<E>. When considering the relationship between <E> and
the frequency, as for example shown in Fig. 3c, we wondered
whether it would be possible to design an oscillator with a robust
frequency homeostasis by using an additional control of <E>.
For this purpose, two extra controllers /1 and I, with their own set-
points for < E> are introduced. Note, that the integral control for
<A> by E is still operative and has its own defined set-point. In
the following we show three examples of robust frequency control
using motifs 2 and 5. Two of the examples illustrate different
feedback arrangements of /i and /; using motif 2. An example
using still another arrangement using motif 2 is described in File
S1 (Figs. S12-S14).

In Fig. 6a a set-up for robust frequency homeostasis is shown by
using a limit-cycle oscillator based on controller motif 5. The set-
points for <E>, given by the rate equations for /; and /5, are
<E>D =ke/VD, and <E>2,=VE /k;. Fig. 6b shows the
results for a set of calculations when kj varies from 1 to 20 au. In
these calculations it was assumed that the I} and I, controllers
have the same set-point of 20.0 au. In the absence of controllers I}
and I, the frequency varies as indicated in Fig. 4c, which in
Fig. 6b is shown as gray dots. When 1 and I> controllers are both
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at times /=200 and =500 (solid arrows) k3 is changed and kept to 0.1. The oscillations are efficiently quenched, but 4 remains under homeostatic
control.

doi:10.1371/journal.pone.0107766.9005
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active, <E> shows robust homeostasis at 20.0 (Fig. 6b) and the
frequency is practically constant (black dots). Fig. 6¢ shows the
response when controller /1 has been “knocked out”. While in this
case the <A > values are still under homeostatic control, <E >
approaches its set-point (defined by <E>2) only at high k
values, but without a control of the frequency. When controller />
is knocked-out (Fig. 6d), control of <E> and frequency
homeostasis is observed. Due to the absence of controller I,
homeostasis in <E> and in the frequency is lost for higher k;
values. The role of I, in this type of regulator is to diminish/
suppress the inflow to 4 by ki, such that controller /; can supply
the necessary amount of A in order to keep <E> and the
frequency under homeostatic control. This mechanism is illustrat-
ed in Fig. 6e by a “static” work mode of I, where the
concentration of I, is kept constant. In this case the kj-region of
frequency homeostasis increases with increasing but constant
concentrations of I, (Fig. 6f).

A corresponding approach to achieve robust frequency homeo-
stasis by using motif 2 is shown in Fig. 7a. The set-up differs from
that used for motif 5 (Fig. 6a) by allowing that /; and /5 act upon a
and upstreams of A. For the sake of simplicity, both controllers are
assumed to have set-points at 20.0 au. Note that in this version of
the motif 2 oscillator, the removal of 4 is now purely first-order
with respect to A4 (using only k). Because motif 2 has been the
core for many circadian rhythm models, we will below discuss
implications of robust frequency control with respect to properties
of circadian rhythms. In this context we note that the region
outlined in gray in Fig. 7a shows the part of the oscillator where
rate constants have no influence on the frequency, ie. the
sensitivity coefficients d(frequency)/dk; are zero.

Fig. 7b shows the homeostatic behavior in frequency (black
dots) in comparison with the uncontrolled oscillator (gray dots). In
the controlled case, both <4 > and < E > are under homeostatic
regulation with set-points of 2.0 au and 20.0 au, respectively. To
elucidate the effect of the added controllers /; and I, we removed
them one by one (knocking them out). In Figs. 7c and 7d
controllers /i and I have been removed, respectively. When
outflow controller /; is not operative, the system is not able to
remove sufficient a at low k> values. In this case <E > levels are
high and unregulated at low k»’s and showing an increase in
frequency. Only at sufficiently high k> values controller I is able
to compensate for the decreased levels in <E>. The situation is
reversed in Fig. 7d, when controller /5 is not operative. At low k»
values controller /; can remove excess of E by diminishing the
level of @ and keeping < E> at its set-point. However, the <E>
regulation breaks down at high values of k3, because no additional
supply for £ via a can now be provided. In this way controllers 11/
L, act as an antagonistic pair of outflow/inflow controllers,
respectively. Note that the by E controlled level of <A > (with
set-point of 2.0 au) is kept at its set-point independently whether
< E> is regulated by 1/, or not. Fig. 7e shows the oscillations
when both I; and I, are operative (Fig. 7b, black dots) and k»
being changed from 3.0 to 8.0 at t=250.0 units (indicated by
arrow). The level of <E> is controlled to its set-point (20.0),
while the amplitude of A has increased with the increase of k. For
cach spike (after steady state has been established) the average
amount of 4 is the same and independent of the value of ks,
leading to the same frequency and homeostasis in <A4>.

Oscillator with Two Homeostatic Frequency Domains

In the I} and -controlled oscillators described above the set-
point of <E> will determine the frequency. Fig. 8a shows an
example of a motif-2-based homeostat, where I; and I, feed back
to A and a, respectively. For an example where /; and /5 feed back
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to A only, see Fig. S12 in File S1. In the calculations of Fig. 8,
different set-points for <E> by controllers /; and I have been
chosen. As a result, dependent whether the perturbation strength
(value of k) is high or low, the oscillator shifts between two
different homeostatic controlled frequency regimes separated by a
transition zone (Fig. 8b). Fig. 8c shows the oscillations, <4 > and
< E> values and the frequency switch when k3 is changed from
3.0 to 8.0.

Discussion

Classifications of Biochemical Oscillators and Influence of
Positive Feedback

There has been several approaches how chemical and
biochemical oscillators can be understood and classified [62—66].
The controller motifs shown in Fig. 1a can be considered as a
basic set of negative feedback oscillators. For example, the Lotka-
Volterra oscillator can be viewed as a negative feedback oscillator
based on motifs 1 or 5, but where integral control is implemented
in terms of autocatalysis [45] and where the controlled variable A
is formed by autocatalysis and degraded by a first-order process
with respect to 4. The same motif can show harmonic oscillations,
when integral control and removal of the controlled variable is
incorporated by means of zero-order kinetics. Two additional
oscillator types based on the same motif can be created by
implementing mixed autocatalytic/zero-order kinetics for integral
control and for the generation/degradation of the controlled
variable (“Text S1°). The other motifs can be extended in a similar
way, giving rise to 32 basic (mostly unexplored) oscillator types.
This type of classification supplements the one given carlier by
Franck, where the eight negative feedback loops where combined
with their positive counterparts to create what Franck termed
antagonistic feedback [63] An often discussed question is the role
positive feedback, or autocatalysis, may play in biological
oscillators. Using a Monte-Carlo approach Tsai et al. [26] studied
the robustness and frequency responses of oscillators with only
negative feedback loops and oscillators with a combined positive-
plus-negative feedback design. The authors concluded that the
combination of a negative and a positive feedback is the best
option for having robust and tunable oscillations. In particular, the
positive loop appears necessary to make the oscillator tunable at a
constant amplitude. We here have shown how homeostasis and
tunable oscillators may be achieved without any positive feedback
(but generally associated with a changing amplitude). To put our
results in relation to those from Tsai et al. [26], we wondered,
triggered by the comments from a reviewer, how an oscillator with
an autocatalytic-based integral controller might behave in
comparison. For this purpose we used controller motif 2 (Fig. 9a),
analogous to the scheme shown in Fig. 3a. Interestingly, and in
agreement with the findings by Tsai et al. [26], the autocatalytic
step resulted now in relaxation-type of oscillations. As expected,
the frequency of the oscillator increases with increasing perturba-
tion strengths ki, and <A> is under homeostatic control
(Fig. 9b). However, as indicated by the results of Tsai et al. the
oscillator’s amplitude has now become independent of k»! These
results show that Franck’s original concept of antagonistic
feedback, i.e. combining positive and negative feedback loops in
various ways [63] appear to be of relevance for many biological
oscillators [26].

Homeostatic Regulation under Oscillatory Conditions

In his definition of homeostasis Cannon introduced the term
homeo instead of homo to indicate that certain variations in the
concentrations of the homeostatic controlled species are still
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Figure 6. Oscillator based on motif 5 with robust frequency control. (a) Reaction scheme. Rate equations:

A=kyKE [(KE + D)+ kg Ty —ky E-AJ(Kjy + ) —ky d; é=kyA—kse; E=kse—

Vi E)(Kyp + By, Di=ke—E- Vi /Ky +1); Dh=kyE—~

VE,L/(K§+D). (b) Demonstration of robust frequency control. <A>, <E>, and frequency are shown as functions of k;. Rate constants:
ki=1.0, ks =1.0, K, =0.1, ky=0.0, kg =0.5, ks =0.2, VE = 1.0, K& =1.0x 107, k=200, V2 =1.0, K2 =1.0x 106, k7 = 1.0, V’2, =20.0, and
K{f, =1.0x 10, Set-points for E by controllers I; and I, are given as <E>1, =ke/ V1, =20.0 and <E>l = VL, Jky=20.0, respectively. Initial
concentrations for each data point (black dots): 4y =0.7638, Eo=18.8155, ¢y =1.6887, I o=1.6695 x 10%, and Ly = 2.7657 x 10%. Gray dots show
the frequency as a function of k; without control by 7; and I>. (c) System as in (b), but controller /; not present. (d) System as in (b), but controller I5
not present. (e) Reaction scheme of oscillator, but with a constant /, concentration. Rate constants otherwise as in (b). (f) Frequency as a function of
k) for the system described in () using different constant I; concentrations (indicated within the graph). The homeostatic region of the frequency

increases with increasing I, concentrations.
doi:10.1371/journal.pone.0107766.g006

allowed, but within certain limits [6]. As typical examples, Cannon
mentions the variations of body temperature, variations in blood
sugar, blood calcium, and blood pH levels [6]. We have shown
that the concept of homeostasis can be extended to oscillatory
conditions and that the term set-point still can be given a precise
meaning, even when peak values of the controlled variable may
exceed the set-point by over one order of magnitude (Figs. 3 and
7). In these cases the set-point relates to the mean value of the
oscillatory species, <A4>. Many compounds are known to be
under a tight homeostatic regulation to avoid cellular dysfunction,
such as is the case for cytosolic calcium. There is no particular

PLOS ONE | www.plosone.org

reason to assume that protective homeostatic mechanisms should
cease to exist once a compound becomes oscillatory and functions,
as in case of calcium, as a signaling device. Allowing a species (such
as cytosolic calcium) to oscillate while defending the mean value of
these oscillations makes it possible to relay signaling without
exposing the cell to long term overload. In the following we discuss
three examples where oscillatory homeostats appear to be
involved: in the homeostatic regulation of calcium and p53 during
oscillations/signaling, and in the homeostatic function and period
regulation of circadian rhythms.
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the frequency when controllers I; and I, are active. Rate constants: k; =0.0, ky=1.0, k3=1.0x10°, ky=1.0, Kf:l.O x 106, V,ﬁ';;:Z.O,
Ky =1.0x107% kg =20, ki =1.0% 10%, k=1.0x 107, kyy =5.0, VA, = 10X 10%, K}y =1.0x 1076, k14 =99.99, V%2, =5.0,and K3 =1.0x 10~5.
Set-points for E by controllers I; and I, are given as <E>, = Vh../ki=20.0 and <E>ff,,—k,4/ VE, . = 19.998, respectively. The set-point
<E>!, of the outflow controller I; has been set slightly higher than <E >, for the inflow controller I, to avoid integral windup and that the
controllers work “against” each other [22]. Initial concentrations for each data point (black dots): 4y=50.4903, E;=23.9425, ay=3.2629,
10=8.2955x 10%, and I,y = 57.8533. Gray dots show the frequency as a function of k, for the uncontrolled case, i.e., in the absence of controllers I;
and L. (c) System as in (b), but controller [; is “knocked out” by setting kj; and I to zero. Homeostasis occurs only at high &, values when
controller 1 is active. (d) System as in (b), but inflow controller I, is inactivated by setting k14 and I to zero. Frequency homeostasis is observed for
low k> when controller /; is active. At high & values the frequency homeostasis breaks down, because controller 1> is not present to compensate the
increased outflow of 4, which leads to low <E> values. (e) Oscillations of system in (b) illustrating frequency homeostasis. At time =250 (solid
arrow) k; is changed from 3.0 to 8.0. Initial concentrations: 4y =27.3167, Ey=31.7283, ag=0.1237, I 0 =1.3473x 10%, and I, =5.0919 x 10%.
doi:10.1371/journal.pone.0107766.9g007
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separated by a transition zone. Rate constants: k»=1.0, k3=20.0, ky=0.1, Vi =1.5, K" =1.0x 1075, kyy=1.0, ¥/, =10.0, K3, =1.0x 1076,
kiy=5.0, VE, =10, Ki;=1.0x107%, KE=10, ki=ki=1.0x10"2, Kfi, =K{,=1.0x107°. Initial concentrations: Ay=0.6677, Eo=1.0536,

ay=2.5828x 1072, I, y=1.1614 x 10%, and >y ="7.5008 x 10°. (c) Oscillations of system in (b) illustrating frequency switch. At time ¢=3500 (solid

arrow) ks is changed from 2.0 to 8.0. Initial concentrations: 4o=19.7178, Ey=0.6272, ap=0.4178, I,y =1.3696 x 102, and I =12.9828.

doi:10.1371/journal.pone.0107766.9g008

Calcium Signaling. Cytosolic calcium (Ca®*) levels are
under homeostatic control to concentrations at about 100 nM
while extracellular levels are in the order of 1 mM. High Ca®*
concentrations are also found in the endoplasmatic reticulum (ER)
and in mitochondria (between 0.1-10 mM), which act as calcium
stores. To keep cytosolic Ca** concentrations at such a low level
Ca*" s actively pumped out from the cytoplasm into the
extracellular space and into organelles by means of various Ca**
ATPases located in the plasma membrane (PMCA pumps) and in
organelle membranes [21,67]. Dysfunction of these pumps leads to
a variety of diseases including cancer, hypertension, cardiac
problems, and neurodegeneration [68-70]. During Ca®* signaling
[71,72]  cytosolic Ca” levels show oscillations [73-75] but
signaling can also occur as individual sparks or spikes [76]. Ca**
oscillations have been found to occur in many cell types and differ
considerably in their shapes and time scales with peak levels up to
one order of magnitude higher than resting levels. Similar to the
behavior of stimulated (perturbed) oscillatory homeostats as for
example shown in Fig. 3b, Ca®* oscillations have been found to
increase their frequency upon increased stimulation of cells [73—
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75]. The frequency modulation of Ca*" oscillations [77] is
considered to be an important property for controlling biological
processes [75]. The tight homeostatic regulation of cytosolic
calcium combined with its oscillatory signaling suggests that
oscillatory homeostats appear to be operative also under signaling
conditions.

Although a variety of mathematical models have been suggested
to describe Ca®" oscillations [78-84], none of them have so far
included an explicit homeostatic regulation of cytosolic Ca®*.
Fig. 10a shows how Ca®* oscillations can be obtained based on an
outflow homeostatic controller, which removes excess and toxic
amounts of cytosolic Ca**. The model considers a stationary
situation of an activated cell, where a Ca** channel is activated by
an external signal leading to the inflow of Ca®* into the cytosol.
The increased Ca®* levels in the cytosol induce an additional
inflow of Ca®" from the internal Ca®* store, a mechanism termed
“Calcium-Induced Calcium Release” (CICR) [85]. Both inflows
are lumped together and described by rate constant k1. The CICR
flux is maintained by pumping cytosolic Ca®* into the ER and
keeping the Ca®* load in the ER high. It should be mentioned that
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doi:10.1371/journal.pone.0107766.9009

the cause of the Ca®* entry across the plasma membrane into the
cytosol is not fully understood and different views have been
expressed how this can occur [86,87].

For the sake of simplicity, the Ca”* concentration in the ER is
considered to be constant and only the pumping of Ca®* from the
cytosol into the extracellular space is taken into account without an
increased cooperativity (Hill-function) with respect to the Ca**
concentration. Fig. 10b shows the oscillations of cytosolic Ca**
and the homeostat’s performance at different inflow rates k1-Ca2;
into the cytosol, which can reflect different external Ca®*
concentrations and/or different activation levels of the cell. As
observed experimentally [74] the period of the oscillations
decreases with increased external Ca®* concentration or with an
LZ;; >, in
> in Fig. 10c, on average, robust

increased stimulation of the cell. As shown by <Cg;
Fig. 10b and by total <Ca£2;7
Ca®* homeostasis is preserved at varying Ca** inflow rates. In the
absence of oscillations the Ca®* concentration is still kept at its
homeostatic set-point (Fig. 10b).

