
 
 

 
 
 
 
 
 

 
Lincoln University Digital Thesis 

 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of the Act 
and the following conditions of use: 

 you will use the copy only for the purposes of research or private study  
 you will recognise the author's right to be identified as the author of the thesis and 

due acknowledgement will be made to the author where appropriate  
 you will obtain the author's permission before publishing any material from the 

thesis.  

 



Modelling Calmodulin Dependent Calcium Signalling 

Involved with  Synaptic Plasticity 

 

 

 

A thesis 

submitted in partial fulfilment 

of the requirements for a 

Doctor of Philosophy  

in Computational Systems Biology 

 

at 

Lincoln University 

by 

Hamish Edward Stevens-Bullmore 

 

 

 

 

Lincoln University 

2018 

 



 ii 

Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Doctor of Philosophy. 

 

Abstract 

Modelling Calmodulin- Dependent Calcium Signalling 

Involved with Synaptic Plasticity 

 

by 

Hamish Edward Stevens-Bullmore 

 

Neurotransmission of synapses is plastic in that they get modulated to increase or decrease 

conductivity (this is known as synaptic plasticity). Synaptic plasticity consists of two opposing forces: 

long term potentiation (LTP) which strengthens synapses; and long term depression (LTD) which 

weakens synapses. LTP and LTD are associated with memory formation and loss respectively. 

Synaptic plasticity is controlled at a molecular by Ca2+-mediated protein signalling. Here, Ca2+ binds 

the protein, calmodulin (CaM) which modulates synaptic plasticity in both directions. This is because 

Ca2+- bound CaM activates both LTD- and LTP- inducing proteins. Understanding how CaM responds 

to Ca2+ signalling, and how this translates into synaptic plasticity is therefore important to 

understand synaptic plasticity induction. In this thesis, CaM activation by Ca2+ and calmodulin binding 

to downstream proteins was mathematically modelled using differential equations.  

 

CaM was first modelled in isolation to determine its kinetic binding properties with Ca2+. By 

performing local and global sensitivity analyses of Ca2+ binding/unbinding parameters, distinct 

binding properties between the two Ca2+ binding lobes were found. The difference between the 

binding lobes was exacerbated as intracellular Ca2+ stimulation rose. A full model of the two opposing 

pathways of synaptic plasticity was then employed. Simulations were monitored, and global 

sensitivity analyses were performed to determine how Ca2+/CaM signalling occured at various Ca2+ 

signals. At elevated stimulations, the total CaM pool rapidly bound to its protein binding targets 

which regulate both LTP and LTD. This was followed by CaM getting redistributed from low affinity to 

high affinity binding targets. Specifically, CaM was redistributed away from LTD- inducing proteins to 

bind the high affinity LTP-inducing protein, calmodulin dependent kinase II (CaMKII). In this way, 
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CaMKII acted as a dominant affecter and repressed activation of opposing CaM binding protein 

targets. This model thereby showed a novel form of CaM signalling by which the two opposing 

pathways can crosstalk indirectly. The model also investigated how cAMP is regulated by CaM. It was 

found that CaMKII can repress cAMP production by repressing CaM-regulated proteins which 

catalyse cAMP production. The model also found that at low Ca2+ stimulation levels typical of LTD- 

induction, CaM-signalling was unstable and is therefore unlikely to alone be sufficient to induce 

synaptic depression. Overall, this thesis showed how limiting levels of CaM may be a fundamental 

aspect of Ca2+ regulated signalling which allows crosstalk among proteins without requiring to 

interact directly. Understanding synaptic plasticity can help understand neurodegenerative disease 

and although the current study is focused on synaptic plasticity, understanding CaM regulation has 

implications in numerous other cell types. 

 

Keywords: Ca2+ signalling; Calmodulin; Calmodlin dependent kinase II;  Protein Phosphatase 1; Cell 

Signalling; Mathematical Model; Computational Modelling; Sensitivity Analysis. 
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Chapter 1 Introduction 

Mathematical modelling as a tool 

Mathematical models are used to study systems, yet I feel their importance is to be properly 

appreciated for the study of biology. Before describing modelling, it is important to first 

define what is meant by “model” as it can have a variety of definitions. J. Gunawardena 

(2014a) defines two types of models: formal; and informal. Formal models are models based 

on mathematics, whereas informal models are largely based on human thinking and 

previous results in the laboratory. 

 

I argue that we should not look at the two types of models as independent ways of thinking. 

We should instead bridge the two and work together more closely. I posit that mathematical 

modellers and experimental biologists should understand each other and work towards a 

common goal. The goal of this introductory Section is to make the conviction that 

mathematical modelling of biological systems is important, and although it relies upon 

assumptions, those assumptions are born from schools of thought which experimentalists 

have given rise to. 

 

Mathematical models are made up of assumptions from which conclusions are drawn 

(Gunawardena, 2014b). The assumptions dictate all conclusions, and so it follows that all 

conclusions are objectively derived from those assumptions. This means that if the 

assumptions are correct, then by logic deduction, the conclusions are also correct. If 

however, the reasoning and assumptions built into the model are poor/wrong, then it 

follows that the conclusions are exposed to those same flaws. They can however provide 

good predictions about how the system behaves based on the current school of thought 

from which the assumptions were made. Indeed Paul Meehl (1954) showed in his influential 

book: Clinical vs. Statistical Prediction: A Theoretical Analysis and a Review of the Evidence, 

that even a simple model can outperform humans in making predictions or interpreting 

complex phenomena (Kahneman, 2011). To show why modelling is a necessary tool to use 

when there is inherent complexity in a system, Nobel prize winner, Daniel Kahneman, and 

his colleague, Amos Tversky have shown why human intuition breaks down when dealing 
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with complexity. This bias is not shared by mathematical models, provided we construct 

them by using unbiased measurements and observations. 

 

Humans have inherently bad intuitions for complexity due to heuristics and biases which 

plague the mind (Kahneman, 2011). Heuristics are mental shortcuts (rules of thumb) which 

give rise to quick answers. While this can be helpful during daily tasks, or familiar situations, 

these heuristics lead to predictable systematic mistakes in judgement. That is, when 

analysing complex systems, our intuitions can lead us astray. Daniel Kahneman and Amos 

Tversky have laid out numerous biases and heurstics. In their seminal paper which was since 

been cited over 44,000 times, they show that: 

 

“people rely on a limited number of heuristic principles which reduce the complex tasks of 

assessing probabilities and predicting values to simpler judgement operations” – A. Tversky 

& D. Kahneman (1975) 

 

The paper presented three heuristics we use when assessing complexity: 

 

1) Representativeness, we overestimate the similarity between things already seen- if a 

problem appears to have characteristic of a problem we have seen before, we are likely to 

have a bias view. For example, you have a neighbour named Steve: 

 

“Steve is very shy and withdrawn, invariably helpful, but with little interest in people, or in 

the world of reality. A meek and tidy soul, he has a need for order and structure, and a 

passion for detail”- A. Tversky & D. Kahneman (1975) 

 

Is Steve more likely to be a librarian, or a farmer? We have a stereotype of what a librarian is 

and most people choose this option. This is because we neglect prior probability. There are 

many more male farmers than male librarians, so it is more likely that Steve is a famer 

(Kahneman, 2011).  People have confidence in prediction based on representativeness and 

ignore factors which may be important. That is, they overestimate their ability to make 

predictions based on what they have already seen. Such predictions are helpful when the 

question is simple or common, but once other, unaccounted for details arise, intuitive 

predictive power becomes limited.  
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2) Availability: Instead of answering the complex question, we substitute it for a simple 

question or one which readily comes to mind. Specifically, we are biased to compare recent 

events we have seen, or overestimate predictions based on how readily explanations come 

to mind (that is, salience of what has been seen before). That is, the availability bias leads to 

bias prediction towards what comes to mind easily.  

 

3) Adjustment and Anchoring: here people make estimates starting at some value which can 

adjust predictions of the final answer. Also this starting point can get biased by the way a 

problem is stated. It follows that once this estimate has been made, it is difficult to move far 

from this prediction.  In a system of many parts, the effect of anchoring prevents accurate 

predictions.  

 

So how does this relate to modelling? Modelling allows us to formalise our thinking into a 

mathematical framework- such formalisation has proven prosperous in other disciplines 

such as economics and physics, and the predictive powers of models have been shown on 

numerous occasions to outperform human prediction. It was shown by Paul Meehl’s book: 

“Clinical versus Statistical Prediction” (1954) that simplistic models have more accurate 

predictive powers than clinicians for making predictions. In Kahneman’s book “Thinking, Fast 

and Slow” he also details numerous examples.  

 

It is reasonable to assess that models do not face the same biases as humans- which is not to 

say that models can be without their own biases and heuristics. Indeed, models are based on 

assumptions, and these assumptions are based on logic which may itself be subject to poor 

reasoning. That is, conclusions drawn from models must be based on the assumptions of the 

model itself. If the assumptions are reasonable, then it follows that the conclusions born 

from these assumptions are reasonable. We will now look at what modelling of biological 

systems is, what it is not, and then detail why they can be a useful tool to assist our 

understanding of Molecular Biology and help to guide research laboratories.   

 

In Molecular Biology, mathematical models are largely based on differential equations. 

These are often founded on rate constants and dose responses which have been measured 

by experiments. It is important to note that these rates themselves are based on 

phenomenology (observations). Which are thereby based on their own assumptions. That is, 

the exact physics by which these reactions proceed is not modelled, rather reactions are 
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modelled based on what we see which is a more pragmatic approach than exacting out 

every detail (Gunawardena, 2014b). Modelling in biology is the reverse of this: add what is 

necessary depending on purpose of the model.  

 

Models are an abstraction of the universe, and within them we can create the bounds which 

do not contain interference from factors outside of this model universe. We can rid noise as 

we see fit or- if it is the prerogative, add noise of our choosing. The bounds of the models we 

create come in the form of assumptions. Indeed, assumptions are what constrain models, 

and it follows that all conclusions must be based on these assumptions within this universe.  

 

Models allow us to mathematically formalise conceptual models. This can help to focus 

thinking and make some less obvious predictions not obstructed by our biases and 

heuristics. These model predictions can look at the system in way perhaps we would not 

guess- the consequence of the many interactions is often not readily available to mind 

(availability heuristic). What modelling does, is it allows for complexity to be modelled 

without the built-in biases of what behaviour it expects to produce- that is to say: models 

rely on mathematics, not on intuition.  

 

With the rise of the Systems Biology approach, which studies complexity, it is helpful to 

apply mathematical model to make predictions. If modellers and experimentalists can work 

together, it can help make predictions and guide research. Applying models can help to 

investigate possible interactions which are not at first, “intuitive” or readily available to 

mind. Even seemingly obvious conclusions from model output, may not be so obvious. That 

is, modelling provides a framework by which to test our intuitions. It follows that if our 

intuitions were wrong about expectations of the model, then anything different or 

unexpected can be counted as new knowledge. Indeed, in this thesis we shall see numerous 

examples. The results are logical, but until the model was run, the predictions do not readily 

come to mind. The benefit of modelling also provides of mathematical reasoning as opposed 

to intuitions which as we seen, is susceptible to error under complexity.  Indeed, the goal of 

systems biology is to look at interactions among many molecular components integrate to 

explain phenotypes and physiology.  

 

Using mathematics, we can also study the relative influences of parameters within the 

model. For example, we can up and downregulate variables or even knock factors out of the 
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system and see what happens- in a way analogous to knocking genes out or perhaps 

applying agonists or inhibitors. Models also allow us to see indirect or knock on effects and 

test the relative sensitivities of each parameter and its contribution to the model. The likes 

of global and local sensitivities can be applied to see how singular factors affect systems 

behaviour, or how many factors interact. Once we have created our abstraction of the 

universe, constrained by our assumptions, we can ask interesting questions of that system. 

Biology of Synaptic Plasticity 

The brain consists of cells called neurons (see Appendix A). Neurons are composed of the 

cell soma from which dendrites and axons prottude (see Figure 1.1a). Neurons can send 

signals to each other through structures called ‘synapses’ (see Figures 1.1b). These allow for 

electrical and/or chemical signals to be sent between communicating neurons in a process 

called ‘neurotransmission’ whereby a “presynaptic” neuron activates a “postsynaptic” 

neuron (see Figure 1.2) (Bear et al., 2015).  

 

Briefly, the mechanism of neurotransmission begins with action potentials being sent down 

the ‘presynaptic’ axon. This charge causes voltage gated Ca2+ channels to open. Ca2+ then 

fluxes inside the neuron which triggers neurotransmitters to get released across the synaptic 

cleft to the postsynaptic neuron (Bear et al., 2015). These neurotransmitters then binds to 

the channels on the dendrite of the postsynaptic neuron (see Figure 1.2) (see Appendix B for 

more details of neurotransmission). At the tip of the postsynaptic neuron is a dense 

assortment of proteins in a structure called the postsynaptic density area (PSD) (Kennedy, 

2000; Okabe, 2007). The PSD contains neurotransmitter receptors and scaffolding proteins 

which stabilise these receptors in this region (see Figure 1.2) (Kennedy, 2000; Okabe, 2007). 

 

Upon binding neurotransmitters, receptors at the PSD open to allow positive ion charge 

(Na+) at excitatory synpases or negative ion charge (Cl-) at inhibitory synapses. 

Depolarization of postsynaptic neuron by Na+ causes it to fire action potentials to recipient 

neurons thus propagating the signal, while inhibitory synapses allow in Cl- which prevent 

action potentials being sent (see Appendix A for more information about action potentials) 

(Bear et al., 2015). Also, depolarisation of postsynaptic neurons can lead to reaction 

cascades that modify postsynaptic responsiveness for future presynaptic signals (Bear et al., 

2015). That is, the conductance of synpases is “plastic”. This thesis will be focused on 

excitatory synapses which allow Na+ but not Cl- to flux in. This thesis will examine excitatory 
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synapses implicated in important neural processes such as learning and memory (Bear et al., 

2015; Navbi et al., 2014; Whitlock et al., 2006; Kumar, 2011). 