Why Ca® oscillations? A non-oscillatory signaling mechanism
by cytosolic Ca?* would clearly be limited, because a homeostatic
regulation of cytosolic Ca®* would not allow varying Ca®* levels as
a function of external stimulation strengths. On the other hand, a
frequency-based signaling due to an oscillatory Ca®*-homeostat
would overcome these limitations, because homeostasis is still
maintained. This has been a brief outline on how Ca** oscillations
may be understood on basis of oscillatory homeostasis. More
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detailed studies will be needed, for example by including the
homeostatic aspect in existing models in order to investigate in
more detail the implications oscillatory homeostats have on the
regulatory role of Ca®".

p53 Signaling. p53 is a transcription factor with tumor
suppressor properties. In more than half of all human tumors p53
is mutated and in almost all tumors p53 regulation is not
functional [88]. In the presence of DNA damage and other
abnormalities p53 initiates the removal of damaged cells by
apoptosis. A central negative feedback component in p53
regulation is Mdm2, an ubiquitin E3 ligase, which leads to the
proteasomal degradation of p53 and other tumor suppressors [89].
In the presence of DNA damage, p53 is upregulated by several
mechanisms [90-92], and both p53 and Mdm?2 have been found
to oscillate [60]. An interesting feature of these oscillations is that
their amplitude is highly variable, while their frequency is fairly
constant [60]. The mean height of the oscillations was found to be
constant [61]. It was also found that with an increased strength of
DNA damaging radiation the number of cells with increased p53
cycles increased statistically [61]. Jolma ef al. [51] used the basic
negative feedback motif 5 (where 4 is p53 and E is Mdm2) and
found that the influence of noise on the harmonic properties of the
oscillations was able to describe the variable amplitudes and the
approximately constancy of the period. Fourier analysis of the
experimental data indeed showed that the p53-Mdm?2 oscillations
have a major harmonic component [93] supporting a quasi-
harmonic character of the p53-Mdm2 oscillations. For such
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Figure 10. A homeostatic model of cytosolic Ca’* oscillations. The model considers a stimulated non-excitable cell under stationary
conditions using an extended version of outflow controller motif 6, where E is the controller molecule. Intermediate e has been included to get limit-
cycle oscillations. Rate constant k; describes the total inflow of Ca?>* from the ER and from the extracellular space into the cytosol and reflects the
strength of the stimulation. For the sake of simplicity the external Ca>* concentration (CaZ};) is considered to be constant (Ca?; =1.0). Caf
denotes cytosolic Ca’* and its concentration. (a) Reaction scheme. Rate equations: Ca} =ki—kyKp-Call /(K +Call)(Ki+E));
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vt
doi:10.1371/journal.pone.0107766.g010

harmonic or quasi-harmonic oscillations our results (Figs. 2f and
5b) indicate that p53 is homeostatic regulated both in average
concentration and in period length to allow to expose the system
probably to an optimum amount of p53 during each cycle.
Because the number of p53 cycles appear positively correlated
with an increased exposure of damaging radiation, the total
amount of released p53 may be related to a repair mechanism. A
support along these lines comes from a recent study, which
indicates that p53 oscillations lead to the recovery of DNA-
damaged cells, while p53 levels kept at their peak value lead to
senescence and to a permanent cell cycle arrest [94]. Thus, like for
cytosolic Ca*", elevated and oscillatory p53 levels seem to remain
under homeostatic control in order to mediate signaling events
and information which appear to be encoded in the oscillations.
H is of the Circadian Period. Circadian rhythms
play an important role in the daily and seasonal adaptation of
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organisms to their environment and act as physiological clocks
[8,95,96]. Functioning as clocks, their period is under homeostatic
regulation towards a variety of environmental influences, such as
changing temperature (“temperature compensation”) or food
supply (“nutritional compensation”). Circadian rhythms partici-
pate in the homeostatic control of a variety of physiological
variables, such as body temperature, potassium content, hormone
levels, as well as sleep [1,8,95,96]. As an example, potassium
homeostasis in our bodies is under a circadian control, where
potassium ion is daily excreted with peak values at the middle of
the day [1].

One of the questions still under discussion is how the circadian
period P is kept under homeostatic control as for example seen in
temperature compensation. In the antagonistic balance approach
[97] the variation of the period P with respect to temperature 7,
expressed as dInP/d InT, is given as the sum of the control
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cocfficients [36] CP':B InP/d Ink; multiplied with the RT-
scaled activation energies E; (R is the gas constant):

JdlnP ) dlnk;\ r [ Ei
: <Eilnk,> (amr)‘ZCkf (RT) (1

The sum runs over all temperature-dependent processes 7 with rate
constants k;, where the temperature dependence of the rate
constants is expressed in terms of the Arrhenius equation
ki= A exp(—E;/RT) [98]. A4; is the so-called pre-exponential
factor and can, to a first approximation, be treated as temperature-
independent. Eq. 11 applies to any kinetic model as long as the
temperature dependence of the individual reactions are formulat-
ed in terms of the Arrhenius law.

The condition for temperature compensation is obtained by
setting Eq. 11 to zero. Because in oscillatory systems the C,ﬁ: ’s have
generally positive and negative values, there is a large set of
balancing E; combinations which can lead to temperature
compensation. The various combinations can be considered to
arise by evolutionary selective processes acting on the activation
energies [99]. Because the temperature homeostasis of circadian
rhythms involves a compensatory mechanism [100], which needs
to be distinguished from temperature-independence where all
C[”s are zero, temperature compensation implies that there is a

P:dlnP:
™ dinT

certain set of non-zero control coefficients with associated
activation energies which (under ideal conditions) will satisfy the
balancing condition C%=0 within a certain temperature range.
The argument has been made that the balancing condition
C% =0 should be non-robust and should therefore not match the
many examples where mutations have no influence on the
circadian period [101]. However, it should be noted that Eq. 11
is model-independent and provides a general description how the
period of an oscillator will depend on temperature in terms of the
individual reactions defined by the k;’s. Robustness, on the other
hand, is a property of the actual oscillator model, where the
number of zero C,g’s can be taken as a measure for robustness. For
the frequency controlled oscillators described earlier, there are
certain regions in parameter space such as the shaded region in
Fig. 7a, for which the oscillator’s period is independent towards

Oscillatory Homeostats

variations of those k;’s which lie within this region. As a result,
frequency controlled oscillators will show an increased robustness
against environmental factors that affect rate constants, such as
pH, salinity, or temperature [43,98] and therefore appear to be
candidates for modeling temperature compensation.

We feel that the here shown possibilities how robust concen-
tration and period homeostasis can be achieved provide a new
handle how the negative (and positive) feedback regulations in
circadian pacemakers [102] can be approached. The incorpora-
tion of these principles into models of circadian rhythms may
provide further insights how temperature compensation is
achieved and how circadian rhythms participate in the homeo-
static regulation of organisms [1,103].

Materials and Methods

Computations were performed by using Matlab/Simulink
(mathwork.com) and the Fortran subroutine LSODE [104]. Plots
were generated with gnuplot (www.gnuplot.info)/Matlab. To
make notations simpler, concentrations of compounds are denoted
by compound names without square brackets. All concentrations,
time units, and rate constants are given in arbitrary units (au).

Supporting Information

File S1 (with Figs. S1-S14 and Eqs. S1-857), contains
derivation of the set-point under oscillatory conditions,

construction of the H-fi ion in vative sy
the harmonic approximation of the frequency in con-
servative controllers, hi of quasi-h i

oscillations, and an alternative example of /,//; feed-
back leading to robust frequency control in a motif 2
based limit-cycle oscillator.
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Abstract

Iron is an essential element needed by all organisms for growth and development. Because
iron becomes toxic at higher concentrations iron is under homeostatic control. Plants face
also the problem that iron in the soil is tightly bound to oxygen and difficult to access. Plants
have therefore developed special mechanisms for iron uptake and regulation. During the
last years key components of plant iron regulation have been identified. How these compo-
nents integrate and maintain robust iron homeostasis is presently not well understood. Here
we use a computational approach to identify mechanisms for robust iron homeostasis in
non-graminaceous plants. In comparison with experimental results certain control arrange-
ments can be eliminated, among them that iron homeostasis is solely based on an iron-
dependent degradation of the transporter IRT1. Recent IRT1 overexpression experiments
suggested that IRT1-degradation is iron-independent. This suggestion appears to be mis-
leading. We show that iron signaling pathways under IRT1 overexpression conditions
become saturated, leading to a breakdown in iron regulation and to the observed iron-inde-
pendent degradation of IRT1. A model, which complies with experimental data places the
regulation of cytosolic iron at the transcript level of the transcription factor FIT. Including the
experimental observation that FIT induces inhibition of IRT1 turnover we found a significant
improvement in the system’s response time, suggesting a functional role for the FIT-medi-
ated inhibition of IRT1 degradation. By combining iron uptake with storage and remobiliza-
tion mechanisms a model is obtained which in a concerted manner integrates iron uptake,
storage and remobilization. In agreement with experiments the model does not store iron
during its high-affinity uptake. As an iron biofortification approach we discuss the possibility
how iron can be accumulated even during high-affinity uptake.

Introduction

Iron is an essential element required by all organisms, but becomes toxic at higher levels. Iron
is needed as a cofactor for many enzymes and proteins. To provide a sufficient level of available
iron in the cytosol without leading to toxicity, iron is under homeostatic control. Plants have
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also the problem that iron in the soil under aerobic conditions is generally present as low-solu-
ble iron(I1I)-oxide forms which require a high-affinity transport system for its uptake. To cope
with these difficulties plants have developed two main strategies for iron-uptake, one termed
strategy I for non-graminaceous plants (plants not belonging to the grass family) and the other
termed strategy II for graminaceous plants [1]. During recent years considerable advances have
been made to identify molecular components of the iron uptake and storage mechanisms [2—
7]. In this work we focus on iron regulation of strategy I plants which includes the model plant
Arabidopsis thaliana. Fig 1 gives an overview of the iron flow, storage, and regulatory compo-
nents in these plants. IRT1 has been identified as the major transporter responsible for the
high-affinity uptake of iron from the soil [8-10].

Prior to the uptake of iron(II) by IRT1, iron(III)’s solubility in the soil is increased by secret-
ing H" using H*-ATPases followed by the reduction of iron(III) to iron(II) by a membrane-
bound ferric reductase oxidase (FRO2). The helix-loop-helix (PHLH) transcription factor FIT
[11] has been found to be required for the iron deficiency response in Arabidopsis, where sev-
eral iron regulated genes appear under the control of FIT [12]. FIT interacts with two other
bHLH proteins, AtbHLH38 and AtbHLH39, where the transcription of FRO2 and IRTI are
regulated by FIT/AtbHLH38 and FIT/AtbHLH39 [13]. Once inside the cell, iron(II) is com-
plexed and buffered by several organic compounds, among them Nicotianamine (NA), which
is considered to stabilize predominantly Fe(II) but also Fe(III) [14] and appears to be an impor-
tant transport form of iron in all plants [15-19].

By using IRTI knockout plants Vert et al. [10] observed that IRT1 is necessary for plant sur-
vival in the presence of low external iron levels, but that the absence of IRT1 plants can be
counteracted by adding iron into the watering solution.

In accordance with results from metal-ion homeostasis in yeast [20], Connolly et al. [21]
suggested a homeostasis-mediating mechanism based on the iron-dependent degradation of
IRT1, where the amino acids K164 or K171 in IRT1 have been found to be necessary for IRT1
turnover [22]. This suggestion is supported by experiments [21] showing that the level of IRT1
(and its transcript) is high at low external iron concentrations, but declines once plants are
transferred to sufficient iron conditions. In further agreement with an iron-dependent IRT1--
degradation mechanism, 35S-IRT1 plants which overexpress IRT1 in an Arabidopsis wild-type
background have higher IRT1 transcript levels, while protein levels were low and comparable
to wild-type plants [22].

Barberon et al. [23] observed that overexpression of IRT1 in an IRTI-knockout background
leads to elevated iron levels and toxicity. Furthermore, the IRT1 degradation rate under such
conditions was found to be independent of the actual iron supply, in contrast to the earlier sug-
gestion by Connolly et al. [21] of an iron-dependent degradation of IRT1. Despite the discrep-
ancy whether IRTT1 is subject to an iron-dependent degradation or not, there is a consensus
that in roots mRNA and protein levels of IRTI and FIT are inversely correlated to the amount
of external iron [10, 12, 21-23]. In other words, a sufficient supply of iron leads to low levels of
IRTI and FIT transcripts and low levels of the corresponding proteins. Decreased supply levels
of iron result in the up-regulation of both the IRT1/FIT transcripts and the corresponding
proteins.

Chloroplasts require large amounts of iron due to photosynthesis, heme biosynthesis and
Fe-S cluster synthesis. Besides chloroplasts, also mitochondria have a large demand for iron
due to iron-containing respiratory enzymes. It is therefore expected that also these iron-requir-
ing organelles have mechanisms to maintain iron homeostasis. Comparative studies of deter-
mined iron levels in roots and leaves performed with different wild-type and mutant plants
show that roots have generally an iron content which is approximately one order of magnitude
higher than in leaves (S1 Table). This indicates that in roots protective and homeostatic
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Fig 1. Regulatory components of iron homeostasis in non-graminaceous plant cells. In the presence of iron deficiency the transcription factor FIT
activates the excretion of H* by ATPases AHA2/7, which leads to an increased solubility of Fe(lll). FIT also induces the reduction of solubilized Fe(lll) to Fe(ll)
by the membrane-bound enzyme FRO2 and activates the high-affinity transporter IRT1 and the uptake of Fe(ll). Iron is stored in different organelles with the
vacuole as a major store. Several transporters which move iron into organelles and the vacuole have been identified (see main text). Iron transport to other

parts of the plant occurs in complexed form with the water flow, i.e. via the cytosolic symplast connected by plasmodesmata and perhaps also by a transport
route using a vacuolar symplast. Transporter candidates for iron remobilization from the store are Nramp3/4.
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mechanisms need to be present in order to avoid iron toxicity while delivering iron to other
parts of the plant.

The aim of this work is to rationalize, in agreement with experimental results, the organiza-
tion of controller motifs, which lead to robust iron homeostasis in root cells during iron uptake,
its assimilation and transport to other parts of the plant, as well as iron storage and its remobili-
zation from the store. Before dealing with the aspects of iron regulation we give an overview of
the concept of integral control, its importance for robust homeostasis and the kinetic imple-
mentations which lead to integral control in biochemical systems.
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Kinetic Requirements for Robust Homeostasis

The term homeostasis was introduced by Cannon in 1929 [24]. According to Cannon’s defini-
tion homeostasis maintains the steady states of compounds in an organism/cell at approxi-
mately constant and stable levels, where variations of these compounds may occur within
certain but narrow limits [24-26]. Homeostasis is a concept which is closely related to the
internal stability of organisms and cells [27]. Langley [26] provided an interesting compilation
of key contributions which led to the development of the concept.

In control engineering it is well established that integral control (see e.g. [28]), as part of a
negative feedback loop, will keep the level of a certain variable precisely at a given set-point
even in the presence of environmental perturbations. Although the concept of integral control
has extensively been used in industrial control processes since the last century its relevance
with respect to the regulation of biochemical processes in organisms and cells was only relative
recently pointed out [29] and studied in relation to several homeostatic processes [30-39].

We have been studying the kinetic requirements which lead to integral control in biochemi-
cal systems containing a negative feedback [33, 37, 38] including an extension of the homeosta-
sis concept to oscillatory conditions [40]. To illustrate the effect of negative feedback regulation
on a compound A consider the process:

ky

bat (1)

where k; and k; are rate constants describing the inflow and outflow of A according to the rate
equation:

A=k —k A 2)

Because the steady state level of A depends both on k; and ky, i.e., Ay = ki/k», it is obvious that
A, is not under homeostatic control.

To keep the level of A at a certain set-point A, integral control is invoked as part of a nega-
tive feedback controller loop. In integral control (Fig 2a) the difference (error e) between the
actual value of A and its set-point A, is calculated and integrated over time. The integrated
error E is then used to compensate for perturbations in the concentration of A (for example
when k; or k; are changed by environmental influences), which would drive the level of A away
from its set-point. The controller loops can be divided into two classes, which we have termed
inflow and outflow controllers [37]. An inflow controller provides a compensatory flux, which
adds A from some other source to the system when uncontrolled perturbations decrease the
level of A. In an outflow controller the situation is reversed, i.e., the compensatory flux removes
A from the system by excreting A or moving it to a store [37]. Although a negative feedback
loop is necessary to obtain robust homeostasis, negative feedback alone is not sufficient unless
integral control is invoked. A justification of this statement is given in S1 Text. To illustrate the
kinetic condition that leads to integral control and robust homeostasis, Fig 2b shows an inflow
controller (motif 1, Ref. [37]), where integral control is implemented by an enzyme termed E,,,,
which removes E under close to saturation conditions (low K5 value). The name Ei,, reflects
the enzyme’s importance for determining the set-point of A. The dashed arrows in Fig 2b with
positive signs going from A to E indicate signaling events where A activates enzyme E,,,. In
cybernetic terms the signaling from A to E is termed measurement and is part of the A-sensing
mechanism of the controller. The dashed arrows from E to A indicate the signaling event
where E activates the synthesis of A. In cybernetic terms this represents the control input,
which is part of the compensatory mechanism and maintains homeostasis in A. For the sake of
simplicity we assume here that the signaling events originating from A and E are proportional
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Fig 2. Negative Feedback Loops with and without Integral Control. (a) Flow diagram illustrating th

e concept of integral control. The regulated value of A

is compared with its set-point Ase; and the integral E of the error e between A and its set-point is calculated. £ is fed into the process to compensate
uncontrolled inflow or outflow to and from A. (b) Scheme of an inflow controller, where integral control is represented by removing E with enzyme Ese;, which is
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saturated with substrate E and reflected by a low K5 value. (c) lllustration of robust homeostasis in A for different k4, k, combinations with set-point k,/VEs
Eq (6). The change in k; and k, occurs at t = 50.0 and t = 100.0 time units indicated by the arrows. Rate constants: k3 = 1.0, k, = 2.0, Vst = 1.0, and

Kf,,“’ =1 x 10™*. Initial concentrations: Ao = 2.0, and £, = 3.0. (d) Same negative feedback loop as in (b), but without integral control. The saturating kinetics of
the E-removal is now replaced by a first-order process with respect to E with ks = 1.0. The system is now not able to maintain robust homeostasis in A. Initial
concentrations and the other rate constants are as in (c).

doi:10.1371/journal.pone.0147120.g002

to the concentrations of A and E, respectively. The rate equations for A and E are written as:

A=k +k-E—k-A (3)

. VEea . E

E=k —A —po—r (4)
Ky* +E

Eq (4) determines the set-point for A. For Ky < E, the removal of E becomes zero-order with

respect to E and Eq (4) simplifies to

. k
Bk VA= Vi (g A) = Vi, - ) )

max \ B
Vi

We see that E is proportional to the error e = (A, — A), and as required by integral control, the
concentration of E is proportional to the integrated error (Fig 2a).

Under these conditions, the steady state concentration in A is given as

Ag=Au =k /Vi (6)

and is independent of k; and k,. Fig 2c illustrates the homeostatic behavior of the system when
k; and k, values are varied.

The inset in Fig 2d shows the same negative feedback structure as in Fig 2b, but without the
implementation of an integral controller. The zero-order removal of E in Fig 2b is now replaced
by first-order kinetics:

E=k,—k A E (7)

Because integral control with a defined set-point is lacking the steady state concentration of A
(As,) depends now on all four rate constants:

(8)

Fig 2d shows the numerical results when the same changes in k; and k; are applied as in Fig
2¢, but without integral control. In this case robust homeostasis cannot be maintained, although
the steady state value of A for the negative feedback loop alone (Fig 2d) is higher than it would be
without any negative feedback. Without a negative feedback the steady state would be A, = ki/k;,
i.e,0.5,0.25 and 0.125 for the three different combinations of k; and k; in Fig 2d.

As we will show below, a negative feedback without integral control can still significantly
affect another integral controller’s behavior by improving (decreasing) its response time while
keeping the set-point unchanged.
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Materials and Methods

The experimental results on mRNA and protein levels we here will refer to have been reported in
form of relative grayness levels of gel- and/or Western blots. Because experimentally determined
cellular concentrations and associated rate parameters of compounds are still unknown, concen-
trations, rate constant and parameter values used in the models are kept in arbitrary units (au).
However, to make the correspondence between modeling and experimental results as close as
possible modeling results are reported, as experiments, in a blot-wise manner where gray levels
reflect uncalibrated concentrations. According to the agreed convention in plant molecular biol-
ogy, mRNAs are referred to in capitalized italic letters, while protein names are written capital-
ized and non-italic. Plants that had their IRT1-gene knocked-out are referred to with small italic
letters, i.e. irtl. Computations were performed by using the Fortran subroutine LSODE [41] and
compared with corresponding Matlab/Simulink calculations. Plots were generated with gnuplot
(www.gnuplot.info) and Adobe Illustrator (adobe.com). To make notations simpler, concentra-
tions of compounds are denoted by compound names without square brackets. To make the
computational results available, Matlab files are provided as Supporting Information.

Results and Discussion
Negative Feedback with an Iron-dependent IRT1 degradation

We first investigated the suggestion by Connolly et al. [21] that IRT1 is degraded in an iron-
dependent manner in comparison with the observation by Barberon et al. [23] that overexpres-
sion of IRT1 leads to an iron-independent degradation of IRT1.

To understand these apparently opposing viewpoints we studied the model shown in Fig 3a,
where iron homeostasis during iron uptake is based on an iron-dependent removal of the trans-
porter protein IRT1. The inflow control structure of the model (the rate equations are given in S2
Text) is able to maintain homeostasis when the cellular demand for iron is relatively high.

For simplicity, the (high-affinity) uptake rate of iron by IRT1 is described as

Jien” ¢ =k, - IRT1 - Fe,,, ©)
where jig 1" is proportional to the concentration of the transporter IRT1 and to the concen-
tration of external iron, Fe,,. Because the IRT1-based uptake of iron in general will show satu-
ration kinetics, Eq (9) implies that iron uptake by IRT1 is far from saturation. By using
isothermal titration calorimetry Grossoehme et al. [42] found that Fe** and other IRT1-tran-
sported metal-ions show a relative weak binding to IRT1 and that the description by Eq (9)
appears approximately valid. To further simplify the model, the flux which maintains the cell’s
need for iron and the transport flux of iron from the root to other parts of the plant are lumped
together and described by the term jge-assim

Jre—assim =

k, - Fey, (10)

The IRT1-mRNA (variable IRT1) is considered to be synthesized at a constant rate (k3) and

degraded by a first-order process with respect to IRT1. The IRT1-transporter (variable IRT1)

synthesis rate is proportional to the amount of IRT1 transcript (variable IRTT). IRT1-protein is

considered to be removed in an iron-dependent manner, where iron binds and thereby activates

the IRT1-degrading enzyme E,.. The fraction of activated enzyme removing IRT1 is given as f':
Fe

Fe ot
= r 11
© 7 Ki+ Feg, (1

where K is the dissociation constant between Fey, and the nonactive form of the
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Fig 3. Regulatory loop of high affinity iron uptake and cytosolic iron homeostasis based on an iron-dependent IRT1 degradation. (a) Scheme of the
control loop. Feex: and Fec,: denote external and cytosolic iron, respectively. IRT7 and IRT1 denote mRNA and its protein, respectively. The extracellular iron
concentration, Feey, is allowed to change to different but constant levels. (b) Homeostasis in cytosolic iron levels (Fec,) with respect to sufficient and low

external iron conditions. The set-point for the level of cytosolic iron is given by Eq (12) and is arbitrarily set to Fe;

= 1.0. In the first phase (time t = 0 to t = 50)

Fecx = 5.0 and relative high. To keep iron at its homeostatic set-point during this phase the required concentration of IRT1 is relative low. In the second phase
starting at t = 50 (arrow) Feey is reduced to 0.5. Due to this reduction the IRT1 level is increased to keep the cytosolic iron concentration close at its set-point.
In the third phase (t = 100 to t = 150) iron is resupplied and IRT1 levels decrease again. Other rate parameters remain unchanged during the three phases,
i.e.k1=1.0,kz=2.0,k3=1.0x 10% ks =1.0x 10% ks = 1.0 x 102, VE=' = 2.0 x 10%, K& = 1.0 x 10~*, and K® = 1.0. Initial concentrations are Fegy,0 = 1.0,
IRT1, - 1.0, and IRT1g - 0 4. (C) Representation of results in a ‘blot-like’ manner. +Fe and —Fe denote sufficient and low external ion conditions, respectively.
For each component (/RT1, IRT1) the gray levels (0-100%) reflect the relative IRT1/IRT1 concentrations at +Fe and —Fe conditions. (d) Experimental data,

slightly rearranged from Fig 6A in Ref. [21].

doi:10.1371/journal.pone.0147120.g003
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IRT1-degrading enzyme not having bound IRT1. The binding event between iron and the
IRT1-removing enzyme can be seen as part of an iron sensing mechanism, where the amount of
IRT1 reflects the concentration of cytosolic iron and may mediate this information to the regula-
tion of other substances. Such a mechanism appears to be present to nitrate uptake in Arabidop-
sis where the nitrate transporters influences other uptake mechanisms [43, 44]. Due to the
binding of iron to E, f1* has saturation properties. IRT1-degradation by the activated enzyme is
described by a Michaelis-Menten type of reaction with a relative strong binding to its substrate,
i.e. with a relative low Ky value. Experiments indicate that IRT1 is degraded by the proteasome
after ubiquinitation [23, 45]. The kinetics of the iron-induced IRT1 removal defines the set-point
for cytosolic iron homeostasis. Setting both IRT1 = 0 and IRT1 = 0 together with
Kyi* < IRT1, gives the following expression for the set-point (see S2 Text):

ky - ks - K:e

Feppor =75 —"— 12
T ke Vi — kg - kg 12

The condition K3 < IRT1 represents an idealization used here for illustration, such that
the controlled variable (here cytosolic iron) is kept at its set-point with high precision. How-
ever, it is presently not known at what degree of precision biochemical controllers usually oper-
ate. For controllers where K values do not meet the condition K1 < IRT1 it has been
shown that the value of K is a direct measure of the controller’s accuracy [37].

Fig 3b shows the levels of Fey, IRTI-mRNA and the IRT1 transporter for sufficient (“+Fe”)
and low (“~Fe”) external iron conditions. The term ‘sufficent’ here means that the level of
external iron is such that no significant up-regulation of IRT1 is necessary to meet the iron
need of the cell/plant as expressed by the assimilation flux jee.assim = k2-Feyr. In the case when
the external iron concentration is low IRT1 needs up-regulation in order to meet the plant’s
requirement for iron while keeping Fey close to its set-point.

Fig 3c shows the IRTI transcript and IRT1 protein levels in terms of a blot/gel-like view as
would be obtained by Northern and Western blots, respectively. The relative concentrations in
IRT1 at +Fe and —Fe conditions are expressed in terms of the gray percentage value, where the
high IRT1 value of 4.0 (at “~Fe” condition) has been assigned a gray-level of 100% (black),
while at the +Fe condition the gray-level has been reduced to 10% in accordance with the
reduction of the IRT1-level to 0.4.

Ignoring for the moment the IRT1 transcript data, the IRT1 protein dynamics of the con-
troller are in good qualitative agreement with experimental results [10, 21, 23, 45], showing
that at sufficient iron conditions, IRT1 levels are kept low but increase when iron becomes less
available (Fig 3b and 3c). Fig 3d shows corresponding experimental data by Connolly et al.
[21]. The up-regulation of IRT1-mRNA and IRT1-protein at iron-deficient conditions is
clearly seen. When iron is resupplied, experiments and calculations show that IRT1-levels
decrease again (see Fig 2 in [21] and Fig 3b).

IRT1 Overexpression Leads to Saturation in Iron Signaling

When IRT1 is over-expressed in plants with an IRTI-knockout background Barberon et al.
[23] observed accumulation of IRT1, metal/iron overload, and oxidative stress. Under these
conditions IRT1 degradation rates were found to be independent of the amount of supplied
external iron, in contrast to the suggestion of an iron-dependent degradation of IRT1 consid-
ered in earlier work [21, 22]. We here show that under IRTI overexpression conditions the
observation of iron overload and an iron-independent degradation of IRT1 can be rationalized
by the homeostasis model in Fig 3a. In the model overexpression of IRT1 is achieved by
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increasing kj. As k; increases the set-point of cytosolic iron also increases see Eq (12) and leads
to elevated levels of cytosolic iron, which can explain the observation [23] of iron overload.

Fig 4a shows the model’s behavior when ks is increased from 1.0 x 10 to 1.9 x 10 at £ = 50.
This increase in k; leads to an increased set-point from 1.0 to 19.0. In addition, IRT1 levels are
also increased in order to maintain homeostasis at the higher set-point. Although the homeo-
static performance of the system is still functional at the new k; value, the signaling pathway
from iron to IRT1 degradation is reaching its capacity limit with a change of £ from 0.50 to
0.95. Accordingly, the rate of IRT1 degradation, jigr1-degr> described by Eq (13) has moved
close to its maximum level of Vs« (Fig 4a).

max

Fe VEe . TRT1

. oyt max
= 13
JIRT1-degr KE< + Fe,, K&u + IRT1 (13)

Once the synthesis rate of IRT1 (jiy,_gui, = K5 - IRT1) exceeds the capacity V. of the
IRT1-degrading enzyme, IRT1-protein and cytosolic iron levels increase dramatically. This is
shown in the third phase of Fig 4a when k3 = 1 x 10°. As a result of the large jirT1-syneh flux, the
signaling pathway from iron to IRT1 degradation becomes saturated, i.e., f — 1, the negative
feedback is no longer operational, and IRT1 levels rise. At this stage the IRT1 degradation rate
becomes saturated and independent of the external iron concentration, as illustrated in Fig 4b.
In Fig 4c the calculated overexpression results are replotted in form of dot blots. Fig 4d shows
corresponding experimental results taken from Fig 1D by Barberon et al. [23]. In agreement
with the modeling results for IRT1-protein (Fig 3c), the experimental results by Barberon et al.
show the same wild-type (WT) regulation as previously observed by Connolly et al. [21] (Fig
3d) and others. However, for 35S-IRT1 overexpression conditions, the results by Barberon
et al. [23] indicate a loss of IRT1-regulation by external iron (Fig 4d), while Fig 6B (lanes 1 and
2) by Connolly et al. [21] still shows such a regulation. This apparent disagreement between
the 35S-IRT1 overexpression results can be rationalized by assuming that the IRT1 synthesis
rate in the experiments by Connolly et al. rate is still below the capacity of the cell’s IRT1 degra-
dation capacity, while for the IRT1 overexpression conditions by Barberon et al. the IRT1 syn-
thesis rate has exceeded that capacity. The signaling event from cytosolic iron to the
degradation machinery for IRT1 in Fig 3a can be interpreted to be part of the system’s iron
sensing mechanism which breaks down. The breakdown/saturation of a still undiscovered iron
sensing mechanism would be another alternative to interpret the iron-insensitivity of IRT1
degradation/inactivation at strong IRT1 overexpressing conditions. Thus, overexpression stud-
ies alone do not provide sufficient evidence to rule out an iron-dependent degradation/inacti-
vation of IRT1 at normal operating conditions.

Model including /IRT7-mRNA and regulation by FIT

The model in Fig 3a did not include the regulation of IRT1 transcript levels as indicated by the
experiments shown in Fig 3d. In addition, the FIT gene was found to be essential for the high-
affinity uptake of iron [10, 12, 21, 23, 46, 47]. The complex between AtbHLH38/AtbHLH39
and FIT has been found to activate IRT1 and FRO2 expression [13]. In addition, FIT was found
to take part in the inhibiting of IRT1-protein degradation [12]. Model calculations shown
below predict that the FIT-induced inhibition of IRT1 degradation has a role in improving
(decreasing) the response time of the plant’s iron homeostatic system.

Fig 5a shows an extended model for the high-affinity uptake of iron and cytosolic iron
homeostasis including IRT1 and FIT transcript and protein levels. The rate equations of this
model are given in S3 Text. The variable TF (Fig 5a) lumps together the transcription factors
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Fig 4. IRT1 overexpression leads to an increased iron set-point, iron overload and to in the iron-dependent degradation of IRT1. (a)
Increase of IRT1 synthesis rate k3 at different external iron levels. At times t = 50 and t = 100 (indicated by arrows) the values of Fe, and ks are changed as
indicated in the figure. As long as the IRT1 syntesis rate jirr1-syntn is lower than its degradation rate (t = 0 to t = 100), the cytosolic iron concentration is under
homeostatic control at its new set-point Eq (12). When jigr1-syntn becomes larger than jirr1.qeqr iron levels rise and the IRT1 degradation rate jirr1-gegr g0€S
into saturation (t = 100 to t = 150). The negative feedback loop is broken and iron homeostasis lost. (b) Demonstration of iron-independent degradation of
IRT1 when jigT1-synth > jirT1-degr- The Overexpression rate (ks) is kept constantat 1 x 10° while external iron concentrations Fee, are changing. For each Feey
value (5.0, 0.5, and 0.01) the IRT1 degradation rate is at its maximum value Vst and independent of the cytosolic iron concentration. Rate constants, except
ks, are as in Fig 3c. (c) Calculated IRT1 expression levels shown as “dot-blots”. (d) Corresponding experimental results by Barberon et al. (Fig 1D in [23]).

doi:10.1371/journal.pone.0147120.9004
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Fig 5. Model for iron uptake including /RT1 and FIT. (a) Reaction scheme of the model. See S3 Text for
rate equations. (b) Overview over the feedback structure of the model at the protein and cytosolic iron levels.
The inhibition outlined in blue defines an additional auxiliary negative feedback which does not influence the
set-point of cytosolic iron, but accelerates the adaptation kinetics of the controller (see (d)). (c) Regulation of
IRT1- and FIT-mRNA and protein levels and response kinetics of the iron uptake system at low (-Fe) and high
(+Fe) external iron concentrations and in the absence of the auxiliary feedback (K™ = 1 x 10°). The lower
part of the panel shows the IRT7- and FIT-mRNA and protein levels in a blot-like representation, where high
levels under -Fe conditions have a gray scale of 100%, while +Fe levels have a reduced gray scale in relation
to their reduced numerical values. (d) Same as in (c), but now in the presence of the auxiliary feedback

(K™ =1 x 10"). Note the improvement in the adaptation kinetics of the system. Rate constants for (c) and
(d):ky=1.0,kp=2.0,ka=1x10%, ks =1.0,ke =4 x 102, kg = 1 x 10%, K™ = 1 x 10°, k11 =1x10% ko =
1x10% KETTF = 1 x 10", kg =1x 102, k1g=1x 10", koo = 1 x 10%, kpy =2 x 104, KF® = 1.0, ko5 = 4.0,

VAT =2.0,KfT =1 x 107", Initial concentrations for (¢): Fecyo = 1.0, IRT19=4.0, IRT 1, = 16.0, FITo=381.0,
TFo=0.5, FIT-TFg - 190s.0, FIT, = 381.0. Initial concentrations for (d): Fecyio = 1.0, IRT15=4.0,/RT1, = 0.3,
FITo=5.6, TFo=0.5, FIT-TFy - 25,0, FIT, = 5.6. (e) Experimental results of IRT1 and FIT mRNA and protein
levels in wild-type Arabidopsis roots under iron sufficient (“+Fe”) and iron deficient (“-Fe”) conditions. The
IRT1-protein and mRNA results as well as the FIT-mRNA blot are reproduced with permission from Fig 1 of
Ref. [12]. The FIT-protein Western blot is reproduced with permission from Fig 4A of Ref. [47].

doi:10.1371/journal.pone.0147120.9005

AtbHLH38 and AtbHLH39 which bind to FIT (FIT-TF) and activate the transcription of IRT1
[13]. The activations of FRO2 and AHA2/7 by FIT is not considered in the model. Many exper-
iments confirm that the levels of IRT1- and FIT-mRNAs as well as IRT1 and FIT proteins are
up- or down-regulated when external iron levels are decreased or increased, respectively. [10,
21, 23, 45-47]. The simplest way to rationalize the behaviors of these components is to place
the homeostatic regulation point of cytosolic iron at the level of FIT-mRNA. An increase of
FIT-mRNA levels when external and cytosolic iron are low (iron limiting conditions) will
induce an increase in FIT-protein, and as a follow-up reaction, an increase in both IRT1I-
mRNA and IRT1 protein levels. Thus, separate regulatory loops for IRTI-mRNAs as well as
FIT and IRT1-protein levels are in principle not necessary, although additional regulations are
possible such as the identified FIT-induced inhibition of IRT1-degradation [12], which
increase the performance of the homeostatic system. In the model, the regulation of FIT-
mRNA is included in form of an iron-induced inhibition of FIT-mRNA synthesis. Alterna-
tively, an iron-induced activation of FIT-mRNA degradation is possible, which shows practi-
cally the same up- and down-regulation characteristics of the components (data not shown).
These are the only two possibilities of inflow controller motifs which match with the up- and
down-regulation of the “E”-component [37] in the regulatory loop (here the “E”-component is
the FIT-mRNA). There are presently no experimental indications favoring the inhibition of
FIT-mRNA synthesis over an activation of its degradation or vice versa. For this model (Fig 5a)
the set-point for cytosolic iron is determined by the rate equation for FIT:

ky-KF  VILLFIT

max (14)