 

 

 

 

Figure 1-1 (A) Schematic  diagram of a neuron and its main structures. (B) Structure of a 
synapse. Note that that neurotransmitters are sent from the presynaptic 
neuron to bind to receptors of the dendritic PSD across the synaptic cleft. 
Servier Medical Art was used to produce these Figures 
(http://www.servier.com/Powerpoint-image-bank). 
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Figure 1-2 Neurotransmission of an excitatory synapse involves an electrical charge in the 
form an action potential is sent down the axon of a neuron. This charge 
reaches the Voltage-Gated Ca2+ Channels (VGCC). This causes the VGCC to 
open, and Ca2+ fluxes into the axon at the synapse. Ca2+ then triggers a 
reaction cascade which results in neurotransmitters to release from vesicles 
across the synapse to channels on the post-synapse. When neurotransmitters 
bind, they open AMPAR channels. This causes Na+ to flux in which results in an 
increase in positive charge in the cell. Neurotransmitters also bind to NMDAR 
channels which causes Ca2+ to flux into the cell. This is how electrical signals 
get converted to chemical signals in the form of glutamate. Ca2+ then acts as a 
secondary signalling molecule (see Appendix B for more information). Servier 
Medical Art was used to produce this Figure 
(http://www.servier.com/Powerpoint-image-bank). 
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Synapses were postulated to be modifiable (plastic) by Donald Hebb (1949) in his book 

Organization of Behaviour which gave rise to Hebbian theory. The theory postulates 

“neurons that fire together wire together”. It predicts that synaptic connections can 

strengthen, and this involves some growth process and metabolic change.  

 

The first experimental study to show synaptic plasticity was made by Bliss & Lømo (1973). 

Here, synaptic conductance was measured by placing electrodes in postsynaptic granule 

cells to measure the ‘post synaptic excitatory potential’ (EPSP) of the membrane. The study 

showed the synaptic conductance of hippocampal Perforant path fibres could be modified 

when brief trains of high frequency (100Hz) electrical stimulation were applied (see Figure 

1.3). This postsynaptic increase in efficiency was termed “Long Term Potentiation” (LTP). 

Next, Dudek & Bear (1992) experimentally discovered the reciprocal of LTP whereby synaptic 

EPSP decreased upon stimulation in the hippocampal CA3→CA1 synapse (see Figure 1.4). 

This was termed “Long Term Depression: (LTD). The opposing forces of LTP and LTD thereby 

constitute synaptic plasticity (Navbi et al., 2014; Whitlock et al., 2006). We will now look at 

what constitutes change in EPSP using the CA3→CA1 synapse of the hippocampus (see 

Figure 1.5). This synapse will hereby remain the focus of this thesis as it is the main synapse 

used to study synaptic plasticity (Malenka & Nicoll, 1999; Nicoll & Roche, 2013) 

 

At the CA3→CA1 excitatory synapse, glutamate is released from CA3 active zone to the CA1 

PSD. It then binds to a Na+ permeable receptor channel called AMPAR. Upon binding to 

glutamate, the Na+ permeable channel of AMPAR opens which allows Na+ to flux into the cell 

(Lee et al., 2000). Since Na+ is a positively charged molecule, its influx into the dendrite leads 

to depolarization of the dendrite (Bear et al., 2015). This means AMPARs affect the 

conductance of synapses to Na+. That is, increased Na+ influx due to modulation of AMPARs 

is what constitutes increased EPSP and thus LTP; while the reciprocal is true for LTD (Bliss & 

Collingdridge, 199; Lee et al., 2000). Therefore, if AMPAR numbers or conductance to Na+ 

are altered, the conductance of the synapse (EPSP) can be modified. Indeed, it has been 

shown that AMPARs are dynamic and can be modulated in this way which is what 

constitutes synaptic plasticity (Lisman et al., 2012; Nicoll & Roche, 2013).  
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Figure 1-3 An example of how the EPSP increases after 3 tetanus of 100Hz as measured by 
electrode. This constitutes LTP. Image retrieved from Bliss & Lømo, (1973). 

 

Figure 1-4 An example of how EPSP decreases after 900 pulses sent at 1Hz to induce LTD. 
Image retrieved from Dudek & Bear, (1992). 
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As predicted by Hebbian theory, the functional implications of LTP are that it assists with 

learning and memory (Bliss & Collingdridge, 1993; Navabi et al., 2014; Gruart et al., 2006; 

Whitlock et al., 2006); while LTD is associated with ‘forgetting/unlearning’ (Connor & Wang, 

2015; Bliss & Collingdridge, 1993; Navbi et al., 2014; Malenka & Bear, 2004). It is important 

that there is a balance between LTP and LTD for animals to have flexible learning and be able 

to unlearn previously learnt behaviours (Goh & Manahan-Vaughan, 2013; 2014; Ge et al., 

2010; Dong et al., 2012). It is also important there are mechanisms of LTD to prevent 

synapses becoming saturated with activity, as this would lead to the inability to distinguish 

different environmental cues (Abraham, 2008; Bear et al., 2015). In addition, LTD is also 

implicated in different types of learning such as recognition of objects and spatial memory 

consolidation (Dong et al., 2012; Ge et al. 2010; Goh & Manahan-Vaughan, 2013). Indeed, 

feedback loops prevent oversaturation of LTP and LTD in the form of synaptic metaplasticity 

(the plasticity of synaptic plasticity (Bear et al., 2015; Abraham, 2008)).  

 

An important aspect of synaptic plasticity is that it can be turned on and off reliably.  

It has been shown to be persistent for at least a year which suggests that there is a ‘switch’ 

in synapses to persistently alter EPSP state of the synapse (Abraham et al., 2002; Abraham, 

2003). Although the CA3→CA1 synapse is itself unstable, memories can get transferred from 

the hippocampus to other parts of the brain to solidify memory (Preston & Eichenbaum, 

2013). For example, it has been revealed that after sleep the regions of the brain that 

retrieve the memory change from the hippocampus to other areas of the cortex (Saletin & 

Walker, 2012). Regardless, understanding the mechanisms of how the synaptic switch is 

‘turned on’ and can persist will shed light on mechanisms of memory formation/loss which 

has implications for neurodegenerative disorders or learning impairments (see Kumar, 

2011). We will now examine the mechanisms of synaptic plasticity and the proteins in 

controlling them. 
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Figure 1-5 (A) Simplistic diagram of the hippocampus (Servier Medical Art was used to 
produce this Figure (http://www.servier.com/Powerpoint-image-bank). (B) 
the CA3→ CA1 synapse within the hippocampus  
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1.3 Mechanisms of synaptic plasticity/LTP 

Pharmacological studies have shown that both LTP and LTD require NMDAR channels 

(Collingdridge et al., 1983). These channels are known to be Ca2+ permeable, and indeed the 

role of Ca2+ in inducing synaptic plasticity (Lynch et al. 1983; Nicoll, Kauer & Malenka, 1988). 

NMDAR-dependent postsynaptic plasticity is a prominent cellular model of synaptic 

plasticity and is important for many types of learning across multiple synapses across many 

species (Citri & Malenka, 2008; Xia & Storm, 2005) 

 

NMDAR functions as coincidence detectors of activity. That is, if presynaptic axons are 

activated shortly before the post synaptic dendrite recipient synapse, then NMDAR is made 

to open (Antonov & Johnson, 1999). This condition is consistent with Hebbian Theory: that 

activation of the pre- and post- synapses coordinate synaptic plasticity. To explain how 

NMDAR- dependent synaptic plasticity operates, it is important to first outline how Ca2+, 

which signals it is regulated. 

 

1.4 Ca2+ levels in the cytoplasm 

Ca2+ are held low within synapses with a 10,000 higher concentration from outside the cell 

(Gleichman & Mattson, 2011). Since this is far from equilibrium, it is necessary that there are 

energy-dependent processes as well as buffers to ensure free intracellular Ca2+ remain low 

(Miller, 1991; Dong et al., 2006; Carafoli, 1987; Pozzo et al., 1997). To keep levels low in the 

dendritic spine, Ca2+ ATPase pumps actively pump Ca2+ out of the cell or into the lumens of 

storage organelles such as ER/SR and mitochondria (Segal & Korkotian, 2014; Holcman, 

Schuss & Korkotian, 2004; Higley & Sabatini, 2012). Ca2+ buffers such as parvalbumin, 

calbidin and CaM bind to also bind and reduce free Ca2+ (Sabatini Oertner & Svoboda, 2002; 

Schwaller, 2010).  

 

Given that keeping Ca2+ is a costly process, it is logical that the system evolved these 

mechanisms for good reason. If Ca2+ is elevated in the cell, it can activate calpain proteins 

which are proteases that cleave unspecific proteins in the cell (including itself) as well as 

activate capase proteins which induce programmed cell death (apoptosis) (Goll et al., 2003; 

Dong et al., 2006; Nagagawam & Yuan, 2000; Ono & Sormachi, 2012; Harwood et al., 2005; 

Momeni, 2011). In addition, if intracellular Ca2+ becomes toxic and cause cell death at 100µM 
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(Dong et al., 1998). Another reason Ca2+ levels are kept low is because it can interact with 

negative sidechains of amino acids as well as carbonyl groups of peptide backbone 

structures (because Ca2+ is a large positive divalent). This interaction can alter the 

conformation of these proteins such that they become inactive in the cell. Lastly, rapid decay 

of Ca2+ ensures that the Ca2+ signal does not reach other parts of the cell as Ca2+ localisation 

is an important aspect of cell signalling (Lee et al., 2009; Evan & Blackwell, 2015).   

 

Under basal conditions, Mg2+ blocks NMDAR-dependent Ca2+ influx (Mayer, Westbrook & 

Guthrie, 1984; Nowak et al., 1984). When AMPAR-mediated Na+ depolarization of 

postsynaptic neurons occurs, Mg2+ ions are repelled from NMDAR channels, thus relieving 

the NMDAR block (see Figure 1.7) (Malinow & Miller, 1986; Wigström et al., 1986). If this 

coincides with glutamate binding NMDAR, it opens to allow in Ca2+ (Antonov & Johnson, 

1999; Nicoll et al., 1988; Lisman et al., 2002; 2012). Since there is a 10,000 fold 

concentration gradient from the extracellular space opening of NMDAR causes, Ca2+ to 

rapidly flux into the cell (Ascher & Nowak, 1988; Gleichman & Mattson, 2011; Zaeri & Dani, 

1994), however, when Ca2+ enters it decays rapidly. This decay is caused by the 

aforementioned protein buffers (Schwaller, 2010) and it is also actively pumped into the 

internal stores lumens as well as out of the cell (see Figure 1.8) (Segal & Korkotian, 2014; 

Holcman, Schuss & Korkotian, 2004; Higley & Sabatini, 2012). Collectively, because there is a 

high concentration gradient from the extracellular space Ca2+ fluxes in when NMDAR 

channels open, then free Ca2+ is rapidly buffered and extruded from the cell, when NMDAR 

open, Ca2+ fluxes into the synapse as a “pulse”. It follows that the dendritic spine has evolved 

mechanisms to “interpret” the patterns of pulses to transduce changes in the cell in the 

form of synaptic plasticity.  

 

Once in the cytoplasm, Ca2+ acts as a signalling molecule- and because to the pulses are 

rapid, the “Ca2+ signal” must be rapidly intercepted so that they can transduce synaptic 

plasticity in the cell. That is, Ca2+ signalling is coordinated by differing pulse patterns.  If 

these pulses enter at a high enough frequency, Ca2+ concentration can transiently increase 

due to temporal summation. That is, if a pulse of Ca2+ arrives before the previous pulse has 

decayed (Helmchen, Imoto & Sakmann, 1996; Sabatini, Oertner & Svoboda, 2002; Tsien & 

Tsien, 1990).  There are three components to Ca2+ signalling which are: 1) frequency of 

pulses, which affects the second component: 2) Ca2+ concentration; and 3) duration of 

stimulus.  
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Using electrical stimulation, scientists can manipulate CA3→ CA1 synapses to induce Ca2+ 

pulses. Different patterns can induce synaptic plasticity and persistently change the state of 

the synapse to be more, or less conductive. Recall from Section 1.2 that HFS induces LTP 

while LFS causes LTD, this is because each stimulation causes Ca2+ to flux through NMDAR 

channels. That is, during high frequency stimulation (HFS), 100 pulses of Ca2+ enter the post 

synapse per second which allows the Ca2+ concentration to summate between pulses (Bliss 

& Lømo, 1973). Reciprocally, during LFS, 1 pulse of Ca2+ enters per second for a prolonged 

time and Ca2+ levels decay between each pulse which causes LTD (Dudek & Bear, 1992). 

 

So how do these Ca2+ pulses get transduced into forms of synaptic plasticity? Depending on 

the pattern of these pulses, the signals can then be interpreted by binding to protein, CaM 

(Calcium modulating protein) which can induce synaptic plasticity by activating downstream 

proteins (Xia & Storm, 2005). Upon binding Ca2+, CaM acts as a secondary signalling molecule 

(Here, Ca2+ binds basic helix-loop-helix motifs of CaM called EF-hands. Each CaM contains 

four EF-hands which are separated into two lobes (Linse et al., 1991). These are the C-lobe 

(nearer to the C-terminal of the protein) and the N-lobe (nearer to the N-terminus) (Forest 

et al., 2008; Török, 2002). The N-lobe has faster binding kinetics with Ca2+ but is less stable 

(Faas et al., 2011; Lai et al., 2015) whereas the C-lobe has slower but more stable binding 

(Faas et al., 2011; Lai et al., 2015). Once CaM has Ca2+ bound to all 4 EF-hands, it adopts the 

“holo-CaM” conformation which activates proteins bind to hydrophobic grooves of target 

proteins (Meador et al., 1993; Török, 2002; Stigler et al., 2011; Tidow & Nissen, 2013; 

Westerlund & Delemotte, 2018). Particularly, it activates the protein cascades which induce 

synaptic plasticity (Xia & Storm, 2005).  

 

In a simple model, CaM-dependent synaptic plasticity is controlled by kinase and 

phosphatase proteins. These two types of proteins play opposite roles to each other. That is, 

kinases add phosphates onto proteins; whereas phosphatases take them away (Brautigan & 

Shenolikar, 2018) (see Figure 1.8). This means that the phosphatases and kinases oppose 

each other. If kinase proteins get activated more than phosphatases, they can overpower 

them and net phosphorylation of targets in the synapse occurs.  But, if there is adequate 

phosphatase activity and low kinase activity, net dephosphorylation happens. Low holo-CaM 

concentration leads to preferential activation of phosphatases, while higher concentrations 

of holo-CaM lead to more kinase activity (Xia & Storm, 2005; Yang et al., 1999; Malenka & 
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Bear, 2004; Nicoll & Roche, 2013). This is because although phosphatases bind to CaM 

quicker, kinases have higher activity and total concentration. 