FIT = -2 "L “max — "~
Kfe +Fe,, K™+ FIT

Setting FIT = 0 and using the condition/assumption that K}/ < FIT the following expression

for the set-point of Fe.y is obtained

Ky
Fell,, = Kj* (Vi-;f - 1) (15)

max

Fig 5b shows the outline of the feedback structures for the model in panel a. The inhibition
of IRT1 degradation induced by FIT, outlined in blue, defines an additional experimentally
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Fig 6. Model of plant iron homeostasis integrating uptake, storage, assimilation/transport and remobilization from the store. (a) The model
combines a low-affinity iron uptake based on an iron-dependent derepression mechanism of inhibitor S [53], which leads to iron storage (outlined in blue), an
R-based iron remobilization mechanism from the store (outlined in ochre), the FIT-based high-affinity iron uptake mechanism from Fig 5a (outlined in green)
and a lumped expression for the iron assimilation and transport flux to other parts of the plant (outlined in red). Note the renumbering for some of the rate
constants in comparison with Fig 5a. See S4 Text for rate equations. (b) Calculation showing cytosolic and external iron concentrations during the low- and
high-affinity uptake of iron and iron remobilization from the vacuole. (c) Same calculation as in (b), but showing the different iron fluxes. Rate constants and
initial concentrations for (b) and (c): k1 = 1.0, kp = 2.0, kg =1 x 102, kg = 1.0, ks = 4 x 10%, k; =1 x 10% kg = 1 x 10%, kg = 15.0, VS, = 10.0,K§, = 1 x 10",

KS = 0.1,ki3=0.5,k14=0.8, VA = 1.0,K] =1 x 107" k1g=0.5,kpo =5x 107, K™ = 1.0, kpg = 4.0, VFT = 2.0, KT =1 x 107" ko7 =1x10% kpg = 1x 10°,
koo =1x10% kao=2x 10* kap = 1x 10, kaz = 10.0, KT = 1 x 10", KI'™ = 0.01. Feey,0 = 10.0, all other initial concentrations are zero.

doi:10.1371/journal.pone.0147120.g006

identified negative feedback [12]. We incorporated this feedback, like that in Fig 2d, without an
integral controller and with no influence upon the set-point value of Fey Eq (15).

Although having no influence on Fe.y’s set-point, the feedback generated by the FIT-
induced inhibition of IRT1 degradation, significantly improves the controller’s adaptation
kinetics to the set-point (Fig 5¢c and 5d) and indicates a biological role for the FIT-induced inhi-
bition of IRT1 degradation. We suggest to call this type of negative feedback loop for an ‘auxil-
iary feedback’.

Besides the inhibition of IRT1 degradation by FIT [12] several other additional negative
feedback arrangements either in form of auxiliary feedbacks or containing an integral control-
ler appear possible. An additional candidate for a helper feedback may be an iron-dependent
degradation of FIT. Experiments have shown that the proteasomal degradation of FIT is neces-
sary for the plant’s iron deficiency response [47, 48], but whether cytosolic iron regulates a pro-
teasomal FIT degradation is presently not known. Also an iron-dependent degradation of IRT1
as previously suggested [21] can act as an additional auxiliary feedback.

The model results described in Fig 5¢ and 5d are in good agreement with corresponding
experimental findings shown in Fig 5e where the results from different laboratories are shown,
i.e., the respective up- and down-regulations of IRT1 and FIT transcript and protein levels at
high and low external iron conditions.

Iron Homeostasis Including Storage and Remobilization

At high external iron concentrations iron is taken up by an IRT1-independent mechanism
[10], possibly due to a low-affinity uptake of iron by other metal-ion transporters [49-51].

Under high cytosolic iron concentrations the inflow controller in Fig 5a will automatically
shut-down [37], while iron can still enter the cell and lead to high and potentially toxic iron lev-
els [52]. To avoid the buildup of excess iron in the cytosol plants store and bind inflowing iron.
One of the components is ferritin, a protein which is able to bind a large number of iron atoms.
Ferritin is found in leaf chloroplasts [53] but also in mitochondria [54] probably reflecting the
high abundance of iron in these organelles. Although ferritins are essential to protect the cell
and its organelles from oxidative stress, ferritin is not considered to be a major iron pool for
either seedling development or for the photosynthetic apparatus [52, 55]. Another molecule,
Nicotianamine (NA), which is synthesized from three S-adenosylmethionine molecules, binds
both Fe(II) and Fe(III). Although the binding constants are high for both oxidation states, Fe
(1I) is kinetically stabilized under aerobic conditions [14]. The NA-Fe(II) complex appears to
be an important intracellular iron transport form for all plants and is a relative poor Fenton
reagent [14, 16-18]. In the tomato mutant plant chloronerva where NA is nonfunctional due to
a single base change [15], retarded growth of shoots and roots was observed, despite the fact
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that sufficient external iron was made available. In these plants precipitation of Fe(III)-phos-
phate occurred [56], providing an explanation why iron in chloronerva appeared less available.

Localization studies of NA, used as an indicator for the NA-Fe(II) complex and thereby for
iron, revealed for different wild type plants that at low external iron concentrations most of the
NA label appeared in the cytosol. For high iron loading conditions NA was found to be located
in the vacuole [16]. This suggests that the vacuole acts as an iron store at sufficient high exter-
nal iron concentrations, but that no vacuolar storage of iron occurs under iron-limiting condi-
tions. In yeast, iron is stored as Fe(III), which during its remobilization from the vacuole is
reduced by Fre6p to Fe(III) [57]. For plants, no corresponding metalloreductase has so far been
found [58] indicating that the main storage form of iron in the vacuole appears to be com-
plexed Fe(II).

A candidate for transporting iron into the vacuole is IRT2, a homolog to IRT1 which is co-
regulated with FRO2 and IRT1 [59]. IRT2 is expressed in intracellular membranes. It has been
suggested that IRT2 is part of an overflow mechanism [18], which sequesters iron into the vac-
uole or other non-characterized intracellular vesicles [60]. Other candidate transporters for
moving cytosolic iron into the vacuole are VIT1 (during seed development) [61], FPN2 [62], a
homolog of mammalian ferroportin and VTL [63]. In Arabidopsis, NRAMP3 and NRAMP4
take part in the iron remobilization from the vacuole into the cytosol during iron deficiency
[18, 64, 65].

Fig 6a shows a model integrating low- and high-affinity iron uptake with iron storage and
iron remobilization. The S4 Text describes the rate equations. The change in cytosolic iron con-
centration can be expressed by the following fluxes

B = fine im0~ Jreasim  Jre-sorae T et (16)
jie ek (outlined in blue) is the low affinity uptake rate of iron, which we for the sake of sim-
plicity assumed to be proportional to the concentration of the external iron concentration
Fex, i.€., not necessarily only diffusion-driven

-Fe—uptake __
Jow afin = Ky - Fegy (17)

ek (outlined in green) is the high affinity uptake rate of iron

Jin™ = kyy - IRTL - e, (18)

where IRT1 is the concentration of IRT1-protein in the membrane.
Jre-assim (Outlined in red) is the flux combining the assimilation of iron and its transport to
other parts of the plant. This flux is described as Eq (10), i.e.

re-assim = ks - Fe,, (19)

Jre-storage (Outlined in blue) is the flux moving cytosolic iron into the store (the vacuole and
other organelles). The activation of this flux is based on a mechanism which was described for
the activation of ferritins in the presence of excess iron [53]. Under low iron conditions the
transport of iron into the store is blocked by a still unknown inhibitor S. However, when iron
inflow into the cytoplasm becomes high S is degraded by the proteosome in an iron-dependent
manner and iron can enter the store [53]. The iron flux into the store is described by

K
Jre-storage = k; - Fe(yl . (KIS + S) (20)

where K} is a inhibition constant by which S inhibits jre. storage- For the sake of simplicity the
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concentration of the transporters (IRT2/FPN2) moving iron into the store are considered to be
constant, i.e, k; = k- (IRT2/FPN2) = constant, such that the flux of iron into the store is
proportional to the concentration of Fey. The inhibitor S may act at different levels, i.e. either
directly inhibiting the transporter which moves iron into the store, or, like in the case of ferri-
tin, acting at the transcriptional level [53].

The remobilization of iron from the store into the cytosol (ochre-colored) is formulated as

Jre-remobit = Kis - Fegore R (21)

where R is the remobilization regulator and an inflow controller with respect to cytosolic iron.
The rate equation of R is given as:

R A Vo "R
R = fio gy — Jrodegr = Kia — <m) - Fey, (22)
Also here the concentration of the transporters NRAMP3/4 is considered to be constant, i.e.,
k3 = K,, - NRAMP3/4 = constant. We are not aware of any identified feedback scheme with
respect to iron remobilization from the vacuole. In this respect, the here suggested mechanism
involving R is hypothetical. The set-point concentration of cytosolic iron with respect to inflow
controller R is obtained by setting Eq (22) to zero and assuming that Ky, < R. Solving for Fe.y,
gives
k
Fe? ., =-— (23)

t,set
T Vow

The kinetics of the external iron source is described as

©_ Fe-uptake  Fe-uptake
Feo = —Jiow amn — JirTi (24)

The rate equation for iron within the store is given by

Fe.... = j — Jire_remobsil — Jre_symph (25)

Finally, we have the rate equation of the regulator S for iron storage:

S= jsfsynlh 7j57degr (26)

where js_syne is a constant (ko), while js_geg; is activated by cytosolic iron and described by
Michaelis-Menten kinetics

iy = Fe, (VoS (27)
]S—dch - oyt Kix +S
The set-point during storage is determined by setting $ = 0 Eq (26), which leads to

S jS*& ynth
Fe == (28)
cyt,set VSmX
To ensure that the combined controllers work flawlessly together, their set-points need to be in
a certain hierarchical order as wind-up may occur otherwise [36, 37]. We have chosen the rate

= 1.0,and Fe® = 0.8. The different set-point val-

cytset

parameters such that Fe}, ,, = 1.5, Fe[[[,
ues also allow that the phases of storage, high-affinity uptake, and remobilization from the
store can be easily identified (Fig 6b).

Fig 6b shows the concerted and integrative behavior of the combined controllers. The initial

concentration of external iron, Fe.y, is 10.0 and relative high. At this condition the IRT1-based
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high-affinity uptake system is down-regulated and a still unknown uptake system moves iron
into the cell [10]. To avoid a buildup of toxic iron within the cytosol, the excess of incoming
iron (relative to the set-point of the S-controller) is moved by the S-controller into the vacuole/
store. The negative feedback control loop for keeping homeostasis during storage (controller
motif 6, [37]) is analogous to the motif identified for ferritin regulation ([53], see also above).
The flux into the store, jre-storages decreases gradually with the decrease in the external iron
concentration. At approximately 1250 time units (Fig 6b and 6¢) there is not sufficient external
ion available to maintain the homeostasis by the S-controller and the cytosolic iron concentra-

. . AFe ake . . . .
tion decreases (Fig 6b). As i, “Fior decreases the need for iron is satisfied by an increased

IRT1-based uptake flux, jig 1", such that ji, "2 and je, *** together compensate the assim-

ilatory flux jge.assim and maintain cytosolic iron homeostasis, i.e.,
Fe-assim

. __ Fe—uptake | Fe—uptake
Jre-assim = Jiow aftn T JiRT1 (29)

The successive up-regulation of jp " continues until the external supply of iron is

exhausted. In the model calculation this occurs at about 2600 time units (Fig 6b and 6c). In the
final phase starting at about 2600 time units, the remobilization flux je remobil from the store is
activated and solely balances the assimilatory flux jre.agsim-

The arrangement of controller motifs in Fig 6a leads only to iron storage when a large
amount of iron can enter the cell. In case the external iron concentration is low and iron
becomes limiting, no significant storage of iron can occur. This is illustrated in Fig 7 showing
the system’s response when the external iron concentration is kept at 1.0. While the FIT/IRT1--
based controller balances the assimilatory flux jpe_assim DO significant flux into the store occurs,
and the store is emptied by the putative symplast iron transport [66, 67] which connects the
vacuole to other parts of the plant (described by the flux jee_symplast = k22 Festores Fig 62). This
strategy of vacuolar iron storage when there is only a surplus of external iron available fits well
with experimental findings when NA-labelled plants are exposed to low and high external iron
concentrations [16].

Increasing Vacuolar Storage of Iron at Low External Iron Concentrations

According to the World Health Organization iron deficiency is the most common and wide-
spread nutritional disorder in the world [68]. As reviewed by Jeong and Guerinot [6] an under-
standing of iron homeostasis is not only important for getting better plant growth and
increasing crop yields but also to improve human nutrition. Different approaches for iron bio-
fortification in plants have been used, among them increasing the amount of ferritin and NA.
Based on the properties of the here described controller motifs, we suggest a model-guided
approach to increase the amount of stored iron in roots even when iron is taken up by the
high-affinity system. The strategy is to place an inflow controller with respect to vacuolar iron
within the vacuolar membrane while target the controller molecule into the vacuole (Fig 8a,
outlined in gray). An inflow controller motif will try to maintain an iron homeostatic set-point
in the vacuole defined by the negative feedback structure of the controller molecule I. Four con-
troller motifs are in principle possible to achieve inflow control [37]. We here illustrate the
approach using motif 1 [37] with an iron-induced degradation of controller I, while I is activat-
ing the inflow of iron into the vacuole (Fig 8a). The set-point of this controller is given by the
ratio between I expression and its maximum degradation rate. An expression for the set-point
is obtained by setting the rate equation for I to zero and solving for Feyye, i..,

. VoI
= kg — Feyy (K:"“; 1) =0 (30)
"M

PLOS ONE | DOI:10.1371/journal.pone.0147120  January 22,2016 18/26




@ PLOS ‘ ONE Plant Iron Homeostasis

4115
Fe_ = 1.0 (constant) 1

ext -

FeFIT =10

cyt,set J

o)

8

FIT I
o

12}

(0]

L

: 0
40 60 80 100

time (au)

Fig 7. Iron-based derepression mechanism of iron storage is not active at low external iron concentrations. The figure shows that the iron-based
derepression mechanism for iron storage (Fig 6a) cannot activate iron storage at low external iron concentrations when the IRT1 high-affinity uptake system
is active. In this calculation the external iron concentration Feey is kept constant at 1.0. Initial concentrations and rate constants for this calculation are as in
Fig 6b and 6¢, except for kz (= 0.1) which accounts for a symplastic removal of iron out of the vacuole and leads to a decrease in Fegore. The FIT and
IRT1-based high affinity uptake is able to keep the cytosolic iron at its set-point Fe’7 _, = 1.0, while the S-based outflow controller (Fig 6a), responsible for

iron storage, is inactive.

doi:10.1371/journal.pone.0147120.9007

cytset

Assuming that K}, < 1, the vacuolar iron set-point is given by

Fe o = (31)

1
store,set
1
store,set

Fig 8b illustrates the behavior of the system with a Fe = 700. Even at low iron conditions

the system now accumulates iron in the vacuole, where Fe, is an upper limit for the vacuo-
lar iron concentration. At present this approach is purely theoretical, but transport routes to
incorporate newly synthesized/overexpressed transporters such as FRP2 into the vacuolar
membrane are known and can be used in a synthetic biology approach to generate iron accu-
mulating plants. The usage of the vacuole to store increased amounts of iron has the advantage
that increased iron concentration inside the vacuole are nontoxic to the plant, because
FRP2-mediated transport of iron protects the plant from iron shock [69]. Although there has
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Fig 8. Iron storage during high-affinity uptake. (a) The model is an extension of that in Fig 6a containing in
addition inflow controller molecule | inside the vacuole which activates a transporter located in the vacuolar
membrane. Controller molecule | is subject to an iron-dependent degradation. The rate equation for lis: | =
Ky — Fegoe - Voo - 1/(Ky, + 1) (b) Calculation showing the increase of iron in the vacuole, Fegore, as a function
of time. The iron set-point inside the vacuole is given by Eq (31) and set to 700.0. The flux of iron entering the
vacuole due to controller | is given as: je=*® =k, - Fe, - I. The additional parameter values are: k17 =
1x1073, kyg =700.0, V! =10,K}, =1 x 10 ". Other parameter values and initial concentrations as in Fig 6.
The initial concentration of controller | is zero.

doi:10.1371/journal.pone.0147120.9008
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been made considerable progress in the understanding of plant iron regulation, our knowledge
about the iron regulatory elements, their concentrations and kinetics are still fragmentary. We
hope that the here suggested model-guided approach may stimulate further theoretical and
experimental work leading to an increased understanding and better modification of iron regu-
lation in higher plants.

Hierarchical Arrangement of Inflow and Outflow Controllers

We have presented a model of plant iron homeostasis in root cells with emphasis on non-gra-
minaceous plants/Arabidopsis, which integrates low- and high-affinity iron uptake, iron stor-
age and remobilization as well iron assimilation and transport of iron to other parts of the

plant. The model is based on a hierarchical arrangement of set-points when combining inflow
and outflow controllers with respect to cytosolic iron. The outflow control arrangement (con-
troller S) has the highest set-point (Feiy‘_set
of the cell (store). An inflow controller associated with a high-affinity uptake system provides

) and moves iron from the cytoplasm to another part

the next level of control with a set-point (Fe!’ )’fm) below that of the outflow controller. This con-
trol level does not allow for storage, but balances the need of the cell for iron to maintain its
functions while keeping the cytosolic iron concentration at a high enough level. The final level
of control is that of remobilizing iron from the store back into the cytosol to balance the assimi-
latory flux and the need to maintain cellular function. The set-point of this control level

(F

€ll1«) has the lowest value. This hierarchical arrangement of set-points

S FIT R
Fecy\.ser > Fecy\ et = Fecy\.set (32)
allows for a concerted and cooperative manner of how the controllers are activated in response

to external and internal iron supplies and requirements. Otherwise, if for example Fe:"y_m <

Fel,, ., the store of iron would be always emptied before external iron is used by the high affinity

uptake system. When Fe? < Fell  the iron concentration will settle somewhere between

cyt.set cyt.set
both set-points, while both controllers are actively trying to move the cytosolic iron concentra-
tion to the level of their respective set-points. This behavior, when both S- and FIT-controllers
are working “against each other” and leading to a constant upregulation of S, FIT-mRNA, and
FIT-protein is referred to as “integral wind-up” [37]. To avoid windup, we anticipate that in all
robustly homeostatic controlled systems a hierarchy of set-points is established as described by

Eq (32) in order to maintain a concerted operation of the individual controllers.

Sensor Mechanisms

Organisms need certain mechanisms to adapt to environmental changes. In this respect sensors
and sensor mechanisms appear necessary to get information about the environment. The
sequence of processes

sensing — transduction — reaction (33)

has been considered as a general model how organisms and cells adapt to a changing environ-
ment [70]. In the literature [6] the anticipation of a not yet identified iron sensor upstream of
FIT participating in iron homeostasis has been expressed. The regulatory structure in Fig 5b
for the uptake of iron suggests an iron-sensing and signaling mechanism from Fey to FIT. As
indicated above two possibilities exists for an inflow controller arrangement which matches the
FIT and IRT1 dynamics upon external iron changes: either an inhibition of FIT-mRNA synthe-
sis or an activation of its degradation. In addition to these sensing mechanisms as part of the
regulatory negative feedback, there may be additional sensors that could, for example, be part
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of a feedforward control mechanism [71] to further optimize the system’s homeostatic
response. In feedforward control environmental changes are measured/sensed and integrated
into the negative feedback loop. Feedforward behavior is preset and appears to have developed
due to an evolutionary process. Feedforward mechanisms are associated with anticipative
behaviors of a system [72, 73] as found for example in circadian control [74, 75]. Plant iron has
actually been found to be under a circadian regulation [53, 76]. Although not considered here,
we have recently found that some of the controller motifs can be extended to work under oscil-
latory conditions [40], which will be a subject of further investigations.
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Abstract

The level of cytosolic calcium (Ca?*) in cells is tightly regulated to about 100 nM
(pCa ~ 7). Due to external stimuli, the basal cytosolic Ca?* level can temporarily be
raised to much higher values. The resulting Ca?* transients take part in cell-intrinsic
signals, which result in cellular responses. Because of its signaling importance and that
high levels of Ca?t can lead to apoptosis, regulation and homeostatic control of cytosolic
Ca?* is essential. Based on experimentally known molecular interactions and kinetic
data together with control theoretic concepts (integral feedback) we developed a basic
computational model describing robust cytosolic Ca?* homeostasis. The aim of the
model is to describe the integrative mechanisms involved in cytosolic Ca?* homeostasis
in non-excitable cells. From a model perspective, the cytosolic steady state value (set
point) of 100 nM is determined by negative feedback loops (outflow controllers), one
of these represented by the plasma membrane Ca?t ATPase (PMCA) - calmodulin
(CaM) pump and its activation by cytosolic Ca?*. Hysteretic behaviors of the Ca pumps
and transporters have been added leading to improved kinetic behaviors indicating
that hysteretic properties of the Ca?* pumps appear important how cytosolic Ca?*
transients are formed. Supported by experimental data the model contains new findings
that the activation of the inositol 1,4,5,-tris-phosphate receptor by cytosolic Ca?* has
a cooperativity of 1, while increased Ca?*t leads to a pronounced inhibition with a
cooperativity of 2. The model further suggests that the capacitative inflow of Ca?* into
the cytosol at low Ca?* storage levels in the ER undergoes a successive change in the
cooperativity of the Store Operated calcium Channel (SOCC) as Ca2* levels in the ER
change. Integrating these aspects the model can show sustained oscillations with period
lengths between 2 seconds and 30 hours.

Author Summary

Cytosolic calcium is subject to a general homeostatic regulation to about 100 nM against
a ten thousand times larger extracellular calcium concentration. We investigated the
conditions for robust cytosolic and luminal (endoplasmatic reticulum, ER) calcium
homeostasis in non-excitable blood and epithelial cells and how external and internal
calcium perturbations affect these homeostatic mechanisms. We found that gradual time-
dependent (hysteretic) changes of calcium pumps and transporters and their associated
cooperativities play an essential role in observed kinetics of the calcium flow in and out of
the ER. Using a two-site calcium binding model we quantitatively describe the cytosolic
calcium-induced calcium transport out of the ER with a cooperativity of 1, and its
inhibition at higher cytosolic calcium concentrations with a cooperativity of 2. For the
capacitative Ca entry by Store Operated Calcium Channels (SOCCs) when ER calcium
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needs to be refilled we find excellent agreement between experimental kinetic data and
the model when the cooperativity of luminal calcium changes from 1.3 at 500 M to 0.8
at 20 pM. Integrating these different aspects of cytosolic and store calcium regulation
leads to a basic model for cellular calcium homeostasis, which can show oscillations with
period lenths from a few seconds up to 30 hours!

Introduction

Calcium is one of the most abundant and versatile cations in organisms and the human
body. Not only important for the maintenance of the skeleton, calcium is also important
for the overall health and signaling processes [1]. As a second messenger calcium plays
a role in nearly all physiological processes ranging from fertilization, photoreceptor
regulation to cell death [1-6].

The concentration of free cytosolic Ca?* in a resting cell is kept at around 100 nM
while in the extracellular environment the Ca?* concentration is about ten thousand
times higher, i.e., about 1 mM. To keep the level of cytosolic Ca?* robustly at such
low levels any perturbation in cytosolic Ca* is opposed by compensatory homeostatic
mechanisms [7]. These mechanisms consist of negative feedback loops where transporters
remove excess of cytosolic Ca?* by excreting it or moving it to cellular stores.

An overview of the components involved in cytosolic Ca?* homeostasis is shown in Fig 1.
In non-excitable cells, the Arachidonic Acid Regulated Ca?*t Channel (ARCC) and
the Store Operated Ca?* Channel (SOCC) constitute the main Ca** entry pathways
into the cell. They are both Orai channels connecting to STIM in either the plasma
membrane (PM) or the ER membrane for ARCC and SOCC respectively [8]. Orai
proteins are proteins found in the plasma membrane which constitute the pore subunit
of the channels [8,9]. The difference between these channels is that while SOCCs are
dependent on the Ca?* level in the ER store, the ARCCs are not activated by Ca?* in
the ER, but by extracellular signals. This occurs by first activating arachidonic acid,
which in turn will then activate the ARCCs. While STIM is assumed to be bound
to ARCC, ARCC is not explicitly included in the model. The SOCCs, also known as
Calcium Release Activated Channels (CRACs), are responsible for the inflow of Ca?*+
into the cell to refill the ER with calcium, when depleted by leaks [10] or by signaling
events [8,11,12].

When Ca?* enters the cytosol through channels in the plasma membrane (PM), the
cytosolic concentration of Ca?* is regulated to about 100 nM by binding to buffering
proteins, by organelle sequestration of Ca?* and by extruding Ca?* through the PM.
There are several Ca?* binding proteins which act either as buffers (buffer proteins)
or mediate an effect by Ca?* (effector proteins). Calmodulin (CaM) is an important
effector protein which takes part in the Ca?* activation of PMCA and NCX, but plays
also an important role in Ca?* dependent signaling [13,14]. The PMCA appears to
be the most important efflux path for Ca?* in non-excitable cells, although some non-
excitable cells have in addition the Na*/Ca?* exchanger (NCX). Some controversy
exists on how important the role of NCX is in non-excitable cells, whereas in excitable
cells NCX appears most important for removing Ca?* from the cytosol through the
PM [15,16]. The PMCA has been thought of having a housekeeping function, because of
its high affinity to Ca?* and a relatively low throughput thereby bringing cytosolic Ca?*
concentrations down to their resting levels. The PMCA comes in different isoforms with
various Ca?t affinities and transport rates, which have been suggested as a fine tuner of
signals in localized areas of the cell [15,17,18]. NCX, on the other hand, is a low affinity
transporter with a high throughput in Ca?* removal, which is needed in excitable cells
where rapid increases in cytosolic Ca?* concentrations occur.

In contrast to the cytosol, both the ER and mitochondria contain much higher Ca?*
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Fig 1. Overview of Ca2t-ion transport in an eukaryotic cell. The illustration
shows the channels, pumps, receptors, and organelles involved in the Ca?* transport to
and from the cytosol. The channels for Ca?* influx from the extracellular space include
the Voltage Operated Calcium Channels (VOCCs) in excitable cells, ligand operated
Ca?* channels like the Arachidonic acid Regulated Calcium Channels (ARCCs), Store
Operated Calcium Channels (SOCCs) and Non-Specific Cation Channels (NSCC). Ca?+
can also enter the cytosol from organelle stores such as the endoplasmic reticulum (ER)
and mitochondria. The Inositol 4,5-Trisphosphate Receptor (IP3R) and Ryanodine
Receptors (RYRs) release Ca?* into the cytosol in a Ca?t dependent manner. There is
also evidence that there is a Ca?* leakage from the ER or organelle stores into the
cytosol. The IP3R channel is activated by IP3. IP3 is the result of a signal transduction
chain originating from a signal which activates a G-protein coupled receptor and
produces phospholipase C (PLC). PLC catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIPy) which produces IP3. Mitochondria can expel Ca?* through
pores and ion exchangers (Nat/Ca?* and H* /Ca?*). Plasma Membrane Ca** ATPase
(PMCA) and the sodium-calcium exchanger (NCX) transport cytosolic Ca?* into the
extracellular space. The Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA) is
responsible for the Ca?* transport into the ER, while transport of Ca?* into
mitochondria occurs via an uniporter. In addition, proteins both present in the cytosol
and organelles can bind Ca®* and act as buffers (buffer proteins), like calsequestrin or
calreticulin, while other Ca?* binding proteins, such as calmodulin (CaM), mediate
Ca®* effects (effector proteins). For references about these processes see main text.
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concentrations, i.e., 0.1 - 1mM in the ER, and around 10mM in mitochondria. In this
work, the mitochondria being involved in the storage and buffering of Ca%* are not
included in the model. On the other hand, the ER, which holds important roles in
both signaling, in forming Ca?* transients, and in Ca?* storage, has been included
as part of the cytosolic and organelle Ca?* homeostatic machinery. As mentioned,
SOCCs are mainly responsible for refilling the ER with Ca?* by an ATPase called the
sarco/endoplasmic reticulum Ca?* ATPase (SERCA), when Ca2* is depleted in the
ER by either the inositol 4,5-trisphosphate receptors (IP3R) or by ryanodine receptors
(RyR), both located in the ER membrane. Since the RyR’s are mainly responsible for
the ER-Ca?*t depletion in excitable cells, the IP3R channel is considered in the model as
the only Ca?*t outflow path from the ER, in addition to leakage [10]. IP3R is activated
both by IP3 and by cytosolic Ca?* [19]. The activation and inhibition kinetics of IP3R.
are described in more detail below.

Materials and methods

Rate equations were solved by using the Fortran subroutine LSODE [20]. When not men-
tioned otherwise, concentrations and time units are in gM and seconds (s), respectively.
Plots were generated with gnuplot (www.gnuplot.info) and edited with Adobe Illustra-
tor (adobe.com). Experimental data were extracted from graphs by using GraphClick
(https://graphclick.en.softonic.com/mac). The analyses of experimental data were done
with gnuplot or Excel, and then implemented into the model. The program Cn3D [21]
was used for the structural analysis of rat IP3R [22]. To make annotations simpler,
concentrations of compounds are denoted by compound names without square brackets.
The Supporting Informations contain source files, compiled binaries, and instructions
how to execute the different models.

Illustrating integral control: A PMCA-based minimal model

The role of Ca?* in signaling is complex and so are the Ca?* fluxes and transport
paths in the cell. The intention of this work has been to get an understanding of how
robustness in cytosolic Ca?* homeostasis can be achieved while allowing the occurrence
of experimentally observed Ca?*t transients during an inflow perturbation of Ca?t into
the cytosol. The model was developed by starting initially with a simple set of regulatory
elements where experimentally known pathways and dynamic properties were then
successively added. The initial (minimal) model contains the Ca?* pump PMCA as the
essential regulatory element together with Ca?*-binding buffer proteins (lumped into
variable B) and the Ca?*-binding effector protein Calmodulin (variable M). Perturbation
of cytosolic Ca?* occurs by a constant inflow k; of external Ca?* into the cytosol.

To achieve cytosolic Ca?t homeostasis the PMCA is considered to be part of a negative
feedback loop in maintaining a low and stable cytosolic Ca?* concentration. In addition
we include integral control in the loop (Fig 2A), which is a concept from control
engineering [23-32]. Integral control (or integral feedback) allows to maintain robust
homeostasis, i.e. keeping in our case the cytosolic Ca®* level at a given set-point Caf:t' for
different but constant (k1) inflow perturbations. In general, integral control is achieved
to integrate with respect to time the error €, which is the difference between the Ca2*
set-point (CaZt) and the actual cytosolic Ca** concentration. The integrated error is
then used to compensate for changes in the cytosolic Ca>" concentration (Fig 2A).

There are presently three main kinetic approaches how integral control can be achieved
in a chemical system. One approach, which we use here, is based on a zero-order removal
of the negative feedback species (controller species) [23,26,28]. The second approach
(antithetic control) is using two controller species, which react with each other either
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directly [30,31] or via an enzyme [33], while one of the controllers feeds back negatively
to the controlled variable. In the third approach the controller variable is produced by
first-order autocatalysis, but needs to be removed by a first-order reaction [34-36].
Fig 2B shows a molecular representation of Fig 2A using a zero-order removal of the
controller variable PMCA (our initial model). The following PI\'TCA—Cag; negative
feedback loop is considered: cytosolic Ca’" is activating PMCA [37] and thereby
transporting Caf;'t out of the cell and opposing the effect of an increasing Caf;'t. PMCA
inactivation is considered to occur by internalization [38] as for other plasma membrane
proteins [39]. Activation and deactivation of PMCA are outlined in red, and as we will
show below are important for determining the Ca?* set-point in the cytosol. To achieve
integral control with a robust set-point we focus here on a zero-order internalization of
PMCA as a requirement for integral control.

error

. dPMCA Eg-PMCA  k<PMCA ke
PMCA=—""— SCaZh - S TSR e [(E) —ca2t |
¢ a ks Caoye = 4 TPMOA ks |\ g ) ~Coen| ()
NIRRT

PMCA activation B o
internalization Ca2t
set

Zero-order kinetics for PMCA internalization is obtained when k7 < PMCA, i.e. PMCA
binds tightly to the enzymatic internalization machinery where k7 plays the role of a
dissociation/Michaelis constant. Eq. 1 shows the rate equation for PMCA, its activation
and internalization terms and the reorganization of the equation into the error term
between set-point and the actual Ca?t concentration when zero-order condition applies.
Fig 2C shows the robust perfect adaptation of cytosolic calcium to its set-point for
different %k inflow rates when zero-order internalization kinetics are applied.

On the other hand, when internalization of PMCA becomes first-order with respect to
PMCA, i.e., when

PMCA = k5 - Cal, — ke PMCA (2)
then the robustness of the PMCA negative feedback loop is lost and Caf‘x increases

proportionally with k; (Fig 2D). For a complete set of the rate equations, rate constant
values and initial concentrations, see Supporting Information S1 Program.

Results and discussion

Overview of the cellular model

Fig 3 shows the model considered here, including all parts and dynamic behaviors which
we deemed necessary for describing cellular Ca?* homeostasis. As a Ca?T store we have
focused on the endoplasmatic reticulum (ER), but have not included other organelles
such as mitochondria.

‘While the primary focus of our work was on Ca-homeostasis and not on oscillations,
we observed that negative feedback loops have the potential to oscillate, either regular
or chaotic, and that even under such conditions the negative feedback mechanisms are
able to maintain robust homeostasis [40,41]. It was therefore not surprising that the
model can relatively easy exhibit oscillations and still maintain Ca-homeostasis in both
the cytosol and in the ER. At the end of the paper we briefly describe some of these
oscillations, which, dependent on parameter values can have period lengths from a few
seconds up to 30 hours!
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Fig 2. Minimal feedback model of cytosolic Ca?t homeostasis with and
without integral control. (A) General flow diagram of negative feedback with
integral control. The red color indicates the set-point of the controlled variable (CaZ})
while the blue color refers to its actual value. Integration (brown color) of the error -
(difference between set-point and actual value) leads to the integrated error E (outlined
in green) which for step-wise inflow perturbations k; (orange color) will precisely move
the controlled variable (blue) to its set-point [24]. (B) Minimal molecular model of
PMCA-based cytosolic Ca?* homeostasis with color codes matching the flow diagram in
panel (A). M and B denote two Ca?* binding proteins with arbitrary binding properties.
The kinetics of PMCA internalization (indicated by rate constants k¢ and k7)
determines whether integral control is invoked or not. (C) Zero-order PMCA
internalization kinetics leads to integral control and robust homeostasis. In this case the
Ca?:rt concentration returns to the set-point Ca?:{ for the different inflow perturbation
rates k1. (D) Loss of robust Caf;.rt homeostasis when PMCA internalization kinetics is
no longer zero-order but first-order. For details, see main text and Supporting
Information S1 Program.
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Fig 3. Model of Ca?t homeostasis in the cytosol and endoplasmatic
reticulum (ER). Components and rate constants of the model are shown in this
overview figure. The Y(i)’s outlined in red are the LSODE Y vector’s components [20],
which are assigned to each biochemical species in the model. Arrows represent reactions
of the involved species while dashed lines indicate signaling pathways, i.e., how
components activate or inhibit each other. The grayed-out reactions with rate constants
and Y(i)’s are included in the model, but are not explicitly presented. The set of rate
equations together with a list of abbreviations and the LSODE Y (i) assignments are
described in S1 Text.