 

 

 

 

 

Figure 1-6 Mechanism by which Ca2+ fluxes through NMDAR channels. When the interior of 
a cell gets charged, Mg2+ is repelled from NMDAR channels. This prevents Mg2+ 
blockage of Ca2+. Servier Medical Art was used to produce this Figure 
(http://www.servier.com/Powerpoint-image-bank). 
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Figure 1-7 Schematic diagram of Ca2+ entering a dendritic spine and then getting cleared by 
protein buffers and getting pumped into the endoplasmic reticulum and 
mitochondrial lumens via Ca2+ pumps. Ca2+ is also extruded out of the cell by 
ATPase pumps. Servier Medical Art was used to produce this Figure 
(http://www.servier.com/Powerpoint-image-bank).  
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 17 

When kinase proteins get preferentially activated, they trigger LTP; whereas phosphatase 

proteins trigger LTD (Xia & Storm, 2005; Yang et al., 1999; Malenka & Bear, 2004; Nicoll & 

Roche, 2013; Colbran, 2004). So whichever set of proteins get preferential activation 

determines the direction of synaptic plasticity (see Figure 1.9). Dephosphorylation leads to 

AMPAR channels being taken away from PSD membranes and which causes depressed 

activity of the synapse as LTD (Xia & Storm, 2005; Malinow & Malenka, 2002; Petrini et al., 

2009; Ehlers, 2000). As mentioned in Section 1.2, synaptic plasticity is induced by altering 

the number and conductance of AMPAR channels on the PSD. It follows that the balance of 

kinase and phosphatase activity affect AMPARs trafficking in and out of the PSD (Colbran, 

2004; Bliss & Collingdridge, 1993). For example, phosphorylation of AMPAR can increase its 

trafficking to the PSD and its conductance of Na+; and phosphorylation of auxiliary AMPAR 

protein stargazin (also known as Calcium channel, voltage-dependent, gamma subunit 2, 

(CACNG2) can help anchor AMPARs to PSD (Derkach et al., 1999; Tomita et al., 2005; Opazo 

et al., 2010). Desphosphorylation of these sites, however, has the reciprocal effect (Colbran, 

2004).   

Two of the key regulators of LTP and LTD are calmodulin dependent kinase II (CaMKII and 

proteins phosphatase 1 (PP1). These two proteins oppose each other whereby PP1 induces 

LTD (Mulkey, Herron & Malenka, 1993; Morishita et al., 2001) while CaMKII induces LTP 

(Lisman et al., 2012). These two forces thereby shape synaptic plasticity and constitutes the 

most well documented system of bi-directional CaM-dependent plasticity induction (Xia & 

Storm, 2005; Yang et al., 1999; Malenka & Bear, 2004; Nicoll & Roche, 2013; Colbran, 2004; 

Lisman et al., 2002; 2012; Coultrap & Bayer, 2012). 

 

The two opposing pathways must therefore compete to bind to Ca2+-bound CaM (Yang et al., 

1999). The competition for CaM between LTP versus LTD inducing proteins is determined by 

factors including, dephosphorylation, binding rates, concentration and binding stability. In 

addition, phosphorylation of kinases can modulate affinity for CaM. As we shall see in 

Chapter 2, this competition is dynamic and pathways of LTD and LTP can also interact. In a 

simplified model, high frequency stimulation (HFS) activates kinases, while LFS preferentially 

activates LTD inducing proteins. In this thesis we will study how CaM is activated by Ca2+, and 

then model the regulation of the two opposing forces of synaptic plasticity: CaMKII and PP1.  
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Figure 1-8 Catalytic reactions of kinases and phosphatases. Kinases add a phosphate group 
on to an amino acid residue of a target protein, while phosphatases remove 
them. 

 

Figure 1-9 When Ca2+ fluxes into a neuron, it binds to and activates CaM. Upon binding to 4 
Ca2+ ions, CaM gets active and binds to and activates phosphatase and/ or 
kinase proteins. Phosphatases trigger pathways which reduce the number of 
AMPAR channels and reduces the size of the synapse. This means that 
synapse gets less conductive to Na+ (LTD). Active CaM can also activate kinase 
proteins which trigger pathways which increase the number AMPARs and the 
size of the synapse. This results in a more conductive synapse. Servier Medical 
Art was used to produce this Figure (http://www.servier.com/Powerpoint-
image-bank). 

 

http://www.servier.com/Powerpoint-image-bank
http://www.servier.com/Powerpoint-image-bank
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1.5  Motivation of each Chapter in this thesis 

Synaptic plasticity is an excellent arena to apply mathematical models. Its regulation consists 

of opposing pathways competing for the same signalling molecule. Which pathway has 

preferential activation determines whether the synapse get stronger or weaker.  

In Chapter 2 we look at important aspects of CaM-signalling pathways involed in LTP/LTD. 

Specifically, we will discuss the LTP inducing protein, (CaMKII) and its opposition PP1. We 

will look at how these two proteins are regulated and influence each other to coordinate 

synaptic plasticity in the CA3→CA1 synapse. We will find here that CaM levels are limiting 

compared to the total concentration of its binding targets involved in signal transduction. 

This can allow for an additional level of regulation between CaM protein targets, as protein 

binding targets must compete for available CaM to get activated. This serves as an 

opportunity for modelling as such competition is determined by factors that are able to be 

mathematically formalised.  

 

In Chapters 3 and 4, we will then look at how CaM interacts with Ca2+ in an environment void 

of any CaM protein partners. This was done to elucidate the differences of the lobes in the 

absence of the “noise” of binding to its targets. In Chapter 3, we will apply ordinary 

differential equations pertaining binding and unbinding rates which have been 

experimentally measured. Using this model, we will examine how CaM binding to Ca2+ 

changes depending the concentration of Ca2+.  We explore the differences in stability of the 

two lobes and perform a local sensitivity analysis on each kinetic rate of to determine how 

the lobes differentially bind Ca2+ and which rates/lobes are rate limiting for the full 

activation of CaM. 

 

In Chapter 4, we will investigate how the lobes bind to Ca2+ as a function of time in response 

to Ca2+ pulses. We will also perform a global sensitivity analysis over a wide range of Ca2+ 

pulse frequencies.  Given the centrality of CaM in synaptic plasticity, understanding how it is 

activated differently at different stimulations can provide insights as to how the Ca2+ is 

interpreted by CaM and differentiate the roles of the lobes depending upon the level of 

stimulation. We show that there are important differences and that different lobes play 

different roles depending upon the level of stimulation and/or Ca2+ present. Later, in 

Chapters 5-8 we will compare how the binding targets shape CaM binding to Ca2+, and see 

how the stability and sensitivities of these lobes change at a few chosen stimulation 

patterns.  
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In Chapter 5, we will take the 9-state model used in Chapters 3 and 4 and add a full CaM-

binding network model of synaptic plasticity. In this model, CaM levels will be lower than the 

total concentration of its binding targets (He et al., 2016). This will be done to determine 

how CaM4 activates its protein binding targets, and how these binding targets stabilise Ca2+-

bound CaM. We will also examine how limiting CaM levels can allow for additional 

regulation between binding targets and look at how proteins affect each other in both direct 

and indirect ways. In this Chapter we find that competition for limiting CaM causes CaM to 

get redistributed between targets throughout elevated stimulations. Namely, CaM gets 

redistributed away from low affinity targets to instead bind to the high affinity binding 

target, CaMKII. We thereby posit a novel form of regulation by which CaMKII can repress 

other proteins in a CaM- binding network. 

 

Following from Chapter 5, in Chapter 6 we look at CaMKII in more detail and determine how 

CaMKII can influence the binding of other CaM target proteins in the system. We will see 

that this is because of its high concentration in the cell and its low dissociation rate from 

CaM when phosphorylated.  

 

In Chapter 7, we will perform a global sensitivity analysis of the system to determine how 

CaM4 stability is affected at various Ca2+ stimulation levels. We will also determine how 

indirect pathways involved in the model are affected to determine downstream regulation 

of the CaM system. We will find here that the system behaves in distinct ways at LFS versus 

high stimulation frequencies and that the sensitivities of parameters in the model are 

dynamic depending upon the stimulation level.  

 

Finally, in Chapter 8 we will summarise the findings of the thesis and look at the future 

directions, limitations of the model and describe possible implications. We will also 

comment on CaM regulation in a broader context than synaptic plasticity. Overall, this thesis 

shows how CaM signalling affects pathways of synaptic plasticity and gains insights as to 

how CaM and CaM- regulated systems detect Ca2+ signals. Understanding this is fundmental 

towards understanding how Ca2+ acts as a secondary signalling molecule, and the findings of 

this thesis can be cross- applied to other CaM regulated processes as well.   
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Chapter 2 Literature review of CaM-dependent regulation of 

synaptic plasticity 

NMDAR- dependent LTP and LTD are both controlled by CaM. This is because CaM can 

activate proteins of both opposing pathways (Xia & Storm, 2005). It follows that the relative 

activation of these proteins determines the direction of synaptic plasticity (Navbi et al., 

2014; Morris, et al., 2003; Whitlock et al., 2006). CaMKII and PP1 are the two key molecules 

which induce LTP and LTD respectively (Coutrap et al., 2012; Lisman et al., 2002; 2012; 

Lisman, 2017; Morishita et al., 2001; Mulkey et al., 1993). In this Chapter, we will look at the 

interplays between these two proteins and how the two proteins get differentially activated 

and explain aspects of the system which allow CaM to determine which direction synaptic 

plasticity is induced. 

 

CaMKII affects synaptic plasticity by phosphorylating specific residues of target proteins. 

These phosphorylation patterns modulate two processes: 1) AMPAR trafficking (increase the 

number of AMPARs in the PSD); and 2) augmenting AMPAR conductance (Lisman et al., 

2002; 2012; Coultrap & Bayer, 2012; Derkach et al., 1999; Kristensen et al., 2011), as well as 

the protein cytoplasmic polyadenylation element binding protein 1 (CPEB1) which controls 

gene transcription (Atkins et al., 2005). PP1 plays the opposite role to dephosphorylate 

these sites and thereby destabilises AMPAR and reduces its conductance (as well as 

dephosphorylate CaMKII (Strack et al., 1997; Morishita et al., 2001; Mulkey et al., 1993). 

Some examples of how CaMKII and PP1 can modulate synaptic plasticity by acting as an 

affecter of AMPAR will now be described. 

2.1 AMPAR modulation 

Transmembrane AMPAR regulatory proteins (TARPs) are proteins which anchor AMPARs to 

the PSD (Mistein & Nicoll, 2009; Opazo et al., 2010). An important TARP is membrane-

associated guanylate kinase (MAGUK) protein ‘PSD-95’. PSD-95 does not immobilise AMPAR 

by binding to it directly, rather it interacts with the AMPAR auxiliary protein, stargazin. Prior 

to phosphorylation, stargazin is shielded away from PSD-95 due to electrostatic interactions 

with the PSD cell membrane (Chen et al., 2011). When stargazin is phosphorylated at residue 

S9, its electrostatic interactions with the PSD membrane are broken- thus allowing it to 

interact with PSD-95 (Opazo et al., 2010; Schnell et al., 2002; Bats et al., 2007). In this way, 
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the phosphorylation state of stargazin causes AMPAR to get anchored to the PSD. Residue 

S9 of stargazin is subject to phosphorylation by CaMKII and dephosphorylation by PP1 

(Tomita et al., 2005; Opazo et al., 2010). In this way, CaMKII and PP1 can reciprocally 

regulate AMPAR anchoring to the PSD.  

 

2.2 CaMKII versus PP1 in regulating synaptic plasticity 

As well as regulate the number of AMPARs anchored to the PSD, phosphorylation and 

dephosphorylation by CaMKII and PP1 can influence the conductance of AMPAR channels to 

Na+ (Derkach et al., 1999; Kristensen et al., 2011). When the carboxyl tail of the AMPAR 

GluA1 subunit is phosphorylated, its functionality can be adapted and stability in the PSD is 

affected. For example, active CaMKII can phosphorylate residue S831 of GluA1 which can 

increase AMPAR Na+ conductance (Derkach et al., 1999; Kristensen et al., 2011). This means 

CaMKII can affect properties of AMPAR which can affect its functionality, and in this way 

affect the Na+ conductance of the synapse. Reciprocally, dephosphorylation of these 

residues plays the opposing role to reduce conductance and stability of AMPAR. Notably, 

PP1 has been shown to reduce AMPAR conductance by dephosphorylating S831 (Colbran, 

2004; Huang et al., 2001; Strack et al., 1997). Collectively, CaMKII and PP1 are therefore able 

to modulate AMPAR numbers in the PSD, and Na+ conductance; which are highly important 

for early phase synaptic plasticity (Opazo et al., 2010; Derkach et al., 1999; Lisman et al., 

2002). 

 

Although PP1 and CaMKII are both activated in response to rising active CaM, the 

mechanisms by which they are activated are different. CaMKII binds directly to CaM but is 

subject to self-imposed form of regulation of its affinity. Meanwhile, PP1 does not bind to 

CaM, rather, it is modulated by downstream proteins, many of which are controlled by CaM 

(as well as non-CaM elements). We will now outline these regulations; then look at the 

various ways by which CaMKII and PP1 compete for available active CaM. 
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2.3 PP1 is regulated by the phosphorylation state of inhibitor-1.  

The activity of PP1 is blocked when bound to protein inhibitor 1 (i-1) (Blitzer et al., 1995; 

1998). When i-1 is phosphorylated, it has a greater affinity for PP1, thus more effectively 

blocks PP1 activity (Blitzer et al., 1995; 1998; Mulkey et al., 1993). It follows that proteins 

controlling the phosphorylation status of i-1 can influence PP1 activity. Indeed, CaM can 

regulate the phosphorylation status of i-1 in a bidirectional manner. CaM can modulate both 

protein kinase A (PKA) which, and protein phosphatase 2B (PP2B) which phosphorylates 

dephosphorylates i-1 respectively (see Figure 2.1). The ratio of PKA and PP2B activity 

therefore modulatex PP1 activity by controlling the phosphorylation status of i-1. 

 

CaM regulates PKA and PP2B by different mechanisms. CaM binds directly to PP2B to relieve 

its autoinhibition (Stemmer & Klee, 1994; Yang & Klee, 2000). On the other hand, PKA does 

not bind to CaM, rather it is activated cAMP which is under control by CaM- binding proteins 

(Halls & Cooper, 2011; Goraya & Cooper, 2005; Zawadzki & Taylor, 2004; Zhang et al., 2012).  

We will now look in more detail as to how CaM activates PKA and PP2B in different ways.  

2.3.1 PP2B activation by CaM 

PP2B is a heterodimer which contains two subunits: the regulatory subunit, CaNB and; the 

catalytic subunit, CaNA. Full PP2B activation is a sequential process which involves both 

subunits (Baumgӓrtel & Mansuy, 2012). First CaNB binds to four Ca2+ molecules. This affects 

PP2B in two ways, it partially activates PP2B, and shifts the conformation of CaNA, which 

exposes its CaM binding domain (Stemmer & Klee, 1994; Yang & Klee, 2000). Prior to binding 

CaM, the catalytic domain of CaNA is autoinhibited (Shen et al., 2008). Upon binding to 

Ca2+/CaM, this autoinhibition gets relieved, and PP2B becomes fully active (Shen et al., 2008; 

Klee, Ren & Wang, 1998).  

2.3.2 Indirect regulation of PKA by CaM 

Unlike PP2B regulation, PKA does not bind to CaM. Instead, PKA is activated by binding the 

secondary signalling molecule, cAMP (Zawadzki & Taylor, 2004; Zhang et al., 2012). This 

molecule is subject to complex regulation by numerous CaM-dependent, as well as CaM-

independent proteins (Blitzer et al., 1995; 1998; Halls & Cooper, 2011; Goraya & Cooper, 

2005). We will now investigate how cAMP and PKA are regulated by these proteins with an 

emphasis on CaM pathways. 
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2.3.2.1 PKA activation by cAMP. 

PKA is a heterodimer protein consisting of two regulatory regions, and two catalytic regions. 

The catalytic regions (PKAc) of PKA are hidden when bound to the regulatory regions. Upon 

two cAMP molecules binding each regulatory subunit of the PKA heterodimer, the catalytic 

domains of PKA regulatory regions get destabilised from the regulatory domains. This frees 

up PKAc to exert catalytic influence in the cell. It follows that they become free to 

phosphorylate targets such as i-1 in the cell (Blitzer et al., 1995; Zawadzki & Taylor, 2004; 

Zhang et al., 2012). To understand how PKA activation relates to CaM, it is important to 

know the CaM-dependent proteins that affect cAMP levels. 

2.3.2.2 cAMP levels are controlled by CaM. 

Since PKA is activated by cAMP, factors controlling cAMP levels also control PKA (Zawadzki & 

Taylor, 2004; Zhang et al., 2012). There are two classes of proteins which control cAMP 

levels. These are: adenylyl cyclase proteins (AC) which catalyse ATP being converted into 

cAMP (with pyrophosphate as a byproduct) (Swislocki & Tierney, 1973); and 

phosphodiesterases (PDEs) which catalyse cAMP converting to AMP (Goraya & Cooper, 

2005). There are isoforms of AC and PDE proteins which are activated by Ca2+/CaM; 

specifically, the AC isoforms of ACs: AC1 and AC8; and the PDE isoform, PDE1. Controlling 

both ACs and PDEs thereby affords CaM the ability to fine-tune cAMP levels.  

2.3.3 PKA function is dynamic and is affected by its own feedback loop 

It is noteworthy that there are additional cAMP regulatory proteins not under control of 

CaM. Indeed, cAMP is a universal secondary signalling molecule subject to complex 

regulation, and it can be regulated in numerous ways across all cell types. For example, PKA 

activates PDE4B/D which reduce cAMP levels (Ekholm et al., 1997). In this way, PKA can 

impose a feedback loop for its activation (see Figure 2.3). 

 

Regarding PKA regulation, it is also noteworthy that PKA affects numerous other processes 

in the cell. Most notably, PKA phosphorylates and thereby activates CREB and CPEB proteins 

which trigger gene transcription involved in l-LTP (Kandel, 2012; Nayak et al., 1998; Waltereit 

& Weller, 2003). It is also suggested to act as a synaptic tag also involved in l-LTP (Young et 

al., 2006). Like CaMKII, PKA allows affects AMPAR trafficking to, and stability in the PSD 
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(Bredt & Nicoll, 2003; Esteban et al., 2003; Nayak et al., 1998; Banke et al., 2000; Lee et al., 

2003). 

 

2.3.4 Summary of PP1 regulation 

Collectively we have seen that the regulation of PP1 is complex and involves regulation of 

numerous proteins under control by CaM. We will now look at the other half of the CaMKII-

PP1 equation and explore CaMKII binding to CaM. As we shall see, this binding is modulated 

by the phosphorylation state of CaMKII which are also subject to dephosphorylation by PP1 

(Strack et al., 1997). This means that the binding affinity of CaMKII to CaM is dynamic and 

subject to crosstalk from PP1.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 26 

 

Figure 2-1 PP1 activation is controlled by the phosphtase PP2B and PKA. Here PKA 
phosphorylates the protein inhibitor-1. When inhihibitor-1 is phosphorylated, 
it binds to and thereby blocks PP1 activity while dephosphorylated inhibitor-1 
has unstable interactions, and PP1 can dissociate i-1 to be active in the cell. 

 

Figure 2-2 PKA activation by cAMP. Here cAMP binds to the regulatory regions of the PKA 
heterodimers. Upon binding to 4 cAMP molecules, the catalytic regions (PKAc) 
of the PKA get released from the regulatory regions of the heterodimer. Once, 
PKAc is freed from the regulatory regions, it can exert its catalytic influence. 
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2.4 CaMKII regulation 

CaMKII is both adequate and necessary to induce LTP in the CA1 postsynaptic neuron (Nicoll 

& Roche, 2013; Silva et al., 1992a, b; Lisman et al., 2002; 2012). There are two main isoforms 

of this protein in the brain, αCaMKII and βCaMKII. The αCaMKII isoform is most predominant 

in CA1 hippocampus and is more studied than β-CaMKII (Gaertner et al., 2004). More 

research has been done on αCaMKII, and for the remainder of this thesis, the αCaMKII 

isoform will be the subject of discussion. Genetic knock-in (KI) and knock-out (KO) of the 

αCaMKII isoform mice as well as pharmacological studies have shown that LTP is 

dysfunctional in mice that have faulty or missing αCaMKII (for example see: Silva et al., 

1992a, b; Giese et al., 1998; Kabolov & Lisman, 2015; Goodwell et al 2016; Halt et al., 2012; 

Stein et al. 2014; Lee et al., 2009: for reviews of CaMKII, see Lisman et al., 2002; 2012; 

Coultrap et al., 2012; Halt et al., 2014; Ragahavachuri & Lisman, 2014; Kim et al., 2016).   

 

Lack of function in αCaMKII can also lead to pathological symptoms in the development of 

Schizophrenia (Goodwell et al., 2016), and deficiencies in spatial learning and memory (Silva 

et al., 1992b; Giese et al., 1998). CaMKII is also implicated in Parkinson’s disease (Picconi et 

al., 2004; Shioda & Fukunaga, 2018); Angelman’s Syndrome (van Woerden et al., 2007) and 

Alzhemer’s Disease (AD) (Yoshimura, Ichinose & Yamauchi, 2003). By and large, pathologies 

relating to CaMKII arise by aberrant autophosphorylation of CaMKII which regulate its 

functionality (Ishida et al., 2008). Before explaining these phosphorylation patterns and how 

they regulate CaMKII activation/function, it is necessary to first outline relevant aspects of 

its structure.  

2.5 CaMKII structure  

CaMKII subunits are held together as 12meric holoenzymes (see Figure 2.3) (Gaertner et al., 

2004; Myers et al., 2017). In the CA1 dendrite these holoenzymes consist either as αCaMKII 

homomers, βCaMKII homomers, or as αCaMKII/βCaMKII diheteromers. The subunits of 

CaMKII are held together by an inner core of interacting tail hub tail domains (Chao et al., 

2011). The quaternary structure of CaMKII holoenzymes consists of six vertical dimers which 

are arranged as two hexameric rings (Chao et al., 2010; 2011; Stratton et al., 2013). Within 

each subunit, CaMKII has four functionally distinct regions. These are the variable linker 

region; and tail hub domains which allow for quaternary complexes of CaMKII holoenzymes 

to form (see Figure 2.3) (Bhattacharyya et al., 2016; Gaertner et al., 2004; Myers et al., 2017; 
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Stratton et al., 2013); The other two are the kinase (amino-acid residues 1-274); and 

regulatory domains (274-314) which are important for its tertiary structure and the 

functionality of each subunit (Myers et al., 2017; Stratton et al., 2013).  

 

The kinase domain is responsible for enzymatic function of CaMKII (Stratton et al., 2013; 

Chao et al., 2011). It consists of two sites: The T-site, which allows persistent binding of 

CaMKII to binding partners; and the catalytically active substrate binding ‘S-site’ (Bayer et 

al., 2001; Chao et al., 2011; Stratton et al., 2013). The regulatory domain is subdivided into 

the three parts known as R1-R3. Prior to binding CaM, the structure of CaMKII loops such 

that kinase domain is blocked by interacting with the regulatory domain at two sites which 

thereby autoinhibts the kinase domain (see Figure 2.4). These interactions consist of T286 of 

R1 which has hydrophobic interactions with the kinase T-site (Rosenberg et al., 2005); the 

other interaction occurs in the ‘pseudosubstrate’ segment between R2 and R3 which binds 

to the S-site (named so because it acts a pseudosubstrate for the substrate domain to bind 

to) (Chao et al., 2010; Coultrap et al., 2012). Autoinhibited CaMKII can open to become 

active upon binding Ca2+/CaM (Coultrap et al., 2010). When this region binds to Ca2+/CaM, it 

changes the conformation of the kinase domain such that it can bind ATP (Barcomb et al., 

2013; Kabakov & Lisman, 2015). Once bound to both ATP and Ca2+/CaM, CaMKII proteins can 

undergo autophosphorylation at residue T286 (see Figure 1.4) (Hanson et al., 1994).  

 

T286 phosphorylation occurs within its 12meric holoenzyme ring.  Here, one subunit of the 

holoenzyme acts as the substrate, while the other as the enzyme (Hanson et al., 1994). In 

order for this reaction to occur, both the acting substrate and enzyme must be bounded by 

Ca2+/CaM. Addition of phosphate to T286 prevents interactions between the kinase and 

regulatory domains which would otherwise block CaMKII activity (see Figure 2.4) (Hudmon & 

Schulman, 2002; Miller & Kennedy, 1986). This means T286 phosphorylation prevents 

reversion of these autoinhibitory interactions. As a result, T286 phosphorylation deems 

CaMKII partially autonomous even when Ca2+/CaM dissociates (Miller & Kennedy, 1986; 

Meyer et al., 1992). 

 

In addition to making CaMKII partially autonomous, T286 phosphorylation also reduces 

Ca2+/CaM dissociation by 1000- fold in a phenomenon termed “trapping” (Meyer et al., 

1992; Miller & Kennedy, 1986; Hudmon & Schulman, 2002). Trapping occurs by CaM 

“sliding” from a low affinity binding site to a higher affinity binding site (which becomes 



 29 

exposed when T286 is phosphorylated) (Stefan et al., 2012; Tse et al., 2007). As we shall see 

in subsequent sections, this trapping plays a key role in regulating not only CaMKII, but also 

other proteins in the system.  

 

In addition to autophosphorylation of residue T286, CaMKII can autophosphorylate residues 

T305/T306 of the regulatory domain after Ca2+/CaM dissociates (Hanson & Schulman, 1992; 

Colbran, 1993). It also can occur at basal Ca2+ concentrations, without T286 phosphorylation, 

albeit at a slower rate (Colbran, 1993; Jama et al., 2009). T305/T306 phosphorylation is 

known as ‘inhibitory phosphorylation’ or ‘capping’ and it inhibits CaMKII from binding to 

Ca2+/CaM (Hashimoto et al., 1987; Colbran et al., 1990; Colbran, 1993; Elgersma et a., 2002). 

This phosphorylation site reduces activity (Hashimoto et al., 1987); stability in the PSD 

(Elgersma et al., 2002); and it regulates the ease by which synaptic plasticity can be induced 

(which is known as metaplasticity- the plasticity of synaptic plasticity) (Zhang et al., 2005; Pi 

et al., 2010).  

 

The aforementioned phosphorylation states are subject to dephosphorylation by PP1 (Strack 

et al., 1997). This makes the CaMKII-PP1 system of synaptic plasticity more dynamic; as PP1 

can modulate the activity of CaMKII. Next, we will look at how T286 and inhibitory 

phosphorylation can modulate how CaMKII responds to synaptic activity. We will then look 

at how CaMKII may reciprocally modulate PP1 activity. 
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Figure 2-3 Structure of a 12meric CaMKII holoenzyme. Notice that the hub domains of 
each monomer interact in the center. A linker region connects the hub domain 
to the kinase and regulatory domains which protrude outwards. Image 
retrieved from Myers et al., (2017) 

 

Figure 2-4 - CaMKII regulation and state transition. Note that for CaMKII to get activated, it 
must get bound by Ca2+ bound CaM. This binding opens the structure if 
autoinhibited CaMKII to become active. Once Ca2+/CaM bound, CaMKII can 
then undergo autophosphorylation. 
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2.5.1 Phosphorylation states of CaMKII can fine-tune its responsiveness to 

signals 

The multimeric structure of CaMKII holoenzymes affords them to exhibit a fine-tuned 

response. The way that CaMKII can decipher the signal can be modulated by the amino acid 

residue T286 as well as T305/6 phosphorylation dependent manner. Because CaMKII is 

multimeric, its holoenzymes can have several ratios of phosphorylation states. This affords 

CaMKII holoenzymes to display graded responsiveness to Ca2+ signalling (Schulman et al., 

1998).  

 

A higher proportion of T286 phosphorylated CaMKII subunits makes the holoenzyme more 

responsive to signals by increasing its affinity for Ca2+ and CaM (Tzortzopoulos et al., 2004; 

Bradshaw et al., 2003; Chang et al., 2017; Schulman et al., 1998). Phosphorylation of this site 

is facilitated especially during HFS. Here, high Ca2+ concentrations lead to more CaM getting 

activated/ Ca2+ saturated (as CaM4) which activates CaMKII. Indeed, CaMKII activation is 

ultrasensitive to high Ca2+ levels (Bradshaw et al., 2003; Chang et al., 2017; Schulman et al., 

1998). Conversely, deficits in T286 phosphorylation impair the ability of synapses to induce 

LTP and in mice, this leads to impairments in learning and memory (Chang et al., 2017; Giese 

et al., 1998).   