1489
In the following we describe in more detail the different aspects of the model in comparison 150
with experimental results. 151

The plasma membrane Ca?t ATPase 152

The cell type we consider first are erythrocytes. They lack most organelles including s
the nucleus, mitochondria, the Golgi apparatus and the endoplasmatic reticulum (ER). 15
Ca?t homeostasis in these cells is maintained by PMCA, which appears to be the most 155
abundant pump in these cells. To transport one Ca?* out of the cell the PMCA requires 1
one ATP and exchanges H* ions for Ca?*. The stoichiometry of the Ca?* /H* exchange 17
is controversial [15], but neither ATP nor H™ ions are explicitly included in the model s
(which have their own homeostasis mechanisms). Maximum activation of the PMCA 15
pump requires the presence of calmodulin (M); its importance in PMCA activation is 10
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Fig 4. Calmodulin and Ca?t activation of PMCA. The figure shows the
activation of PMCA by calmodulin (M) and Ca?*. Although experiments have shown
that PMCA can apparently transport Ca?* in the absence of calmodulin, but less
effectively [15,45], we have in the model not included a PMCA based Ca?* transport
without calmodulin.

widely agreed upon [37,42-44]. PMCA can also function and be partially active without
calmodulin, probably due to acidic phospholipids, but only to about half of its maximal
activity [37,43].

Fig 4 shows part of the model with calmodulin (M) activating PMCA by forming
PMCAeM. The PMCAeM complex is further activated by Ca?* leading to PMCAeM",
which is the form with the maximum Ca?* pump activity. PMCA is a high affinity
pump with a Kq (with respect to Ca?*) of 0.1-1 uM when calmodulin is bound, but a
Kq of about 10-20 1M when calmodulin is absent [15,45].

In our calculations we have taken the set-point for cytosolic Ca?* to be 0.1 uM. To
achieve robust homeostasis we consider, as for the minimal model (Fig 2), a first-order
activation of PMCA by Ca?*t with rate constant k5 (Fig 4) leading to the active form
PMCAeM". The inactivation of PMCAeM" is considered a zero-order process with
respect to PMCAeM". The set-point for cytosolic Ca2t is given by the steady state
condition for PMCAeM", i.e.,

dPMCAeM"
dt

ke-(PMCAM”")
k7 +(PMCAM")
where k7 plays the role of a dissociation (Michaelis) constant. Applying zero-order
kinetics with respect to PMCAeM”, k7 < PMCAsM", the steady state condition of
Eq. 3 becomes

= ks-(PMCAeM)-(Ca?*) — -0 (3)

ks-(PMCAeM)-(Ca?t) = kg (4)
which determines the steady state value of cytosolic Ca?+

ke
ks-(PMCA«M)

and which is independent of the Ca inflow perturbation j;=Fk;-Caex; (see Fig 4).

24 _ a2t —
Cag = Cayl =
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Since we applied first-order kinetics with respect to PMCAeM in its Ca?* activation,
the set-point of Ca?* depends on the concentration of PMCAeM. This leads to the
possibility of a wvariable set-point, as has been argued for by Mrosovsky on general
grounds [46]. As will be shown/discussed below such a variable set-point does well
describe the experimental results.

PMCA kinetic parameters

In the following we discuss the parameter values used in the model focusing first on

red blood cells. To the extent this is possible we try to use or derive rate and bindings

constants primarily from in vivo studies.

For PMCA’s pump rate vpyump we are using a simple Michaelis-Menten type expression
kg:(PMCA ¢ M*)-(CaZl)  Vipae(Calh)

kg + (CaZf) " K+ (CaZfy)

(6)

Upump =

where PMCAeM" denotes the active form of the pump, Vjna; k3-(PMCA o M*) with ks
and k4 as turnover number (k..+) and dissociation (Michaelis) constant, respectively.

PMCA Ky values. - The enzyme data base BRENDA [47] has 6 K entries for human
PMCA and SERCA (Ca-ATPases) with values for erythrocytes, liver, and heart ranging
from 0.013-20 M [48-50]. For red blood cells, we have analyzed the in vitro data by
Niggli et al. [51], which indicate a Ky value for PMCA of about 1 puM (see S2 Text).
By using two protocols, Kubitscheck et al. [52] determined the Ky value of PMCA in
single red blood cells to 24 uM and 1 pM. The 24 ;M value has been interpreted by the
authors due to an inactive calmodulin in one of their protocols. A K value of about
0.2 uM was indicated by Bruce [53] for non-excitable cells, while Blaustein [54] refers to
a Ky value of 0.1 uM, but in both cases no explicit reference to experimental work was
provided. However, our calculations indicate no practical differences when Kj; values of
0.1 uM or 1 M are used (see S2 Text).

PMCA Turnover number and Vi,q. values. - Entries in BRENDA for the human PMCA
turnover number (keq;) vary from 9.5-149 s~!. In Bradshaw and Dennis’ ”Handbook
of Cell Signaling” Blaustein lists a k.. value of 30 s~% [54] (without reference to
experiments), while Chen et al. reported a k.q; of about 200 s~! in rat cochlear hair
cells [55].

Considering red blood cells Schatzmann [56] found a Vj,q, for PMCA of 148 uM/min. A
similar value of 120 uM/min (average, see S2 Text) was obtained by Dagher and Lew [57].
In the Dagher and Lew experiments, also using erythrocytes, the zero-order kinetic
extrusion rate of PMCA was determined by using the ionophore A23187 for massively
loading the cells with Ca?* and then inhibiting A23187 by using CoCl, (Fig 5A). Due
to the large amount of cytosolic Ca?* in comparison with the pump’s K, value the
pump runs at maximum speed (Vi,q4z). By using the same method Tiffert et al. [58]
measured the PMCA-mediated Ca?* extrusion rate in red cells from freshly drawn blood
in relation to the hemoglobin content of the cells. By assuming that one red blood cell
contains 270x 10 hemoglobin molecules and that one red blood cell has a volume of
approximately 10713 liter, V;,4, for the pump was estimated to 234 uM/min (S2 Text
for details). In addition, Tiffert et al. [58] alternatively measured the pump rate in
relation to the number of cells. Using these values we estimate a V4, of about 156
#M/min (S2 Text) close to the value originally determined by Schatzmann [56].

Fig 5A shows the above referred experiment by Dagher and Lew [57] when PMCA
(with possibly other pumps) balance a large inflow of Ca?* by use of the ionophore
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A23187. When the ionophore is blocked the kinetics of the pumps’ Ca?* extrusion can
be observed. Fig 5B shows a corresponding set of model calculations.

PMCA activation and cytosolic calcium profile

Using bovine endothelial cells Sedova and Blatter [59] investigated PMCA activation by
following the inflow of Ca?* into the cytosol when 2mM extracellular calcium is applied.
The cellular inflow of Ca?* occurs, because the calcium level in the ER is low and leads
to a so-called ’capacitative Ca entry’ [60] into the cell to refill the ER with calcium
(see also section ’Store operated Ca?* entry’ below). The inflow of calcium into the
cytosol activates PMCA, which reduces the level of cytosolic Ca?* leading to a biphasic
response. Fig 6A (phases 1 and 2) shows the increase and decrease in cytosolic Ca?*
concentration when cells are treated with 2 mM extracellular calcium. In phase 3 the
extracellular calcium is washed out and cells were treated with the PMCA inhibitor
carboxyeosin. Then the inhibitor was washed out and 2mM extracellular calcium was
reapplied. Sedova and Blatter now observed a slower increase of cytosolic Ca?* (Fig 6A,
phase 4). We used the parameters ki (inflow of Ca?* into the cytosol) and k3 (maximum
rate of PMCA) to describe the observed behaviors, but are neglecting here the further
transfer of cytosolic calcium into the ER. The slower increase of cytosolic Ca?t in phase 4
is based on two assumptions we made: (i) carboxyeosin partly inhibits the inflow of
calcium into the cytosol. This assumption is based on results by Choi and Eisner for rat
myocytes [61], who observed that the inflow of Ca?* into the cytoplasm was inhibited
by carboxyeosin. The other assumption was that PMCA still remained partly inhibited,
as not all carboxyeosin may have been washed out and/or the reactivation of PMCA
is slow due to a hysteretic property of the pump. Panels B and C in Fig 6 show the
calculated cytosolic Ca?* profiles and the underlaying changes in k; and k3.

Another explanation could be that in absence of PMCA the Nat-Ca?t exchanger
NCX brings Ca?* down to low concentrations similar to PMCA [59]. However, since
NCX is considered to have a lower affinity for calcium and is generally believed to be
active at higher Ca?* concentrations in comparison to PMCA this suggestion remains
controversial [15,16].

PMCA'’s hysteretic behavior

However, the changes invoked on k1 and k3 alone are not sufficient to model the transients
observed in the above experiments by Sedova and Blatter. There needs to be present an
inherent slowness in PMCA’s response kinetics. In other words, PMCA acts as hysteretic
enzyme, i.e. shows a slow activation/reactivation kinetics [59,62,63]. Frieden [63] studied
this slowness of certain enzymes upon activations and termed the phenomena ’hysteretic’
behavior. Scharff et al. [62] concluded that PMCA reacts hysteretically to increases in
cytosolic Ca?t inflow and that this is a necessary property to enable the occurrence of
transients.

In general, transients are important in signaling and differences in the transient’s strength
in amplitude or frequency (if oscillatory) are interpreted as different signals. For example,
the slowness in PMCA activation allows the concentration of Ca?* in the cytosol to
increase to a relevant concentration for signaling purposes, while a slowness in its
deactivation would give the PMCA time to function as an extrusion mechanism to bring
the cytosolic Ca?* level down to its set-point again.

As a way of incorporating hysteresis, we have employed the calmodulin (CaM) binding
as the limiting factor, as it is widely agreed upon that CaM binding to PMCA isoforms
can vary, and that CaM binding is notoriously slow. Those pump isoforms dominantly
found in non-excitable cells are characterized as ”slow PMCA pumps”, whereas in
excitable cells where Ca?* can vary frequently and rapidly, some isoforms of PMCA are
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Fig 5. Changes in Ca?T concentration for extrusion rate determination in
erythrocytes. Panel A shows experimental plots adapted from Dagher and Lew [57],
where the ionophore A23187 is used to let Ca?* enter the cytosol until PMCA (and
other pumps) can match the Ca-inflow, which leads to a steady state in cellular Ca?*.
Then, CoCly was added to block the ionophore (indicated by arrow). With higher
CoCly concentrations the rate of Ca?t extrusion becomes linear with respect to time
and shows close to zero-order kinetics with respect to cellular Ca?*. This indicates that
the pump’s removal of Ca?* from the cells is at a maximum rate (Vpay). Panel B
shows the results from a corresponding model calculation. Rate equations, parameter
values and initial concentrations are given in ’S2 Program’ together with the Fortran
source code and executables.
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Fig 6. PMCA induced Caz:,rt dynamics before and after its inhibition. Panel A

shows a redrawn figure of Sedova and Blatter’s experimental results (Fig 1A in [59])
showing the dynamics of cytosolic Ca?* upon capacitative Ca loading. The figure is
divided into 5 phases indicated by dashed vertical lines. Phase 1: steady state of
cytosolic Ca?* prior to extracellular Ca treatment; phase 2: cells are treated with 2 mM
extracellular Ca?*t; phase 3: external Ca?*t is washed out and PMCA is inhibited by
carboxyeosin; phase 4: 2 mM extracellular Ca?* is re-applied; phase 5: extracellular
Ca?* is washed out. Panel B shows our model’s response in cytosolic calcium when the
inflow of calcium into the cell (k1) and the activity of PMCA (k3) undergo step-wise
changes. Panel C shows the applied changes in k; and k3 during the five phases to
mimic the experimental Ca profiles. Phase 1: k;=5x10"%s71, k3=7.0x10%s~1; phase 2:
k1=1.3x10"2s"1, k3=4.0x10%s~1; phase 3: k;1=5x10"5s"1, k3=7.0x10%s~'; phase 4:
k1=5x10"%"1 k3=1.4x103s~1; phase 5: 5x107%s~1, k3=3.0x10%s~". Other rate
constant values, initial concentrations, and the model’s Fortran source file together with
executables can be found in the Supporting Information ’S3 Program’.
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characterized as ”fast pumps” [64-66].

CaM is also described as a limiting factor in the cell for regulation of its targets. Some
researchers report that most CaM in the cytosol exist as ApoCaM (unbound to Ca®*) at
resting Ca* levels, and that in most cases ApoCaM does not bind to its targets as long
as Ca* has not bound to it [67,68]. However, Wu and Bers note that some ApoCaM also
binds to many proteins like ion channels, membrane proteins and receptors etc. either
as part of their structure or for the purpose of local activation by Ca?* binding. This
means that upon Ca?* binding, targets already bound to (Apo)CaM can immediately
be activated, while the unbound targets need to compete for free Ca?t-CaM in the
cytosol. This arrangement fits well with our model where ApoCaM (M in the model)
first binds to PMCA (leading to PMCAeM in the model) before activation by Ca?*
occurs leading to the active pump form PMCAeM". However, there are also arguments
that PMCA competes for the free Ca?*-CaM complex [67,69]. Nevertheless, it appears
more likely that CaM binds to PMCA and Ca?* as targets instead of being present as a
free Ca?t-CaM complex in the cytosol: it has been estimated that only about 1 % of
the total intracellular CaM exist as free Ca?t-CaM complexes [70]. In our model the
portion of free Ca?*-CaM complex varies between about 4 — 10 % depending on the rate
constants applied in the calculation, where most of them have been taken from literature.
The total CaM concentration is set to 10 gM in the model [67]. Rate constant kg for
the off-rate, i.e. the dissociation of M-Cay into M (CaM) and Ca?*, is 5.0 s~ and ks
for the on-rate, for the association of Ca?* and M (CaM) to M-Cay, is set to 2.5 uM*
sl in order to keep the K, at a defined value of 2 uM [70,71].

In addition to the PMCA-CaM binding, a change in k3 can also add to the hysteretic
behavior of the pump as seen in Fig 6C. The hysteretic properties of the pump regarding
k3 was investigated in more detail when the NCX pump was added to the model (see
next section).

Implementing NCX

Next we added the Nat-Ca?*+ exchanger (NCX) to the model. NCX moves one Ca?* ion
out of the cell with the exchange of 3 Na* ions. Using bovine endothelial cells Sedova
and Blatter [59] investigated the role of NCX when PMCA was inhibited by La’* ions,
and when NCX was inactivated by Na* free conditions. They found that under Na™*
free conditions and in the presence of La®*, i.e. when both PMCA and NCX are not
active, cytosolic Ca?t cannot reach resting levels. However, when Nat was added in
presence of La®t, i.e. when only NCX was active, Ca?t concentrations were able to
reach resting levels, but more slowly. These results indicate that NCX alone is able to
reduce cytosolic Ca?t to resting levels in the absence of PMCA.

Based on the findings by Chou [72], we have included calmodulin (M in model) as a
regulator of NCX activation by Ca?*t. In this way, the NCX is modeled analogous to
PMCA, i.e. NCX is complexed with calmodulin (NCXeM) with the activated form
(NCXeM"). Fig 7A shows, outlined in red, the added NCX part to the model.

Thus, similar to Ca?t regulation by PMCA, a set-point for cytosolic Ca?* can also
be formulated for NCX. Setting the rate equation of the calcium-activated calmodulin-
associated form (NCX-M") to zero,

ko1 (NCX-M")

!
kez + (NCX-M*) 0 ™

(NCX-M") = keo-(NCXoM)-Ca®t —

303

304

306

307

308

309

310

312

313

314

315

316

317

assuming that ks> < (NCX-M"), and then solving from resulting Eq 8 for Ca?*:Caf;w NCX 319

s

keo-(NCXeM)-CaZf — kg1 =0 (8)
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we get for the NCX-based set-point:

kﬁl

2+ —
Cenex = N OXT)

Model calculations including NCX in comparison with experimental results

In comparison with the experimental results by Sedova and Blatter [59] (Fig 7B) we show
here calculations with the inclusion of NCX. Since NCX is assumed to bind calcium less
efficiently than PMCA the Ky of NCX was taken to be 100 uM, which is approximately
2 orders of magnitude larger than the Ky with respect to calcium for PMCA. On the
other hand, the turnover number of NCX (in the model described by kg3) is set to
1x10° s~1, which is two orders of magnitude larger than the turnover number (k3) of
PMCA. Fig 7C shows the calculated cytosolic calcium concentration mimicking the
experimental results by Sedova and Blatter. In the model we have, in addition, assumed
time-dependent hysteretic behaviors both in the capacitative inflow of calcium into
the cytosol (described by rate constant k;) and in the transport of Ca?* by PMCA
(described by rate constant k3). In phases 2 and 4 k; is assumed to increase and reaching
a maximum value according to the relationships:

Phase 2 : ky pha(t) = k1 pn1 + k{";?ffz(l - eia(tit’“hl)) (10)
and
Phase 4 : k1 pra(t) = k1pns + ke (1 — e’“(t’t“s)) (11)

In Egs 10 and 11 Kk pp1 and Ky pp3 are constants both having a value of 1x10~
ki”;j}fz and k{f’g;ﬁ are the maximum values of k; for respective phases 2 and 4 with a
value of 1.4x10~2s~! each. The parameter « is 4.5x10~2s~ 1. tpn1 and tpp3 denote the
times when phases 1 and 3 end, respectively. When these k;-time dependencies are

implemented into the model we get the k1 profile as shown in Fig 7D (outlined in blue).