 

Recall that for T286 phosphorylation to occur at each subunit, Ca2+/CaM must be bound to 

both the acting substrate and the neighbouring enzymatic acting monomer (Hanson et al., 

1994). In this sense, binding of CaMKII to CaM4 is a cooperative process, since 

phosphorylation of one monomer facilitates phosphorylation of other members of the 

holoenzyme ring in a probabilistic way. This means that if at least one monomer in the 

holoenzyme can remain T286 phosphorylated the CaMKII holoenzyme can facilitate binding 

of the ring in the future (Miller et al., 2005; Lisman, 1989). With this in mind, if at least one 

monomer of CaMKII holoenzyme could remain T286 phosphorylated and is protected from 

PP1, activation of the rest of the holoenzyme ring could be facilitated (Miller et al., 2005).   

 

The feature of T286 phosphorylation being protected has been shown in the PSD. Here upon 

binding Ca2+/CaM, CaMKII can translocate to the PSD (Strack et al., 1997; 1998; 2000; 

Otmakhov et al., 2004; Merrill, et al., 2005; Shen et al., 2000). CaMKII is then anchored to 

the PSD by binding the NMDAR GluN2B subunit (at residue S1303) (Bayer et al., 2001; Strack 

et al., 2000). This interaction is stabilised by T286 phosphorylation (Barria & Malinow, 2002; 
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2005; Bayer et al., 2001; 2006). Studies have shown that when subunits are bound to 

GluN2B, T286 can be shielded from dephosphorylation (Halt et al., 2012; Stein et al., 2014; 

Zhou et al., 2007). In addition, this interaction CaMKII-GluN2B binding decreases CaM 

dissociation and furthermore, allow CaMKII to be autonomous after CaM dissociates (Bayer 

et al., 2001). With all this in mind, GluN2B binding would facilitate binding of the rest of the 

holoenzyme ring upon arrival of a Ca2+ pulse (Leonard et al., 2002; Bayer et al., 2006).  

 

Unlike T286 phosphorylation and GluN2B binding, inhibitory phosphorylation, plays the 

reciprocal role and renders CaMKII holoenzymes less responsiveness to Ca2+/CaM (Goh & 

Manahan, 2014). Consequently, CaMKII T305/T306 phosphorylation can alter the thresholds 

for LTP and LTD (Elgersma et al., 2002; Pi et al., 2010; Goh & Manahan-Vaughan, 2014; 

Zhang et al., 2005). Indeed, there is evidence that increased T305/T306 phosphorylation 

favours LTD of the synapse, while also increasing the threshold stimulus to induce LTP 

(Elgersma et al., 2002; Pi et al., 2010; Goh & Manahan-Vaughan, 2014). For example, Goh & 

Manahan (2014) found that T305D (a phospho-mimic) mutant mice could not induce LTP at 

100Hz, but could in a robust way at 200Hz; and they could more readily induce LTD. It is 

therefore evident that the phosphorylation state of T305/T306 controls the postsynaptic 

response to neurotransmission events.  

 

Interestingly CaMKII T286D phospho mimic mutants, become less responsive to Ca2+/CaM 

signalling. This is because T286 phosphorylation has been shown to facilitate inhibitory 

phosphorylation (Coultrap et al., 2014, Patton, Miller & Kennedy, 1990). Indeed, this lack of 

responsiveness is no longer seen when additional T305A/T306A mutants are knocked in 

which cannot phosphorylate residues T305/T306 (van Woerden et al., 2007; Coultrap et al., 

2014).  This demonstrates how T286 phosphorylation and inhibitory phosphorylation work 

together to allow for complex regulation of CaMKII and its affinity for CaM. It also shows 

how aberrant CaMKII phosphorylation can lead to dysfunctional CaMKII dynamics. Indeed 

Yoshimura et al. (2003) have shown improper CaMKII phosphorylation patterns can lead to 

pathological symptoms of Alzheimer’s disease; and excessive inhibitory phosphorylation is 

associated with the development of Angelman’s syndrome (van Woerden et al., 2007) (see 

Ishida et al. (2008) for a more comprehensive look at CaMKII’s involvement in diseases).   

 

Overall, it is evident that CaMKII can balance its own activation and furthermore, since PP1 

can dephosphorylate these sites- it too can modulate CaMKII responses to signalling. 
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Collectively, this section has shown that CaM binding to CaMKII binding can be modulated, 

and that PP1 regulation is regulated by several CaM binding proteins. We will next outline 

how CaM binding is a competitive process among CaM binding molecules and show 

potential cross-talk among CaM binding proteins. 

2.6 CaM availability as potential mechanism of cross-talk 

The proposition that CaMKII generates robust LTP long after the Ca2+ signal has passed has a 

large body of supporting evidence (Lisman et al., 2012; Coultrap & Bayer, 2012). But here I 

will posit an additional level of regulation whereby CaMKII may regulate other CaM proteins 

in the system by outcompeting them for available CaM. This would afford CaMKII the ability 

to induce robust LTP with less interference from the likes of phosphatases. We will now 

investigate CaM competition as a potential mechanism to allow crosstalk between proteins 

regulated by CaM; and how CaMKII may be able to essentially prevent LTD inducing proteins 

from binding CaM. This is an additional level of regulation which may allow the cell to fine 

tune its response.  

2.6.1 CaM availability allows for competition between CaM binding 

proteins. 

CaM has a lower concentration than the combined concentration of its binding constituents 

in the cell (Persechini & Stemmer, 2002). Furthermore, active CaM occupied by four Ca2+ 

ions (CaM4) gets stabilised upon protein binding (Peersen et al., 1997). This means that 

available CaM could get saturated if the stimulation is adequate (Sanabria et al., 2008). In 

addition, CaM binding to its targets is fast enough to saturate CaM during the stimulation 

protocol (Sanabria et al. 2008). Therefore CaM-binding proteins must compete to bind for 

what CaM is available.  

 

CaM binding competition arises from targets outnumbering CaM- so what tailors this 

competition? 1) The relative concentration of each target; 2) kinetic binding rates; and 3) 

stability of binding (relating to dissociation rates). For example, some proteins may bind CaM 

quicker, but dissociate quicker whereas others may bind slower but dissociate slower. 

Depending on the level of stimulation, different proteins can gain preferential binding- as we 

shall see, phosphatases get preferentially activated when there is low concentration, spaced 
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out pulses; whereas CaMKII gets preferential activation if pulses are rapid and have higher 

elevations of Ca2+.  

 

Before describing CaM availability as a means of competition, it is important to first make 

the case for competition during LTD- inducing stimulation. I will then describe how the 

nature of competition for CaM changes when there is LTP inducing stimulation and how 

CaM availability comes into play for LTP but not LTD- inducing stimulations.  

 

During LFS, Ca2+ pulses into the cell are spaced apart, meaning the concentration of Ca2+ 

decays near to basal levels before the next Ca2+ pulse arrives (see Chapter 4- Section 4.1 for 

more details of Ca2+ pulses). It follows that CaM4 is unstable and unable to accumulate 

during LFS. Because CaM4 is unstable and decays rapidly, whichever CaM binding molecules 

bind to CaM4 the fastest and get preferential activation. In general, LTD-inducing CaM-

regulated proteins have faster binding kinetics than LTP-inducing proteins.  

 

When Ca2+ pulse frequency increases Ca2+ accumulates to higher levels. This is because a 

Ca2+ pulses arrive before previous pulses have decayed. During HFS (100 Ca2+ pulses per 

second) CaM4 can accumulate which favours CaMKII activation which in- turn induces LTP. 

This is because CaMKII outnumbers all LTD related proteins in the PSD/dendritic spine (Chen 

et al., 2005; Cheng et al., 2006; Feng et al., 2011). In addition, since CaMKIII has a high 

affinity when T286 phosphorylated, CaMKII can outcompete other LTD-inducing proteins for 

available CaM. Thus, during HFS, CaMKII can outcompete other proteins in the system for 

available CaM due to its high concentration and relatively low dissociation rate.  

 

Sanabria et al. (2008) and Kim et al., (2004) have shown that CaMKII can modulate CaM 

availability to other targets and reduces the diffusion of CaM which prevents it from 

activating other more distal targets. Sanabria et al. (2008) showed that the majority of CaM 

is bound during stimulation. They analysed this using fluorescence and measured diffusion. 

Diffusion is informative because CaM bound to larger targets slows its diffusion rates in cell- 

and so the amount of free versus bound CaM can be determined. From this, Sanabria et al. 

(2008) mapped out the CaM concentrations to determine that the majority of CaM were 

part of CaM complexes when subject to high levels of stimulation. Kim et al. (2004) showed 

that CaMKII reduced free CaM which reduced its diffusion and availability for other targets. 

In the conclusion of the paper they postulate that through this reduced availability, CaMKII 
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may be able to modulate other CaM targets which are used for other CaM-dependent 

processes.  

 

We will now look into the wet lab evidence of binding of targets effectively 

sequestering/repressing the binding of other targets to show that these targets can regulate 

each other without requiring direct binding and show that it is feasible that this could indeed 

be an important aspect of cell signalling. We will then investigate the current modelling 

efforts in this area in understanding the dynamics of CaM competition between proteins. 
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Figure 2-5 Schematic of the CaMKII-PP1 system. Here, upon binding activation by Ca2+, 
CaM can bind to and activate AC1/8, PDE1, PP2B subunits (CaNB and CaNA), 
and CaMKII. Upon binding to CaMKII, CaMKII can phosphorylate subunits of 
neighbouring CaMKII subunits within a 12meric holoenzyme. The schematic 
diagram also includes complex regulation of PP1. PP1 is regulated by PKA and 
PP2B. This is because PKA and PP2B phosphorylate and dephosphorylate i-1 
respectively. When i-1 is phosphorylated, it binds to inhibits PP1. When i-1 is 
dephosphorylated by PP2B, it dissociates from PP1 and PP1 is active. PKA is 
activated by cAMP which is in turn controlled by ACs and PDEs. Upon 
activation by cAMP, as well as phosphorylate i-1, it can also phosphorylate 
PDE4B/D which then represses cAMP. CaMKII and PP1; and PKAc and active 
PP2B then coordinate phosphorylation sites of AMPAR. Phosphorylation of 
AMPAR can modulate its conductance and numbers anchored in the PSD.  
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2.6.2 Experimental evidence of CaM competition. 

Experimental and modelling research supports the notion that CaM competition exists, and 

that CaM targets can reduce the binding/activity of other targets due to outcompeting for 

the CaM which is available. Of note, a proof of concept experiment was performed by 

Blumenthal et al. (1988). Here, activities of various CaM binding targets (CaMKII, AC, PDE, 

PP2B, and Ca2+-pump ATPase) were measured.  

 

To study the CaM competition, Blumenthal et al. (1988) added a synthetic peptide of the 

CaM-binding domain of myosin light chain kinase (MCLK) into the system to compete for 

CaM with CaM binding proteins. As more of the peptide was added, the activities of all other 

CaM binding targets reduced. Importantly, when they then added excessive CaM into the 

system, the inhibition of the CaM targets was relieved. The peptide used had no activity, so 

cross-talk was by proteins reacting with eachother. The study therefore showed that 

competition of CaM can lead to cross regulation of CaM-activated proteins, and that 

proteins can influence the activities of other CaM-binding proteins independent of catalytic 

activity.  

 

A study similar in nature investigated the activities of two other CaM binding proteins in 

HEKS 293 cells (Tran, Black & Perschini, 2003). Here the binding of the CaM-binding protein, 

endothelial nitric oxide synthase (eNOS) was compared to that of the protein, plasma 

membrane Ca2+ pump (PMCA). To show that CaM competition could allow cross regulation 

between CaM binding dynamics, they manipulated eNOS such that its kinetic affinity for 

CaM increased. The consequence of this was decreased CaM binding to PMCA compared to 

its binding when in a system of wild type (WT) eNOS. PMCA and eNOS do not directly target 

each other, so it can be concluded that the reduction of PMCA binding of CaM was due to 

the manipulated eNOS outcompeting it for the available CaM. The same group also found 

that eNOS can reduce binding of other proteins in a time dependent manner. Here 

redistribution of CaM between targets was shown to can occur in real time due to 

differences in binding affinity among them (Tran et al. 2005). Collectively, the group 

therefore showed that altering affinity of one protein could modulate the binding of fellow 

proteins in the system and subsequently other CaM-dependent processes and they showed 

that redistribution of CaM to its binding targets can occur in a time-dependent manner. The 

conclusions drawn from these studies are that dominant CaM binding protein can perturb 

activities of other CaM-related processes in the cell.  
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In another study, competition for CaM was shown to simultaneously decrease the 

binding/activity of CaMKII and PP2B (Rakhilin et al. 2004). Here a protein called regulator of 

calmodulin signalling (RCS) was used. Like CaMKII, RCS has increased affinity for CaM when 

phosphorylated. The study found that phosphorylated, but not dephosphorylated RCS 

inhibited the activities of the, CaMKII and PP2B. This was despite RCS having no direct 

control over either protein yet could inhibit them. And so, it is responsible to conclude that 

the inhibition of these two independent targets must be owed to CaM availability being 

sequestered. Thus phosphorylation-dependent repression of other targets has indeed been 

shown in an experimental setting. This gives credibility to the idea that T286 

phosphorylation of CaMKII may act to repress other targets in the system and in this way, it 

may even be able to repress PP1 activation.  

 

Collectively these studies have shown that CaM binding proteins can affect the activation of 

other CaM binding proteins competing for what CaM is available. This allows for an 

additional level of regulation which can allow a system under the control of CaM. That is, 

proteins need not evolve mechanisms to affect each other directly. In addition, having a 

limited CaM pool makes evolutionary sense in that Ca2+ is toxic in the cell, and so the system 

must respond rapidly and targeted/ specific manner (Brini et al., 2011; Dong et al., 2006). 

Logically, there is no reason for excessive CaM versus its targets. If there were excessive 

CaM against its binding partners, then some of the Ca2+ signal would essentially get lost and 

there which would lead to no signalling events.   
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Figure 2-6 CaM can reversibly bind to many different targets in the system. Since it is 
outnumbered by the total concentration of the constituents of its binding 
partners (Persechini & Stemmer, 2002), molecules must compete for it to get 
activated. Servier Medical Art was used to produce this Figure 
(http://www.servier.com/Powerpoint-image-bank). 
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2.7 Modelling CaMKII activation 

We will now investigate some modelling efforts of CaMKII, then discuss how inclusion of 

CaM competition into CaMKII activation could provide additional insight and unravel other 

forms of CaMKII regulation not bounded by the assumptions of these models. We will then 

outline some existing modelling efforts of CaM competition and suggest that modelling 

competition between partners is important. 

 

A useful way to elucidate how CaMKII responds to stimulus trains is using computational and 

mathematical modelling. Here differential equations representing Ca2+ influxes and resultant 

changes in CaM and CaMKII can be used. The first step is to model how different Ca2+ influx 

patterns affect its binding to CaM. This has been modelled in different levels of detail and 

more detailed models look at each individual Ca2+ bound state (He, Kulasiri, & Samarasinghe, 

2014).  

 

Another level in regulation applies to CaMKII is that in addition to binding CaM4 it can also 

bind to partially bound states of CaM (although it is not fully activated by these states). 

Pepke et al. (2010) developed a model to analyse the influence of partially bound CaM on 

CaMKII activation. The model included all four Ca2+ binding states of CaM binding to CaMKII, 

as well as T286phosphorylation. Here, partial bound Ca2+/CaM states had different affinities 

depending on whether they were bound to the C-lobe or N-lobe of CaM. Also, the activation 

of CaMKII was different depending upon the binding status of the CaM.  

 

This model found that as well as CaM4 activation of CaMKII being important, partially bound 

states of CaM could also influence CaMKII in a meaningful way. This was most evident when 

Ca2+ levels were sub-saturating.  Notably, CaM with two Ca2+ ions bound to its C-lobe with no 

Ca2+ bound to the N lobe can activate CaMKII (denoted CaM2C) to induce 

autophosphorylation, albeit with 10-15-fold lower catalytic activity than fully Ca2+ bound 

CaM-CaMKII (Shifman et al., 2006). A sensitivity analysis of the model showed that the 

dissociation rate of Ca2+ from CaM2C could act as a mechanism by which CaMKII can decipher 

signalling frequency. The role of CaM2C important at low Ca2+ levels for two reasons: 1) 

partially Ca2+ has more stable interactions with CaM when CaMKII bound (Tzortzopoulos et 

al., 2004; Török et al., 2001); and 2) the partial activity of CaM2C can activate CaMKII in a 

meaningful way when Ca2+ levels are sub-saturating (Tzortzopoulos et al., 2004; Shifman et 

al., 2006; Pepke et al., 2010). Overall, the model therefore illustrated that binding to 
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partially bound CaM sites may be important in shaping signal detection by molecules- and 

that understanding the differences that each lobe of CaM has may be important for shaping 

activation proteins. The model did not include competition for CaM by other proteins 

however, and it seems plausible that in a more complex system of competition that other 

molecules which bind quicker may outcompete for these partially bound states- indeed 

PDE1; and PP2B can also bind CaM2C (Kincaid & Vaughan, 1986; Zhang et al., 1994). The 

model also did not include inhibitory phosphorylation, which as well shall see next, can also 

tailor CaMKII signal response in dynamic ways.  

 

One model explored the T286, and T305 phosphorylation in the face dephosphorylation by 

PP1 (Michalski, 2013). Interestingly it was found T305 phosphorylation could facilitate 

CaMKII activation. This was because T305 phosphorylation shielded T286 from getting 

dephosphorylated. That is, instead of PP1 dephosphorylating T286, it could instead 

dephosphorylate T305. As well as protect T286, dephosphorylation of T305 would also 

permit CaMKII subunits to bind CaM whereas they are unable to when phosphorylated 

(Elgersma et al., 2002). The model thereby showed a counter intuitive additional level of 

feedback control and crosstalk between PP1 and CaMKII. 

 

Given the findings of Michaski (2013), it is reasonable to ascertain that additional 

phosphorylation sites could play a role in buffering PP1 activity, thus protecting T286 

phosphorylation. It is noteworthy that CaMKII has six additional phosphorylation sites which 

could play also buffer PP1 activity (Baucum et al., 2015). It is important to bear in mind 

however that little is known about the function of these sites: how they influence CaMKII 

activity; and the rates at which these sites occur. Perhaps future models may show that 

these sites indeed play a role in buffering CaMKII from phosphatase activity.  

 

To examine how PP1 may influence CaMKII activation, Stefan et al. (2008) developed a 

detailed model of CaMKII. The model consisted of three proteins: CaMKII (and T286 

phosphorylation); i-1; and PP2B. In the model, PP1 was inhibited when bound to 

phosphorylated i-1. Dephosphorylation of i-1 by PP2B unblocked PP1 from i-1, thus allowing 

PP1 to dephosphorylate CaMKII. Li et al. (2012) to analyse this model to determine how Ca2+ 

pulse patterns affect CaMKII and PP2B activation. The influence of Ca2+ pulse frequency (0.5-

200Hz), duration and, amplitudes per pulse were systematically analysed. The results of the 

simulations showed that the binding affinity for i-1 to PP1 was highly sensitive to the 
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frequency of pulses- indeed, the study found that PP1 activation could shape CaMKII’s ability 

to act as a frequency detector. The study therefore showed another layer of cross regulation 

between CaM binding partners- and that PP2B can influence the ability of CaMKII to 

decipher signals despite not directly interacting with it- highlighting the complexity of the 

system. An approach like that of Li et al. (2012) could also be useful to elucidate other 

aspects of CaMKII as a signal decoder, especially in a competitive system. This would give a 

biochemical/modelling basis for how cells respond to Ca2+ stimuli and coordinate a response. 

  

As mentioned in Section 2.5, CaM mediated i-1 phosphorylation is subject to more complex 

regulation than PP2B alone. Its counterpart in i-1 phosphorylation, PKA is subject to 

regulation by CaM-dependent ACs and PDEs. Using a stochastic model, Antunes et al. (2016) 

investigated Ca2+ signalling in the context PP2B versus PKA activation. To model this, the 

CaM binding proteins AC1 and PDE1 which control cAMP were included as well as PP2B. The 

paper examined competition in the context of kinetic and thermodynamic control 

(specifically, kinetic control refers to speed of binding, while thermodynamic control is 

associated with binding stability).  They found, that PP2B responded much slower than AC1 

and PDE1. PP2B essentially counted the number of pulses and it showed a pattern of 

summation of activity as the pulse number increased. AC1 got activated quicker although it 

bound to a lesser extent at lower versus higher frequencies; and PDE1 activation got 

saturated rapidly at any stimulation level tested. That is, the PDE1 kinetic binding rate gave it 

preferential activation over other the proteins, especially during short or low frequency 

signalling events. The authors concluded that kinetic and thermodynamic control work 

together to decipher the Ca2+ signal depending on the nature of the signal (duration and 

stimulation frequency). 

2.8 GluN2B binding 

Limited modelling exists on the role of CaMKII-GluN2B binding. He, Kulasiri, & Samarasinghe, 

(2015) developled a mathematical model of CaMKII translocation to the PSD and subsequent 

binding to GluN2B. This binding facilitated stable interactions with CaM, as GluN2B greatly 

reduces CaM dissociation rate (20-fold). In the model, the interactions between CaMKII and 

GluN2B were stabilised by T286 phosphorylation. The model found that in the absence of 

this phosphorylation, CaMKII activation was less stable and less able to discriminate high 

from moderate levels of stimulation. This was because its interactions with GluN2B were less 
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stable and this interaction proved to be important for CaMKII to differentiate stimulation 

frequencies.  

 

Another aspect of CaMKII- GluN2B binding is that it further stabilises CaMKII’s interaction 

with CaM (Bayer et al., 2001). This may lend a competitive advantage for CaMKII over other 

CaM binding partners in the system- that is, because GluN2B bindig increases CaMKII affinity 

for CaM, it can remain persistently bound. Recall that CaMKII activation is a cooperative 

process and having at least one monomer in the holoenzyme can allow the rest of the ring to 

get more easily activated- indeed these dynamics have support of another model (Miller et 

al., 2005) which predicts that CaMKII may be able to remain stable for years if at least one 

subunit can remain protected. In addition, since GluN2B-CaMKII has high affinity binding 

(low dissociation), it may allow CaMKII to hold CaM away from other partners (Bayer et al., 

2001). 

2.9 Mathematical Modelling CaM availability 

To date, there has been limited modelling work performed on competitive CaM activation. 

We will now examine some of the models, take note of the insights, then postulate what 

more can be learned in the future through modelling. Given that competition for limited 

CaM is based on binding rates and catalytic rates, it could prove to be a fertile ground for 

modelling to help make predictions and provide insights about this type of system 

behaviour.  

 

Romano et al. (2017) investigated CaM competition whereby CaM concentration was low 

relative to its targets. The model includes seven CaM binding proteins: myosin chain light 

chain kinase, nitric oxide synthase (NOS), PP2B, CaMKII and AC1/8 which bind to Ca2+-CaM; 

and Ng which binds apoCaM. Ng can modulate binding affinities. The model contained no 

feedback loops, thus ensuring the differences in activation were purely due to competition 

for available CaM (and not by proteins affecting each other by the likes of phosphorylation). 

This model tested relative activations of CaM binding proteins at a large range of Ca2+ pulse 

frequencies (0.1Hz- 1000Hz). It was shown that proteins in the system were able to affect 

activation of other proteins in the system through competition of CaM. PP2B for example, 

had less activation at HFS than at lower frequencies due to being “outcompeted” by higher 

affinity CaM binding targets. They showed that the nature of activation was also affected by 

competition- myosin chain light kinase (MCLK) was fully activated after just three fluxes 
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when there was abundant CaM, while it bound proportions of CaM much slower when in a 

CaM competitive environment. In addition, Ng also shaped response different CaM binding 

proteins in different ways. Of note, Ng-CaM led to favourable binding of CaMKII versus AC8. 

Collectively, the study showed that low CaM availability can shape the responsiveness of 

proteins which must compete for what is available. This allows for the system to fine tune its 

responsiveness to stimulation- thus affording the system an extra level of control of protein 

activation by CaM. The authors concluded that limiting CaM allows for unspecific crosstalk 

between binding partners. This means that members of the CaM binding protein network 

need not evolve specific mechanisms to directly regulate one another.  

 

Another noteworthy model highlighting the influence of CaM availability was developed by 

Slavov, Carey, & Linse (2013). This model took two CaM binding species, (PP2B and NOS) in 

an environment of limiting CaM. This model showed that at lower frequencies, PP2B would 

preferentially bind CaM over NOS. As the frequency increased however, there was a 

redistribution of the available CaM when its activation at or near saturation. Here, CaM 

dissociated PP2B, and bound NOS instead. This showed that proteins may repress each other 

without the requirement of directly interacting with each other. As CaM concentration was 

reduced in the system, the range PP2B activation got masked by NOS at lower Ca2+pulse 

frequencies. This demonstrated that CaM can tailor the specificity of binding targets and 

competition to bind to it is intensified when CaM concentration is lower. Overall, this study 

therefore supported the notion that redistribution of CaM between proteins could afford 

another means of cross regulation between targets without them having to interact with 

one another. 

 

He, Kulasiri, & Samarasinghe (2016) developed and analysed a detailed kinetic model of a 

bidirectional CaM system which included: PKA activation; PDE4B/D; AC1/8; PDE1; CaMKII; 

PP1/i-1 and CaM.  The model explored how binding of CaM partners changed with different 

stimulation protocols. This model examined the influence of the interplays of CaM signalling 

and looked at how availability of CaM4 affects the bi-directionality of synaptic plasticity. 

Here, as CaM concentration decreased, the relative proportion of phosphatase increased 

thus increasing the range of stimulations that LTD occurred; while the LTP threshold 

increased. This is because phosphatases have a high binding rate, and thus more sensitive to 

Ca2+/CaM, when its concentration is low; during HFS however, because the concentration of 
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kinases are higher, and they have lower dissociation rates from Ca2+/CaM, the relative kinase 

activity over-saturates phosphatases.  

2.10 Conclusion 

In summary, we have seen that CaM regulation over proteins is complex and involves many 

levels of regulation. Depending on the nature of the signal- different responses are elicited. 

When signals are brief and/or unstable, CaM partners which bind rapidly gain an advantage, 

whereas at high levels, high concentration, high affinity partners gain an advantage. There is 

also evidence that in a CaM limited system, that the available CaM is saturated by Ca2+, it 

may even redistribute from low to high affinity CaM binding targets (Slavov et al., 2013; Tran 

et al., 2005). In addition, CaM binding targets can modulate themselves and each other in a 

phosphorylation/ dephosphorylation dependent manner. CaMKII imposes self-regulation 

whereby it can phosphorylate itself which can either increase or decrease its affinity for 

CaM- and these phosphorylation sites are subject to dephosphorylation by PP1.   

 

Collectively in this Chapter we have seen the importance of Ca2+-CaM signalling and the 

process in the cell that it controls. Understanding how CaM is regulated is also to 

understand how Ca2+ signals get converted into a signal that can exert a change in the cell.  

Given the centrality of CaM to signal transduction, understanding its binding with Ca2+ and 

elucidating the differences between the lobes is a step towards understanding how Ca2+ can 

in turn be converted into a signal which can elicit change in the cell. In the next two 

Chapters, we will isolate CaM to see how it behaves at varying Ca2+ levels as well as monitor 

how it responds to Ca2+ pulses over time. 
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Chapter 3 Modelling CaM activation as a function of Ca2+ 

levels 

In the previous Chapter we highlighted the the importance of Ca2+-CaM signalling. It follows 

that understanding how CaM is regulated can help to explain how Ca2+ can get transduced 

into a signal in the cell. In this Chapter, we will outline the structure of CaM and the 

mechanisms by which it binds Ca2+. Then, using a mathematical model based on mass action 

kinetics, we will explore how the lobes of CaM respond to various Ca2+ levels and determine 

the sensitivities of each affinity rate. We will then determine Ca2+ thresholds for favourable 

state conversions.  We will see that there are marked differences between the lobes as they 

have different mechanisms of binding cooperativity.  

3.1 Structure of CaM 

CaM is a 148 amino acid residues protein which contains two globular lobes called the N- 

and the C- lobes. These two lobes are separated by a long flexible hydrophobic rich linker 

region (Linse et al., 1991). Each lobe contains two of EF-hands which are helix-loop-helix 

structures which bind Ca2+. The EF-hands are composed of have two helices which flank 

either side of a 12-residue loop (which will here on be referred to as “12-loop”). The 12-loop 

is the region of CaM which binds to Ca2+. This interaction with Ca2+ is made possible by the 

electronegative properties of negatively charged sidechains of amino acids, as well as the 

C=O backbone interactions (Gifford et al., 2007). In the 12-loop, the negatively charged 

amino acid residues are separated by non-polar amino acid residues (Grabarek, 2006; 

Strynadka & James, 1989) (see Figure 3.3). These are proposed to stabilise the unfavourable 

proximity of the negatively charged amino acid sidechain (Gifford et al., 2007; Grabarek 

2006). 