The hysteretic changes of k3 in phases 2 and 4 is described by the linear relationships

Phase 2 : ks pra(t) = ks prh1 + B(t — tp1) (12)

and

Phase 4 : ks pra(t) = k3 phs + B(t — tps) (13)

with 8=200s~2 and k3 pn1=k3 pn3=5x 103s~1. In phase 5 k; and k3 are zero, except kg3
(turnover number of NCX), which for all five phases is 1x10°s~!. For a description of the
other rate constants, initial concentrations, and how to run the program see Supporting
Information 'S4 Program’.

Comparing Figs 7B and C shows that the model calculations represent a good fit to the
experiment. The model also shows that NCX can drive cytosolic Ca?* concentrations
down to resting values without PMCA present, but at a slower rate, just as observed
in the experiments. This is mainly because of the difference between the K, values of
PMCA and the NCX making PMCA a high affinity pump with low K, (=k4). The
relative high Ky (=kes) of NCX makes NCX a low affinity pump. In order to get
the peak shape of the cytosolic Ca?* concentration during phases 2 and 4, the above
hysteretic changes of Ca?* inflow (via SOCC, represented here by k1) and Ca?* outflow
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Fig 7. Cytosolic calcium concentration changes during PMCA-NCX based
and NCX-only based calcium efflux. Panel A shows the model with NCX
incorporated (outlined in red). The rest of the model is seen in grey representing the
reactions that were already introduced. Panel B shows the experimental results redrawn
from Sedova and Blatter (see Figure 6A in [59]). Panel C shows the corresponding
model calculations. Phases 1 and 3: The cell is at resting state with both PMCA and
NCX active. Phases 2 and 4: Cells are treated with 2 mM extracellular Ca?* - in the
model this change is represented by an increase of k1 (see text). Phase 5: Only NCX is
active, PMCA is inhibited by La®* - in the model this is done by setting k3 to zero.
Panel D shows the (hysteretic) changes in the parameters k1 and k3 during phases 2 and
4 described by Egs 10, 11, 12, and 13. Other rate constants, initial concentrations, and
instructions how to run the model are found in Supporting Information 'S4 Program’.
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(via PMCA k3) appear necessary. Possibly, also NCX may exhibit hysteretic behavior,
but this was not included.

In an additional set of experiments (Fig 8A) Sedova and Blatter investigated the
sequential and simultaneous inhibition of PMCA and NCX. While NCX was inhibited
using Nat-free conditions cells were treated with 2mM extracellular Ca?*. The increase
and decrease of cytosolic calcium indicate an active PMCA pump (phase 2, Fig 8A).
Then, in phase 3 extracellular Ca?* was washed out and cells were treated with La3* to
inhibit PMCA while still having Na*-free conditions (Fig 8A). Since both PMCA and
NCX were now inactive cytosolic calcium levels did not change much (phase 3, Fig 8A).
Finally, in phase 4 cells were treated with sodium ions, which activated NCX and drives
cytosolic calcium levels down to resting values close to 0.1xM. This clearly indicates
that NCX was responsible for the decrease of cytosolic calcium in phase 4.

Fig 8B shows a corresponding calculation of the model mimicking the results by Sedova
and Blatter. The experiments show that the La*-treated cells in phase 3 still show a
slight decrease in cytosolic calcium, indicating that the the PMCA inhibition was not
100% perfect or that there may be a still unknown constitutive calcium outflow from
the cytosol.

Role of ER in calcium regulation
Overview

The inflow and outflow of Ca?* between the endoplasmatic reticulum (ER) and the

cytosol plays a major role in the calcium homeostasis in the ER as well as in the cytosol.

The ER functions as a calcium store with concentrations comparable to extracellular
calcium. Furthermore, the ER is heavily involved in calcium-mediated signaling (Ca?*
inflow into the cytosol) through the inositol 1,4,5-triphosphate receptor IPsR and
ryanodine receptor RyR located in the ER membrane (Fig 1). The activity of the
IP5-bound IP3R channel (IP3ReIP3, Fig 3) shows a bell-shaped activity profile with a
maximum at around pCa 7 [73]. The IP3ReIP3 channel is activated by low cytosolic
Ca%* concentrations, i.e. when pCa > 7, while inhibition occurs at higher cytosolic
concentrations, i.e. when pCa < 7. An analysis of the experimental data by Kaftan et
al. [73] (shown below) indicates an asymmetric channel activity profile with a stronger
Ca?*-inhibition cooperativity around 2, while the activation cooperativity is found to
be approximately 1.

When the calcium content in the ER is low stromal interaction molecules 1 and 2 (STIM1
and STIM2, represented as STIM in the model, Fig 3) activate store operated Ca?*
channels (SOCCs), which lead to an inflow of Ca?* into the cytosol. Subsequently, the
ER is refilled through the sarco-endoplasmatic reticulum Ca?* ATPase (SERCA), an
ATPase similar to PMCA.

There is evidence that ER-luminal Ca?* leaks into the cytosol. Analyzing the data
by Luik et al. [74] shows a good agreement with a first-order kinetic Ca depletion of
the ER with a rate constant of 0.012 s~! and an initial leakage velocity of 0.36 uM/s
(S6 Program). The leak data recorded by Camello et al. [10] shows almost zero-order
Michaelis-Menten kinetics with a slight hysteretic increase of V.« and an average
leakage rate of 0.22 uM/s (S6 Program).

The ER also contains several high-capacity Ca?*-binding proteins, such a calreticulin

[75,76], which represent ER’s (and other organelle’s) overall Ca?* storage capacity.

According to Michalak et al. (see [75], and references therein) one calreticulin molecule
can bind between 20-50 Ca* ions. In the model (Fig 3) we have represented these
high-capacity storage proteins inside the ER with the letter L and enabled them to bind
30 Ca%* ions.
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Fig 8. Ca?*t efflux following La3t inhibition of PMCA. Panel A is redrawn from
Sedova and Blatter’s experimental record (Fig 6B in [59]). Panel B derives from a
model calculation (S5 Program) simulating the experimental results in A. Phase 1: Cells
are at resting conditions, no Ca?* enters the cytosol. Only PMCA is active, NCX is
inactive due to Nat-free conditions. In the model inactive NCX is achieved by setting
kg3 to zero. Phase 2: Cells are treated with 2mM extracellular calcium and the
capacitative inflow of calcium into the cytosol starts. In the model k; and k3 increase
hysteretically (Egs 10 and 12, S5 Program). Only PMCA is considered to be responsible
for pumping calcium out of the cytosol. Phase 3: Extracellular calcium is removed and
cells are treated with La®* inhibiting PMCA. Since the medium is still sodium-free
NCX is inactive. In the model both k3 and kg3 are set to zero. Phase 4: NCX is
activated by adding a sodium salt solution to the medium, while PMCA is still inactive
due to the presence of La®*. In the model NCX activation is achieved by setting
kes=1x10°s~1, Initial concentrations, other rate constant values, and how to run the
model are described in Supporting Information ’S5 Program’.
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Store operated (capacitative) Ca?t entry 408

Fig 9 shows, outlined in red, the reaction scheme of the capacitative Ca?* entry in the o
model determined by the Ca?* concentration in the ER (Cajym). For simplicity, only one a0
STIM form has been considered in the model. Biologically, there have been found two —au
STIM forms (STIM1 and STIM2), and even though STIMI and STIM2 have a similar a2
binding affinity towards Ca?* (STIM1: K, 0.2-0.6 mM, STIM2: K, 0.5 mM) they display a3
differences in the regulation of SOCC possibly due to structural reasons [77,78]. STIM2 s
responds to small changes of Ca?* [77]. The results from Zheng et al. [77] indicate that —as
STIM1 is the only Ca?*t sensor responsible for SOCC activation, while STIM2 seems only a1
to play a minor role. On the other hand, Brandman et al. [12] investigated the effects of a7
smaller decreases in luminal Ca?* concentration and suggested that also STIM2 takes s
part in the feedback regulation of calcium in the cytosol and ER. These findings are a0
supported by the work of Thiel et al. [79]. In the model, when STIM dissociates at low o
Capym concentrations from the STIMeCa complex (Fig 9), STIM concentration increases s
and activates the Ca?* inflow through nearby SOCC channels [74,80]. 22

L ey
; 'é‘“\l\/,/ K,
ETIM)_Jkun @)
i
(kyy )0

Fig 9. Capacitative Ca?t entry. Outlined in red is the scheme used in the model.
Decreasing Ca concentrations in the ER (Cajym) lead to a dissociation of the STIMeCa
complex and to increased STIM levels activating nearby SOCC channels. The parameter
n describes the Cajym-cooperativity when binding to STIM. To see the relationship

between jsocc at different Cayy,y concentrations by STIM activation, the SERCA

channel has been formulated as an inflow controller [28] for Cajym, which allows to keep
Cajum constant at different levels by changing koo. For details, see text and S7 Program.

Luik et al. [74] studied the inflow rate of calcium into the cytosol by the SOCC channel 43

(rate: jsocc) as a function of the calcium concentration in the ER (Cajym). We have s

analyzed the Luik et al. data (Fig 10) in terms of a Caj,, derepression relationship, s

which activates jsocc via STIM (Fig 9), i.e., using the relationship 26
K7-STIM;o el

Jjsocc = = 14
K +Cafy,,  BiCal,,, o

where K7 is an inhibition constant, STI M, is the total (constant) STIM concentration a7
and n is the cooperativity (Hill-coefficient) of the jsocc inhibition by Cajym. «, §, and
n in Eq 14 were fitted to the experimental data by Luik et al. (S7 Program). Although 4
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Eq 14 is slightly different from the Hill-equation used by Luik et al. the obtained fit
and Hill-coefficient n are comparable. While Luik et al. interpreted their Hill-coefficient
of 4.2 as a sign of STIM1 oligomerization, we feel that in our case a Hill-coefficient of
3.59 appear misleading, although representing a ”best-fit”. Our high Hill-coefficient
may be misleading by two reasons: firstly, Eq 14 implies a derepression mechanism,
where Cayyy, apparently inhibits jsocc, but this is mechanistically only done indirectly
via binding to STIM. Secondly, the fit in Fig 10A (green line) indicates that the slope
djsocc/d(Carm) should be reaching a plateau at low Cajyy, concentrations, which is not
strongly supported by the data. We have therefore analyzed the Luik et al. data in terms
of a cooperative reversible Cajy,, binding to STIM with Hill-coefficient n, described by
the process (see S1 Text for the rate equations):

k
n Capym + STIM == STIMeCay, (15)
k2

By successively changing Cajyy, from 20uM to 500uM (by steps of 20uM) we found that
an eye-balled "best fit” to the Luik et al. data can be obtained (Fig 10B) when n is
changed linearly from 0.8 at Cajym,=20puM to n=1.3 at high Caj,n=500xM. We interpret
the changing Hill-coefficent as a hysteretic/conformational effect. In other words, at low
Cajym concentrations not all Ca-binding sites are available for binding to Ca, while at
higher Caj,y, concentrations conformational changes may expose more Ca-binding sites
such that more than one Ca?* ion can bind to STIM. Such a view is in agreement with
the review by Grabmayr et al. [81], which indicates that some STIM isoforms can bind
more than one Ca?* ion.
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Fig 10. Capacitative Ca?t inflow rate jsocc as a function of calcium
concentration in the ER (Cajum). Panel A: experimental results (red solid dots)
redrawn after Fig 1c from Luik et al. [74]. Green line shows a nonlinear fit for a
constant Hill-coefficient with n=3.59+0.9 (Eq 14). For details, see S7 Program. Panel
B: model calculation using Eq 14 with a variable Caj,, cooperativty n changing linearly
from n=0.8 at Cajum=20 uM to n=1.3 at Caju,=>500uM. For details, see S7 Program.

In the model the steady state of Cajyy, is determined by the SERCA channel, which
has been 'wired’ in form of a negative feedback [28] inflow controller. The amount of
SERCA is increased by kog, while Cay,y, signals a zero-order decrease of SERCA, i.e.

dSERCA ko1-SERCA
———— = koo — Cagum-

dt koo+SERCA (16)
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At steady-state (i.e., SERCA:O) and zero-order condition with respect to SERCA,
(koa<<(SERCA)), the Cayy, set-point is determined by Eq 16:

kao

Capym,set = Caum,ss = Tor
21

(17)
Fig 11 illustrates the robustness of the Cajuy, set-point by calculating Cajym ss at five
different phases (1-5) in which kg is changed from kop=1000pM/s (phase 1) to 200uM/s
(phase 5) by steps of 200uM/s. Panel A shows the decrease in Cajyy concentration when
koo is successively decreased, while panel B shows the corresponding increase of jsocc-
See ST Program for details.

A 1200

(o)

1000

800
600

Caym (UM)
jsocc (UM/s)

400

200

0

time (s) time (s)

Fig 11. SERCA inflow control determines Caj,m, concentration. The figure
illustrates the decrease in Cagym concentration as its set-point (Eq 17) decreases with
changing koo together with the corresponding up-regulation of jsocc as Cajum gets
lower. Panel A: Five phases 1-5 show the changed Caj,, concentrations when koo values
are successively decreased. Phase 1: kog=1000pM/s, phase 2: kog=800uM/s, phase 3:
kao=600pM/s, phase 4: koo=400uM/s, and phase 5: ko g=200uM/s. kz=1s"" in all five
phases. Panel B: corresponding increase of jsocc in response to the Cajym
concentration changes in panel A. For details, see Supporting Information S7 Program.

We have revisited the experiments by Sedova and Blatter (Ref [59] and Fig 7) and
calculated Cacy concentrations by using the capacitative Ca inflow mechanism from
Fig 9. Fig 12 shows the obtained Cacy concentrations (panel A, phases 2 and 4) when
cells are exposed to 2mM external Ca at zero Cayym, levels. During phase 5 PMCA is
inhibited and only NCX is active.

To achieve the Cacy¢ profiles as in Fig 7 we assumed that SOCC and PMCA show
hysteretic behaviors, i.e., for both channels it takes some time until their maximum
activities are established. No hysteretic effects are imposed on NCX. Here, the channel
turnover number is kept high and constant at kg3=1x10°s~" throughout all five phases.

Cacyt-induced calcium release through IP3R and its inhibition at high Cacy¢

We have chosen to include IP3R, as the only Ca?* release channel in the ER membrane.
This is because the RyRs are located in the sarcoplasmic reticulum of excitable cells
and are involved in events like the excitation-contraction coupling in both cardiac and
skeletal muscle [82]. Also of relevance is the fact that IP3R alone has been found to
produce agonist-induced Ca?* oscillations. A bit contradictory, Sanders showed in 2001
that both IP3R and RyR were needed for sufficient oscillatory behavior in vascular
smooth muscle cells (VSMCs) [83]. However, two years later, in 2003, McCarron found
that even if RyRs are blocked TP3R alone can sufficiently produce agonist-induced Ca?+
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Fig 12. Cytosolic Ca%t changes due to capacitative Ca inflow. Computations
were performed with the mechanism outlined in Fig 9. In phases 2 and 4 extracellular
Ca was set to 2 mM along with no Ca in the ER (Cajym=0uM) and a fully-inhibited
SERCA (ko3=0s~'). Panel A: calculated Cacy and set-points for PMCA and NCX as a
function of time. Panels B and C: SOCC and PMCA are imposed to undergo hysteretic
changes in phases 2 and 4, such that it takes some time until maximum channel
activities are established. Panel D: the channel turnover number of NCX kg3 is kept
high (1x10°s7!) but constant for all five phases. For details, see Supporting
Information S7 Program.

oscillations [84]. These results were from excitable cells, which could also justify the
usage of only the IP3R channel to move Ca from a store (here ER) into the cytosol. In
this work we have not primarily been focussed on oscillations, but at the end of the
paper we show that the concerted action of the SOCC-SERCA-IP3R axis together with
PMCA/NCX can result in sustained oscillations.

IP3R is regulated by both IP3 and Cacy¢, where the regulation of IP3R by Cacyt is
biphasic and results in a bell-shaped IP3R activity profile with a maximum at about
100-300 nM Cacyt (pCacyt6.5-7) [73,85-88]. The Ca?* release from the store (ER) due
to Cacyt activation is termed Calcium-Induced Calcium-Release (CICR) [5,89,90]. TIP3
originates from an extracellular signal (e.g. hormones, growth factors, light, odorants,
neurotransmitters) stimulating a G protein-coupled receptor in the cell membrane, which
activates phospholipase C (PLC), and hydrolyzes phosphatidylinositol 4,5-bisphosphate
(PIP2) into IP3 and diacylglycerol (DAG) [89-92]. The IP3R channel has three isoforms,
but in this model we have chosen to have only one type of IP3R. Physiologically, IPsR1
is the most common and widespread form throughout cell types. All IP3R’s have a high
affinity binding to IP3 with a Ky varying from about 14 to 163 nM. Some variations
are found, but type 1 has been found to have a K; between 50 - 89 nM [93-96]. All
IP3R isoform activities display a bell-shaped Cacy¢ dependency. It is type 1 which has
its peak at around 300 nM Cacy;. We use this peak value in our model in agreement
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with experimental studies [73,85-88,94,97].

IP3R’s large size made it difficult to study its structure, but advances in this direction
have been made [22,92,98]. The structure based on the work by Fan et al. [22] is
presented in Fig 13 together with the locations of the binding sites for IP3 and Ca?* as
suggested by Sienaert et al. and Ding et al. [99,100].