 

Prior to binding Ca2+, CaM exists in the “apo” structural state (Koboniwa et al., 1995; Zhang 

et al., 1995; Ishida et al., 2002). In this state, the helices of the lobes run antiparallel to each 

other and form compact 4- helix bundles at each lobe with hydrophobic cores held together 

by H-bonding. EF-hands then undergo conformational changes upon Ca2+ binding and in the 

holo state which causes the EF-hand to lie approximately perpendicular to each other 

(Gifford et al., 2007; Wu et al., 2012). In the apo state, CaM is able to bind to proteins at a 14 

amino acid residue region called the “IQ motif” (Rhoads, 1997; Yamniuk & Vogel, 2004). In 
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the synapse, apoCaM can bind to the IQ motif of the protein, neurogranin (Ng) which can 

anchor and thus concentrate CaM regions of the dendrite such as the PSD (Petersen & 

Gweges, 2015; Zhang et al., 1995). We will now outline the mechanisms by which CaM binds 

Ca2+ and detail how this changes the structural conformation of CaM. 

 

In total, Ca2+ can form seven interactions with each EF-hand loop at residues 1, 3 ,5 , 7, 9 of 

the loop and two interactions with residue 12 (Glu12) (Beccia et al., 2015; Gifford et al., 

2007; Grabarek et al., 2006). The two Ca2+ binding loops of each lobe also form short 

antiparallel β-sheets known as the EF β-scaffold. This is held between residues 7 and 8 of the 

loop by hydrogen bonding (H-bonding) to help stabilise this antiparallel conformation (see 

Figure 3.2) (Biekofsky & Feeney, 1998; Grabarek, 2006; Wu et al., 2012). That is, residue 7 of 

one loop forms an H-bond with residue 8 of the neighbouring loop of the lobe (see Figure 

3.2) (Strynadka & James, 1989; Gifford et al., 2007). 

 

Upon binding with Ca2+, the conformational of CaM changes such that it adopts an open 

‘holo’ state (Chattopadhyaya et al., 1992; Linse et al., 1991). In this state, the linker region is 

open and can bind to thereby activate downstream proteins related to synaptic plasticity 

(Xie & Storm, 2005; Yamnuik & Vogel, 2004; Westerlund et al., 2018).  

 

The linker region is methionine rich which has the most flexible sidechain of the amino acids. 

The flexibility of the sidechain allows CaM to hinge and twist and thus allows CaM to bind to 

the hydrophobic groove of proteins (Yamniuk & Vogel, 2004). Because of these properties, 

the linker region can interact with unspecific hydrophobic patches of its target proteins 

(Yamniuk & Vogel, 2004). Upon binding this region, a common mechanism by which CaM 

activates proteins is to relieve a protein’s own autoinhibition (as seen in Chapter 2). The 

linker region of holo-CaM has been shown to exist as a structured α-helix (Chattopadhyaya 

et al., 1992; Linse et al., 1991) (although this has been suggested to be an artefact due to the 

conditions of X-ray crystallography (Brokx et al., 2004)). We will now outline the mechanisms 

by which CaM shifts from the apo to the holo state upon binding Ca2+. 
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Figure 3-1  Diagram of apo-CaM (Ca2+ free CaM) (PDB: 1CFD), and holo-CaM (PDB: 1CLL) 
(CaM with four Ca2+ ions bound. CaM contains two lobes (in red). These lobes 
consist of 2 Ca2+ binding regions (EF-hands, and each EF-hand contains 2 
helices (in red) separated by a 12-loop region which can bind to Ca2+. In the 
apo state, the helices form a hydrophobic bundle, which results in a closed 
structure, whereas in the holo state, the helices run perpendicular and the 
structure is more open. Each lobe is separated by a flexible linker region (in 
orange). In the apo state, the linker region is hidden, which restricts CaM 
binding to its targets. In the holo conformation, the linker region opens and 
becomes exposed to the aqueous surroundings. In this conformation, CaM can 
bind to and activate proteins which induce synaptic plasticity. Pymol was used 
to create this Figure (DeLano, 2002). 

 



 49 

 

Figure 3-2 Two-dimensioal schematic of EF β-scaffold formed between two EF-hands of a 
CaM lobe. Here amino acid residues 7 and 8 and of each 12-loop form 
hyrdrogen bonds. 
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3.1.1 Change in conformation upon binding Ca2+. 

Binding of Ca2+ causes conformational changes to both the Ca2+ loop and to the flanking 

helices either side of each 12-loop (Ababou et al., 2017; Beccia et al. 2015; Kawasaki et al., 

2017; Kuboniwa et al., 1995; Wu et al., 2012; Zhangh, Tanaka, & Ikura, 1995). Ca2+ binding at 

each EF- hand is proposed to occur in two steps. To understand this, it is necessary first to 

look at the structural properties of EF-hands. 

 

The binding loops of the EF-hands have two distinct halves with different properties: the 

flexible/dynamic N-terminal; and the more rigid C-terminal (Gifford et al., 2007; Grabarek, 

2006). In the first stage of binding, the N-terminal interacts with Ca2+. This forms an 

‘intermediate’ Ca2+ bound state which has five electronegative interactions with postiviely 

charged amino acids. This interaction pulls the C-terminal of the loop closer to Ca2+ such that 

Glu12 is in adequate proximity to provide the final two interaction bidentate ligand 

interactions (Gifford et al., 2007; Grabarek, 2006; Leachman et al., 1992). We now briefly 

describe the mechanism by which CaM facilitates this binding. 

 

The first stage of Ca2+ binding to the N-terminal, causes the 12-loop to rotate. This torsional 

flexibility is largely due to the EF β-scaffold held at the middle of the loop (Gifford et al., 

2007; Shimoyama & Takeda-Shitaka, 2017). The rotation pulls Glu12 in to provide the final 

two remaining interactions which stabilises the interaction of the 12- loop to Ca2+. The 

binding of Ca2+ to the N-terminal of the loop also brings residues on either side of the loop 

together and new H-bonds can form between residues 2 and 9 of the loop which changes 

the loop conformation to form a pentagonal bipyramid geometry which facilitates Ca2+ 

binding (Grabarek, 2006; Gifford et al., 2007). This shift in conformation also makes the loop 

more rigid which makes Ca2+ binding of the structure more favourable (Gifford et al., 2007).  

 

The rotation of the EF β-scaffold serves not only to Ca2+ binding and stability to the loop 

being bound- but also changes the neighbouring EF-hand loop to adopt a pentagonal 

bipyramid (Gifford et al., 2007). The rotation thereby facilitates Ca2+ binding cooperativity.  It 

has been shown by NMR and X-ray crystallography studies that the angle between of the EF 

β-scaffold changes upon binding which is thought to change the EF β-scaffold of the 

neighbouring EF-hand which facilitates binding (Ishida et al., 2002; Kuboniwa et al., 1995; 

Zhang, et al.,, 1995);  Babu, Bugg & Cook, 1988; Chattopadhyaya et al., 1992; Taylor et al., 
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1991; Rao et al., 1993; Tabernero et al., 1997; Wilson & Brunger, 2002; Yun et al., 2004; Lin 

et al., 2016; Kumar et al., 2016). 

 

 

Figure 3-3 The polar interactions that the EF-hand 12-loop has with Ca2+. Note that 
Glutamate at position 12 in the loop (Glu12) provides two negative charges to 
stabilise Ca2+. 
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Regarding Ca2+ binding cooperativity at each lobe, Glu12 and the flanking helices of the 

loops play an important role. In fact, studies have shown that binding cooperativity cannot 

occur when the Glu12 is mutated (Maune, Klee, Beckinghamd, 1992; Leachman et al., 1992; 

Xiong et al., 2010). This is because when Glu12 is pulled in by Ca2+, it moves the exiting helix 

with it. This movement alters the geometry of the EF-hand flanking helices relative to each 

other (Shimoyama & Takeda-Shitaka, 2017). Prior to binding Ca2+, the helices run antiparallel 

to make formation of four- helix bundles with hydrophobic cores; while upon binding Ca2+ 

the angle between the helices changes to running perpendicular (Nelson & Chazin, 1998; 

Yap et al., 1999; Gifford, et al., 2007). This conformation changes to expose the helices to 

the solvent environment due to no longer being aligned for hydrophobic packing (Wu, Gao & 

Yu, 2012; Shimoyama & Takeda- Shitaka, 2017; Zhang et al., 1995). Subsequently, the overall 

structure of the lobe opens making it more accessible by Ca2+, and then upon the lobe 

binding both EF-hands Ca2+, the overall tertiary structure opens, making the hydrophobic 

linker between the lobes accessible to solvent surroundings (Stigler et al., 2011; Tidow & 

Nissen, 2013; Westerlund & Delemotte, 2018). This makes it accessible to binding CaM 

partners in the cell (Stigler et al., 2011; Tidow & Nissen, 2013; Westerlund & Delemotte, 

2018). 

 

Mg2+ can bind to the binding loop of EF-hands but only to the N-terminal of the loop, and 

Mg2+ bound CaM adopts a similar conformation as apo-CaM (Ohki, Ikura & Zhang, 1997). 

This is because its binding is unable to interact with both halves of EF-hands simultaneously. 

This difference in binding is attributed to Mg2+ having a smaller ionic radius than Ca2+ (by 

approximately 30%) and thereby lacks the ionic radius to interact with Glu12 (Grabarek, 

2011; Senguen & Grabarek, 2012; Malmendal et al., 1999). This means CaM remains in the 

apo state and does not progress to the open holo state when it binds Mg2+. In addition, the 

pentagonal bipyramid of the loop which is formed when Ca2+ binds CaM creates a steric 

block of Mg2+ binding as the octahedral structure which Mg2+ favourably binds are lost (Ohki 

et al., 1997; Grabarek, 2011). Therefore, the movement of Glu12 increased affinity for Ca2+ 

binding while simultaneously causes a steric hindrance of Mg2+ binding.  
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3.1.2 Binding kinetics between Ca2+ and CaM 

For the remainder of the thesis, the states of the EF-hands will be referred to by the names 

used in kinetic studies that phenomologically describe state transitions CaM lobes. These are 

called the tense (T) and relaxed (R) states. When Ca2+ binds to a lobe, the induced 

conformational change in the neighbouring Ca2+ binding site of the lobe is said to switch 

from tense (T) (closed) to relaxed (R) (open) state (see Figure 3.5) (Faas et al., 2011). The 

cooperativities of the N and C-lobes work by different mechanisms; the N-lobe has binding 

cooperativity in that binding of the first Ca2+ facilitates binding rate of the next Ca2+. The 

dissociation rates in this lobe are relatively high compared with the C-lobe. This lobe 

facilitates binding cooperativity by increasing its intrinsic affinity (lower ‘off-rate’). In 

general, the N-lobe binding can be said to be fast and unstable, while the C-lobe is slow but 

strong.  

 

The R-state of the N-lobe has approximately 40-fold increase in Ca2+ binding (one of the 

highest known binding rates found in biomolecules); while the dissociation rate of the R- 

state is similar to that of T-state (Faas et al., 2011). By contrast, for the C-lobe, the binding 

rate of Ca2+ to the R state changes little; its dissociation rate however decreases by ~ 400-

fold (Faas et al., 2011). This means when C-lobe is bound to two Ca2+ ions, Ca2+ binding more 

stable on the lobe. The N-lobe, although less stable, can bind to Ca2+ rapidly once one of its 

binding sites are bound to Ca2+, provided there is an adequate concentration of Ca2+ in the 

postsynaptic synapse to occupy both EF-hand sites. 

3.2  Ca2+-CaM Binding as Ordinary Differential Equations. 

To explore the effects CaM lobes in detail- a complete Ca2+-CaM binding model will be used. 

Here, a full 9-state model of CaM was developed based on high resolution (at µs resolution) 

flash photolysis data of the binding kinetics between Ca2+ and CaM (Faas et al., 2011) (faster 

than previous methods which have ms resolution (Porumb, 1994; Kubota et al., 2008)). This 

model includes every Ca2+ bound state of CaM. We will investigate the stability/ 

responsiveness of the lobes as a function of Ca2+ abundance. This will in turn help to 

understand signal detection by CaM. The kinetics of the model were as follows: 
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Table 3-1 CaM states in the model 

Model variables    

CaM0 calmodulin bound to no Ca2+ ions (apo calmodulin) 

CaM1C calmodulin with one Ca2+ ion bound to the C-lobe 

CaM1C1N calmodulin with one Ca2+ ion bound to each lobe 

CaM1N calmodulin with one Ca2+ ion bound to the N-lobe 

CaM2C calmodulin with two Ca2+ ions bound to the C-lobe 

CaM2C1N 
calmodulin with two Ca2+ ions bound to the C-lobe 

and one Ca2+ bound to the N-lobe 

CaM1C2N 
calmodulin with one Ca2+ ion bound to the C-lobe 

and two Ca2+ ions bound to the N-lobe 

CaM4 calmodulin bound to four Ca2+ ions (holo-CaM) 

 

 

 d[CaM1N]

dt
= −(koffNT + 2 ∗ konCT[Ca2+])[CaM1N]

+ (2 ∗ konNT[Ca2+][CaM0]) +  (koffCT[CaM1N1C])

+ (2 ∗ koffNR[CaM2N]) 

 

           (3.1) 

 

 d[CaM1C]

dt
= −(koffCT + 2 ∗ konNT[Ca2+])[CaM1C]

+ (2 ∗ konCT[Ca2+][CaM0]) +  (koffNT[CaM1N1C])

+ (2 ∗ koffCR[CaM2C]) 

 

                 

             (3.2)         

 

 d[CaM2N]

dt
= −2 ∗ (koffNR + konCT[Ca2+])[CaM2N]

+ konNR[Ca2+][CaM1N] +  koffCT[CaM2N1C] 

 

                           (3.3)            
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 d[CaM1N1C]

dt
=  − ([Ca2+](konCR + konNR) + koffNT

+ koffCT)[CaM1N1C] + 2 ∗ konCT[Ca2+][CaM1N]

+ 2 ∗ konNT[Ca2+][CaM1C]   +  2

∗ koffCR[CaM1N2C] + 2 ∗ koffNR[CaM2N1C] 

            (3.4)    

                 

                        

                       

   

 d[CaM2C]

dt
= −2 ∗ (koffCR + konNT[Ca2+])[CaM2C]

+  konCR[Ca2+][CaM1C]  +  koffNT[CaM1N2C] 

                     (3.5) 

                             

                             

 d[CaM2N1C]

dt
=  −(koffCT + 2 ∗ koffNR + konCR[Ca2+])[CaM2N1C]

+  konNR[Ca2+][CaM1N1C] + 2 ∗ koffCR[CaM4] 

    

                   (3.6) 

                   

                       

 d[CaM1N2C]

dt
=  −(koffNT + 2 ∗ koffCR + konNR[Ca2+]) [CaM1N2C])  

+  konCR[Ca2+][CaM1N1C] + 2 ∗ koffNR[CaM4] 

                 (3.7)            

                  

                    

 

 d[CaM4]

dt
= −(2 ∗ (koffNR + koffCR)[CaM4] + konNR[CaM1N2C]

+ konCR[CaM2N1C] 

 

 

               (3.8) 
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Figure 3-4 - A schematic diagram of the reactions of the model used. On the left is the Ca2+-
CaM binding model. Here CaMo represents CaM bound to no Ca2+; 
CaM1N/2N/1C/2C represent 1 and 2 Ca2+ ions bound to the N- or C- lobe, while 
CaM4, the output of the model represent 1 and 2 Ca2+ ions bound to the N- or 
C- lobe, while CaM4, the output of the model represents Ca2+ binding and 
dissociation respectively, the subscripts after representing either the T or R 
state in which the Ca2+ is binding or unbinding (From Stevens-Bullmore, 
Kulasiri, & Samarasinghe, 2017). 
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3.3 Simplified 2 lobe model: 

Since every Ca2+ binding site must be occupied for CaM4 to form, and the two lobes are 

independent (Linse et al., 1991), whichever binding lobe is most limiting will be most 

sensitive to perturbation. Before analysing the full 9-state Ca2+-CaM binding model, a 

simplified version of lobe binding will be used. Here, a theoretical model will be used in 

which the N- and C- lobes will be treated as separate molecules. Here the lobes will 

effectively compete for Ca2+. This will determine which lobe preferentially bound Ca2+ and 

therefore which lobe limits CaM4 forming depending on the Ca2+ concentration.   