IP3R gating, i.e. its activation by IP3 and Ca?T as well as its inhibition by Ca?* has been
vastly investigated. Nevertheless, the mechanisms behind Ca-induced pore opening and
closure are still not well understood and are somewhat controversial [89,92,101]. IP3R
activation and inhibition by Ca?* appear to be the result of conformational changes once
Ca?* and IP3 bind. There are currently 8 suggested Ca?* binding sites on IP3R which
are distributed over different structural domains. Their roles with respect to activating
or inhibiting IP3R is not known [88,89,92,101]. A calcium sensor region (Cas) has
been suggested to be responsible for channel modulation by Ca?* [98]. Concerning the
inhibition of IP3R by Ca?* there has also been the question whether the inhibition is due
to a direct Ca* binding to an inhibitory site or if inhibition happens in association with
a protein like calmodulin. On the other hand, studies have shown that calmodulin is not
needed for Ca?* inhibition, even though the Ca?*-calmodulin complex can inhibit the
channel. Mutant studies lacking the high affinity Ca?*-calmodulin binding site displays
a bell shaped Ca?* dependence similar to the wild type. This indicates that Ca* itself
or by the help of a different protein than calmodulin can inhibit IPsR [102,103]. In
a proposed model how Ca?* influences IP3R Taylor and Tovey [89] and Taylor and
Prole [104] suggest that IP3 makes the activating or inhibiting binding site accessible for
Ca?* dependent where IP3 binds on IP3R. Fig 13C gives an overview of the presumed
activation and inhibition steps of IP3. It was also proposed that luminal Ca?* might
be tuning the channel in a way that it is less sensitive to IP3 when ER is depleted for
calcium [89,105,106].

Based on the scheme in Fig 13C we have constructed a simple model (”dicalcic model”,
Fig 14) which can describe the bell-shaped form of IP3R activity in response to the
cytosolic calcium concentration Cacy.

Cacyt, Cacyt, 2+
.
IP3R|P3 IP3R|P3 caER
K, PoR +Ca:\:tT l -Ca :;l . +Caz;‘T l -Ca i;‘ K IPoR-Cac
Cacyt * 2+ 1 Cacyt * 2+ k2 2+ Cagyt *
IP3R|P3 + caER <« IP3R|P3. caER cacvt + IP3R|P3
k.,
KPR +Ca’" ca” +Ca’" -Ca? K PsReCags
1 oyt ot oyt ot M
* 2+
IP3R|F3 IP3R|P3. CaER

Fig 14. Dicalcic model. In this model the IP3ReIP3 channel has two cytosolic Ca
binding sites, one that activates IP3ReIP3 at low cytosolic Ca®>* concentrations, while a
binding at high cytosolic Ca?* concentrations to the second site inhibits IP3ReIP5. The
active form of the channel which transports Ca out of the ER into the cytosol is
indicated by an asterisk. The four dissociation constants are outlined in red.

The model is analogous to the so-called diprotic model, which describes bell-shaped
activity profiles of enzymes in dependence to pH [107]. In the dicalcic model we assume
that IP3 is always bound to IP3R. We further assume that we have three IP3R forms:
At low Cacyy concentrations (pCacy>>7) no Cacyy is bound to IP3ReIP3 and the channel
is inactive (closed). At intermediate Cacy¢ concentrations (pCacytA7) Cacyt binds and
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Fig 13. IP3;R structure and mechanism of its activation and inhibition.
Panels A and B show the IP3R channel structure based on the Protein Data Bank entry
3JAV (www.resb.org) from rat [22]. The four isomers are shown in blue, brown, purple
and green color. Amino acid (aa) sequences of the Ca?* binding sites and the IP3
binding core (IBC) were taken from Sienaert et al. and Ding et al., respectively, and are
highlighted in yellow [99,100]. Panel A shows the top view, while panel B gives a side
view of the channel. Panel C shows an illustration of how IP3R channel may be
activated and inhibited in a Ca?T and IP; dependent manner. Numbers 1-4 indicate the
transition from an inactive to an active channel when Ca?* and IP; bind. Numbers 5-7
indicate the mechanisms of channel inhibition by the additional binding of Ca?* and/or
the dissociation of IP3 from IP3ReIP3.
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activates [P3ReIP3. This form is now able to transport calcium out of the ER and into
the cytosol. At high Cacy concentrations (pCacy¢<7) there is further binding of Cacyt
to IP3ReIP3 which leads to its inhibition.

We further assume that the binding between Cacy¢ and the IP3R channel can be
formulated by four rapid equilibria

Caeye PR SN 24

IP3R1p3" 7=—= IP3R1p3 + Cacyt (18)
y Ko'P3

Caeva TPy Rypy =2 “*IP3Ryps” + Cacy ™t (19)

K, 1P3-Capr
Coosi TPy Rips*eCapr >t <—j > IP3RypyeCapr ™ + Cf"cytzJr (20)

1P3.-CagR

Cacy2 [P3RipgeCagr >+ <K2——{> Caert TPy Ryps*eCapr >t + Cacy Tt (21)
with dissociation constants K{F3, KiP3 K{P:"C“E", and K21P3'C“E". The asterisk
in C“W'IPgR}P3 denotes the active form of the transporter, where one Cacyt has
bound to IP3R (indicated by the left superscript 'Cacy’). The right subscript 'IP3’ in
C“”/'IP;;R}PS indicates the bound IP3. The active form C“""‘IP;;R}PS can bind Caggr
and transport it into the cytosol (with channel turnover number ks, Fig 14). Although
Cacuts [Py Rypy can bind Capr and lead to C4evts [Py RypyeCa’ly, C%evtz I PyRypseCa’ly
is not an active transport form (see Fig 14). The transport rate vrpsg of the IPsReIP3

channel is expressed as:

Ca " 24 ko (IP3Rrp3)o-(Calyy)
vrpsr = ko - (Y IPs Ry pgeCayly) = TF (22)
frpar-Kar + frpsr.capr(Cagy)

(IPsRrp3)o is the total concentration of the IP3ReIP3 channel, which, for the sake of
simplicity is considered to be constant. The factors frpsr and frpsr.cayy are analogous
to the Michaelis acidity functions [107] and defined as:

CaZl, KIP3

sn =1+ 4+ 2 23
fip3r K7 T Ga, (23)

} CGZZB KIP3Cazn
J1P3R.Capr =1+ KIP3Caes + CaZh (24)

ey,
The K in Eq 22 is given as:
2+ \(Cay,y

Ky = M (25)

(Cacrt IPyR; pyeCaily)

As anticipated, in Eq 22 cytosolic calcium acts both as an inhibitor and activator. The in-
hibition and activation terms are given by, respectively, (Caz;rt/K{ P3) and (K{PS/Caz;rt)
in Eq 23, while they are in Eq 24 (Caf;/K{PB'c“”) and (KéPB'C{”ER/Caz;;). Thus,
the K’s take the form of inhibition constants, while the K5’s are activation constants.

We have used the experimental data by Kaftan et al. [73] to estimate the parameters in
Eq 22. Kaftan et al. studied the Channel Open Probability of IP3ReIP3 as a function of
Ca concentration at four different IP3 levels. We extracted the data (Fig 2 in [73]; see
also S3 Text) and recalculated the experimental data as a function of Channel Open
Probability versus pCa. Fig 15 shows the experimental data together with two fits at
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2 uM IP3. Panel A shows a fit of Eq 22 to the Kaftan et al. data when frpsg and
f1P3Rr.Cagy are taken from Eqs 23 and 24, respectively. We see that the experimental
data (outlined in red) decrease much more abrupt with increasing Cacyy concentrations
(decreasing pCacy¢) than the model (outlined in blue). A significantly better fit is
obtained in panel B (outlined in green) when the cooperativity (Hill-coefficient) n for
the increasing Caf;} concentration in frpzr and frpsr.capy 1S increased to 2. In this
case frpsp and fu;:m.cum take the form:

2+yn :
(CaZi)m  KiP3

yt 3
fipsr =1+ —fps— + =25 (26)
! : ¥
Ky Ca(.‘yt
(C(L’f;‘,)" KZIPB-C(:ER
fiPsr.Capr =1+ 3.C. (27
apR K{pg.cuEn C(L?;; )

with n=2. Supporting Information ’S3 Text’ shows the details of fitting the dicalcic
model to all four IP3 concentrations used by Kaftan et al. [73].

A possible explanation of the more abrupt IP3R inhibition at high Ca.y¢ concentrations
may be due to the binding of further Ca ions to the channel which then results in a
conformational change inhibiting IP3R.

>
w

3.0 3.0
25 experimental 25

%
20 20 \ —_— dical(criz;;odg
15 ‘

1.5

1.0 1.0

0.5 05 j {1‘
b,

0 02 4 6 8 10 12 0o 276 8 o 1
pCagy pCacyt

Fig 15. Channel Open Probability of IPsR in the presence of 2 M IP3 as a

function of pCacy¢. The redrawn experimental data by Kaftan et al. [73] are outlined

in red. Panel A shows the fit of the dicalcic model with a inhibiting cooperativity of 1.

The discrepancy between model and experiment is clearly seen for high cytosolic Ca

concentrations (low pCacyt). In panel B the inhibiting cooperativity is 2, which results

in a much better overall fit. The fits to all four experimental data sets by Kaftan et al.

are presented in the Supporting Information S3 Text.

experimental

dicalcic model
(n=1)

Probability (%)

Channel Open
Probability (%)
Channel Open

Fig 16 indicates the implementation of the dicalcic model into the overall cell model
of calcium homeostasis. The parameters k4o and k41 play the respective roles of K- 11 P3
and K373 kyp and ky3 represent K{PH'C”E" and KZIPB'C"E”, respectively. Parameters
ksg and ksg are, respectively, the channel turnover number (ks in Fig 14) and the Ky,
defined by Eq 25.
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Fig 16. Incorporation of the dicalcic IP3ReIP3 channel activity (Fig 14) into
the overall model. For a description of rate constant assignments, see text.

Effect of cytosolic calcium on the dissociation of IP3ReIP3

We also investigated the possible outcomes when cytosolic calcium has an influence on
the dissociation of IP3ReIP3, as outlined in Fig 16. We have modelled three scenarios
how cytosolic calcium could influence the stability of IP3ReIP3:

(i) considering a first-order kinetic influence of Caf;rt on the IP3ReIP3 dissociation by
using the term k78~(1P;;R-IP3)<(Ca§;§)

(ii) considering the term krg-(IP3RelPs)-[1+ (Caz,;

have a significant influence on IP3ReIP3 dissociation, or finally

)], when only Cazy*t levels > 1 uM

(iii) when Caz;j levels have no influence on IP3ReIP3 dissociation, i.e. using the

dissociation term krg-(IP3RelP3).

In order to test the three above conditions on the IP3ReIP3 transport rate vy psg we used
a calcium inflow term j;=Fk1(Cacye) into the cytosol which changed between 10 uM/s
and 4x10* uM/s. This caused a cytosolic calcium increase from 8.1x1074 uM to 4.8 uM
for all the three cases (i)-(iii) (Fig 17A). Interestingly, when Ca?;rt influences IP3ReIP3
dissociation by first-order kinetics (case (i)) the bell-shaped IP3ReIP3 transport rate
disappears with high v;psr values at low j; inflows (Fig 17B). Since experiments clearly
show low IP3ReIP3 transport rates at low Caf;} concentrations we conclude that an
influence of low Caz;r, concentrations on IP3ReIP3 dissociation can be excluded. The

results for case (i) (influence of high Cai;} on IP3ReIP3 dissociation) and case (iii) (no
influence of Caf;rt on IP3ReIP; dissociation) are qualitatively similar (Fig 17B), i.e., an

influence of high C’azzft on IP3ReIP; dissociation cannot be excluded.
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Fig 17. Influences of cytosolic calcium and cytosolic calcium inflow rates j;
on IP3;ReIP; dissociation and activity. Panel A: increase of cytosolic calcium
concentration C'az;rt as a function of calcium inflow rate j; into the cytosol (independent
how Caf;@ influences IP3ReIP; dissociation). Panel B: IP3ReIP3 transport rate vipsr
as a function of j; when IP3ReIP; dissociation is first-order with respect to Caf;t; see
(i) in text. Panel C: IP3ReIP; transport rate v;psr when IP3ReIP; dissociation is not
dependent on Cai;} (purple curve, condition (iii) in text) or when high Caz;}
concentrations only influence IP3ReIP3 dissociation (green curve, condition (i) in text).
Details of these calculations are given in Supporting Information 'S8 Program’.

Oscillations

Although calcium oscillations [108-114] were not our primary focus in this research,
we observed that the interaction between cytosolic calcium, PMCA /NCX, capacitative
calcium entry and calcium-induced calcium release can lead to sustained oscillations.
Remarkably, the period of these oscillations can vary from 2 seconds up to 30 hours!
We found that the transport turnover numbers of SERCA (kq3), IPsR (ksg), the Ca
set-point in the ER (defined by k2o, k21), and the inflow rate of calcium into the cytosol
(k1) are the parameters which affect the period most. For larger period lengths the
oscillations are of the relaxation-type as shown in the build-up of calcium in the ER
and its rapid release into the cytosol (Fig 18). The oscillations become high frequent
with smaller amplitudes when ko3 is increased (see ’S9 Program’ for more details). In
general, we found that an increased Ca inflow into the cytosol (up to a certain point)
promotes (shorther period) oscillations, for example by the leak term j1=k;1-Cacy, or
by a capacitative Ca entry at low Caggr levels. On the other hand, locking calcium
concentrations in the ER to high values (by changing kg and/or ka1) leads to increased
period lengths and eventually to the loss of oscillation. Concerning the IP3 channel
oscillations, j;psr, we sometimes observe a split peak as in Fig 18D. This occurs because
of the bell-shaped behavior of the IP3ReIP3 Channel Open Probability (Fig 15). When
the cytosolic calcium concentration increases above the pCacy¢ peak value (see Fig 15)
and then decreases and passes the pCacy peak again a double peak in jrpsg is observed.
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Fig 18. Example of sustained oscillations. The period in this case is 8.6 minutes.
The red curve in panel C shows the average Cagr concentration which oscillates around
its set-point (Eq 17), here set to 10 uM. Also note the split peak of j;p3r in panel D.

Rate parameters, initial concentrations as well as binaries and the source file are given
in ’S9 Program’ together with additional calculations showing how parameter values can
affect the oscillations with period lengths between a few seconds and up to 30 hours (see
’S9 Program’).

It should be noted that the oscillations shown in Fig 18, as well as the above referred 2s
and 30h oscillations in ’S9 Program’ are independent of IP3. In these calculations the
levels of IP3ReIP3 and IP3 are kept constant by setting the rate constants k77 and krg to
zero. On the other hand, when the dissociation of IP3ReIP3 and its formation by IP3R
and IP3 are taken into account, then different IP3 levels can increase or decrease period
lengths by regulating the amount of IP3ReIP3 and thereby regulating the associated flux
jrpsr across the ER membrane (see Influence of IPs in ’S9 Program’).

Although the oscillations observed in our model could be classified as IP3 independent
[111,114], the kinetics and cooperativities of PMCA, NXC, leakage terms into the
cytosol, and SOCC/STIM are additional factors which are expected to influence and
contribute to the oscillations, besides IP3ReIP3 and IP3. It appears therefore interesting
to investigate in further studies how the integration and their kinetics of the various
inflows and outflows of cytosolic Ca?t take part in the generation of these oscillations.

Concluding remarks and future aspects

This work aimed at the development of a basic cellular model of Ca?* homeostasis.
A model like this poses the problem that certain cellular compounds/parts and their
functions will certainly be neglected. In our case the role of mitochondria as an additional
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Ca store and regulator was not included, together with transporters such as the RyR’s,
ARCC’s, VOCC’s along with sodium and potassium channels. Such neglects certainly
limits the applicability of the model. On the other hand, we feel that through the model
we have pointed at important regulatory features, such as the hysteretic behaviors of
the Ca pumps and the enhanced cooperativity when the IP3ReIP3 channel closes at
high Cacy levels. The model’s astonishing oscillatory capability, which integrates Ca
regulatory aspects of the model and is largely unexplored, appears to be an interesting
aspect of further research with respect to both ultradian/high frequency [108,110,112]
and possibly circadian [113] Ca oscillations. We also hope that the source files of the
accompanying programs and their compiled binaries may be of interest as starting points
for generating more improved models.

Supporting information

S1 Text Model details. List of rate equations, abbreviations, and LSODE Y (i)
assignments for the model Fig 3.

S2 Text PMCA kinetic parameters for S2 Program and S3 Program. De-
scription of PMCA rate equations, cytosolic Ca?* set point, and the estimation of PMCA
Vinax, Kar and turnover number.

S3 Text Dicalcic model. Derivation of Eq 22 with n=1 and n=2, and fits to the
experimental data by Kaftan et al. (Fig 2 in Ref. [73]).

S1 Program Cytosolic calcium homeostasis in a minimal model. Fortran
source file and executables showing results of Fig 2.

S2 Program Modeling the application of ionophore A23187 on erythrocytes.
Rate equations, parameters and calculations for Fig 5B.

S3 Program Modeling cytosolic calcium regulation by PMCA in bovine
endothelial cells. Rate parameters and calculations for Figs 6B and 6C.

S4 Program Modeling cytosolic calcium regulation by PMCA and NCX
in bovine endothelial cells. Rate equations, parameters, initial concentrations, and
calculations for Figs 7C and 7D.

S5 Program Modeling cytosolic calcium regulation by PMCA and NCX
in bovine endothelial cells. Rate equations, parameters, initial concentrations, and
calculations for Fig 8B.

S6 Program Analysis of Ca2t-leakage rates from the ER. Determination of
first-order rate constant and Michaelis-Menten as well as hysteretic parameters from the
experimental results by Luik et al. [74] and Camello et al. [10], respectively.

S7 Program Calculations leading to Figs 10-12. Calculated capacitative Ca2*
inflow rates with concentration dependent cooperativity.

S8 Program Influences of cytosolic calcium and cytosolic inflow rates j; on
IP3ReIP; dissociation and activity. The supporting information shows the details
leading to Fig 17.
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S9 Program Oscillatory responses of the model. Calculations showing the
results of Fig 18 and parameter influences on the period.
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