 

The structure of 2-lobe simplified the model is as follows: 

 

Figure 3-5 The top figure (A) shows how binding of Ca2+ hands EF-hands (depicted as black 
squares) causes the neigbouring EF-hand t transition from a tense (T) to a 
relaxed (R) state. The bottom figure (B) depicts the variables in the two lobe 
model. The labels above the arrows indicates the parameters pertaining each 
reaction. 
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Table 3-2 Ca2+-CaM binding model parameters. Here parameters were determined using 
UV flash photolysis of Oregan Green BAPTA 5N, OGB-5N which is a high 
resolution fluroscent Ca2+ indicator. 

 

 

3.3.1 Model conditions. 

The model was set up as a competition for which the lobes would compete for the available 

Ca2+. In the model, Ca2+ was at iterations of 0.01µM ranging from 0 to 30µM. This range was 

used, because at 30µM CaM became saturated regardless of CaM concentration. Here each 

simulation was run until steady state and Ca2+ was levels were constant throughout each 

run. 

3.3.2 Results 

Both lobes show the same transitions from T- to R-states (see Figure 3.6). That is, when Ca2+ 

concentration is 2.8µM, both CaM1N and CaM1C reached peak values. Beyond this level of 

Ca2+, the concentration of partially bound lobes decreases as it feeds into saturated lobes. 

This shows that beyond 2.8µM single bound states to get favourably converted to bind a 

second Ca2+. This means that 2.8µM Ca2+ is required for the lobes to exhibit binding 

cooperativity. 

 

The two lobes differed in Ca2+ binding across the full range of Ca2+ concentrations. Here, the 

C-lobe outcompeted the N-lobe for Ca2+ binding (see Figure 3.6). For example by 30µM Ca2+, 

95% of available CaM was bound to the C-lobe. This suggests that the rapid binding of the N-

lobe if offset by high dissociation rates. That is, the N-lobe requires more Ca2+ to facilitate 

binding stability. 

 

konNT Binding rate of Ca2+ to N-lobe (T-state) 770 (µM-1 s-1) 

koffNT N-lobe dissociation rate from Ca2+ (T-state) 160000 (s-1) 

konNR Binding rate of Ca2+ to N-lobe (R-state) 32000 (µM-1 s-1) 

koffNR N-lobe dissociation rate from Ca2+ (R-state) 22000 (s-1) 

konCT Binding rate of Ca2+ to C-lobe (T-state) 84 (µM-1 s-1) 

koffCT C-lobe dissociation rate from Ca2+ (T-state) 2600 (s-1) 

konCR Binding rate of Ca2+ to C-lobe (R-state) 25 (µM-1 s-1) 
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Figure 3-6 Results of a simplified model of Ca2+ binding model. Evidently, the C-lobe 
preferentially binds to Ca2+ compared to the N-lobe across all Ca2+ 
concentrations. Note that all y-axes are to different scales. 
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3.4 Full CaM 9-state model exposed to a range of Ca2+ levels 

Next, we will use the full 9-state model of Ca2+-CaM binding (see Equations 3.1- 3.8; and 

Figure 3.4). The goal here is to see how each state responds to Ca2+ level and understand the 

differences in Ca2+ binding between the lobes. To do this, the Ca2+ concentration will be 

iteratively increased from 0 to 30µM, at increments of 0.1µM (as per Section 3.3). In doing 

so, we will see the Ca2+ concentrations necessary for transitions among Ca2+- bound CaM 

states. This will also help to understand how CaM gets activated in response to Ca2+ levels. 

Later in Chapter 4, this will help to explain how CaM temporally responds to Ca2+ pulses 

during stimulation trains. 

3.4.1 Results 

The results show that both CaM lobes bound to one Ca2+ peaked at the same Ca2+ 

concentration (see Figure 3.6; Table 3.2). Then at a higher Ca2+ concentration, both two-

bound states peaked at the same Ca2+ level; followed by all 3-bound states peaking together. 

This means there are clear patterns of CaM states transitioning to bind an additional Ca2+ 

depending on Ca2+ concentration.  

 

The single bound CaM states peaked at 2.5µM; albeit, CaM1C was 6.7 times more abundant 

than CaM1N. This means that below this level, Ca2+ is not abundant enough to facilitate lobe 

cooperativity. As we shall see in Chapter 4, during an LFS (LTD-inducing), the Ca2+ 

concentration peaks at ~0.5µM- suggesting minimal cooperativity of lobes is possible during 

such a stimulation train. The next favourable state transition occurred at 5.9µM Ca2+. Here 

all two- bound states peaked; whereby, the CaM2C state was by far the most abundant two-

Ca2+ bound state at peak concentration. Compared to the other two- Ca2+ bound states, 

CaM2C had a concentration 17.8-fold higher than CaM2N, and 200 fold higher than CaM1N1C 

(see Table 3.3). CaM1N1C had the lowest peak concentration of any state in the model. This is 

logical as forming CaM1N1C requires two independent T- state binding events which are not 

cooperative.  
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As Ca2+ concentration further progresses up to 13.5µM, three- Ca2+ bound states reached 

peak concentration. Here, the peak of CaM1N2C concentration was 2.6-fold higher than the 

other three- bound state, CaM2N1C. It is noteworthy here both states have relatively low 

concentrations compared to the other states of CaM. This is because cooperative R-state 

rates facilitates conversion to CaM4. In fact, when these states peak, although CaM4 is ~16 

fold more abundant than either CaM1N2C or CaM2N1C. Collectively, these results build up a 

picture of a preferable route from apo-CaM to holo-CaM: 

 

 

Figure 3-7 Ca2+ concentrations signal the concentrations at which 1, 2 and 3 bound CaM 
states peak. At 2.5µM single bound CaM states peak, here CaM with Ca2+ 
bound to the C-lobe (1C) is the state with the highest concentration; next, at 
5.9 µM, CaM states with 2 Ca2+ bound reach peak concentration- specifically 
2C has the highest concentration. At 13.5 µM, CaM states with 3 Ca2+ ions 
bound reach peak concentration whereby 1N2C (2 Ca2+ bound to CaM and 1 
Ca2+ bound to the N-lobe). Then above 13.5 µM, fully bound CaM continues to 
rise   

 

Table 3-3 Peak concentrations that each Ca2+ bound CaM state reaches (denoted as peak 
value) and the Ca2+ concentration at which that concentration is reached.  

 

 

 

 
1N 1C 2N 1N1C 2C 2N1C 1N2C CaM4 

Peak Value 

(µM) 
0.233 1.561 0.657 0.058 11.657 0.377 0.998 16.178 

Ca2+ (µM) 2.5 2.5 5.9 5.9 5.9 13.5 13.5 30 

  1-bound 2-bound 3-bound 4-bound 
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3.4.2 CaM4 formation with respect to Ca2+ levels  

With regards to CaM4 formation, Ca2+ displays a sigmoidal relationship with Ca2+ with it has 

the sharpest increase at 7.45µM Ca2+
.  CaM4 and it becomes the most favourable state in the 

system at above 11.95µM Ca2+. At this level, CaM2C states decrease as they get converted 

into three- bound states which then feed into more CaM4 formation via cooperative binding. 

At this point, CaM4 becomes more abundant that all other partially states combined, and it 

becomes saturated as its binding curve flattens out. 

 

To determine the nature of CaM4 formation, Hill coefficient of CaM4 was solved activation. 

To determine the nature of this sigmoidal response, the dose response curve was applied: 

 

 

 
CaM4 =  

[CaMTotal]

1 +
[IC50]
[Ca2+]

nCaM 
 

(3.13) 

 

 

In Equation 3.13, IC50= 13.78µM and CaMTotal= 19.68µM. This was solved using the Matlab 

(2016a) curve fitting toolbox. It was found that CaM binds with a Hill coefficient of 2.03 (R2= 

0.9994). 
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Figure 3-8 -All partially bound states of CaM at a range of Ca2+ concentrations. Here the 
number on each key represents the number of Ca2+ bound to each lobe, and 
the letter which follows is which lobe is occupied. For example, the state 1N 
denotes CaM with 1 Ca2+ bound to the C-lobe, and 1N1C denotes CaM with 1 
Ca2+ bound to the C-lobe and 1 Ca2+ bound to the N-lobe. In the graphs, notice 
how all single bound CaM rise until Ca2+=2.5µM, then CaM states with 2 Ca2+ 
peak at 5.9µM and lastly, CaM states bound to 3 Ca2+ ions peak at 13.5µM 
Ca2+. These rises are falls are due to these states getting favourably converted 
to CaM states with more Ca2+ bound. 
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Figure 3-9 Ca2+ bound states of CaM concentrations at a range of Ca2+ levels. Notice that 2C (CaM2c) is the most abundant CaM state in the model until 
Ca2+ is 11.95µM.
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3.5 Ca2+ concentration- dependent LSA: a case study of PP1 activation.  

We will now examine the parameters of the 9-state CaM model using local sensitivity 

analysis (LSA). This will determine the relative sensitivities of each Ca2+-CaM kinetic 

parameter in the model. To perform this analysis, the 9-state Ca-CaM model fed into a 

simple model of PP1 activity. Here PP1 activity served as the output for the LSA (Graupner & 

Brunel, 2012). The purpose of this exercise was to determine how the N- and C- lobe 

binding/ unbinding rates influence CaM4 formation at a range of Ca2+ levels; and determine 

how each lobe differentially binds to Ca2+ depending on Ca2+ concentration. For the LSA, a 

mathematical model will be used to model PP1 activation. 

 

Recall from Chapter 2 that PP1 activity is blocked when bound to phosphorylated i-1 (see 

Figure 3.10) (Blitzer et al., 1995; 1998; Woolfrey & Dell’Acqua, 2015). The model used for the 

LSA assumes PP1 activation is dependent upon the phosphorylation status of i-1 which is 

controlled by PKA and PP2B. The model assumes that PKA and PP2B are under direct control 

by CaM4 concentration (Graupner & Brunel, 2012). That is, activation of PP2B and PKA were 

determined by available CaM4 whereby CaM4 binding to PP2B is not explicitly modelled, nor 

is cAMP binding to PKA.  

 

The framework of the model is such that PP2B gets preferential activation at low rises in 

CaM4. This results in net dephosphorylation of i-1, and subsequent activation of PP1 (see 

Figure 3.10). Then as that as CaM4 concentration increases further, PKA more gets activated 

leading to more phosphorylation of i-1. In the model, PKA has a higher catalytic activity than 

PP2B (see Table 3.4). This means that if there is more PKA activation than PP2B, there is net 

phosphorylation of i-1, and PP1 is blocked by phosphorylated i-1. PP1 activation therefore 

has a parabolic response as a function of CaM4 concentration (see Figure 3.11). This is a 

model which has been used for PP1 activation used in other models (Michalski, 2013; 

Graupner & Brunel, 2012). It was chosen to provide some biological context and 

demonstrate some functional implications of what these lobes may have on systems in 

activating pathways (see explanation of Equations below).   
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The Ca2+ binding model acts as an input for the PP1 activation loop (Graupner & Brunel, 

2012). Here, Hill equations were used to represent the phosphorylation and 

dephosphorylation of i-1 in response to CaM4 concentration. Upon dephosphorylation of i-1, 

mass action kinetics are used to model PP1 dissociation from i-1. Dissociation from i-1 

causes PP1 to become active. The phosphorylation and dephosphorylation of i-1 by PP2B 

and PKA was modelled by the following equations: 

 

 
VPP2B = basalPP2B + 

PP2Bkcat  (
[CaM4]
KPP2B

)
nPP2B

1 + (
[CaM4]
KPP2B

)
nPP2B  

 

           (3.14) 

 

 
VPKA = basalPKA + 

PKAkcat (
[CaM4]

KPKA )
nPKA

1 + (
[CaM4]

KPP2B)
nPKA  

 

                                                       

(3.15) 

                                                                   

In Equation 3.14, VPP2B represents PP2B total activity; basalPP2B and basalPKA are the basal 

rates of PP2B and PKA respectively; KPP2B and KPKA are the half activation energy for PP2B 

and PKA as a function of CaM4 concentration (which is represented by CaM4).; nPP2B and 

nPKA are the Hill coefficients. The full differential equation for i-1 phosphorylation and 

subsequent PP1 activation is as follows: 

 

 d[I1p]

dt
= −konPP1[i1p][PP1active] +  koffPP1[ PP1inactive] − VPP2B  [i1p]

+  VPKA  [i1] 

 

(3.16) 

 

 d[PP1active]

dt
=  − konPP1 [i1p] [PP1active] +  koffPP1 [PP1inactive] 

     (3.17) 

   

                       

 

 

In Equations 3.16- 3.17 [i1p] represents phosphorylated i-1 concentration, and [PP1active] is 

active PP1 concentration which is constrained by: 
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PP1Total  = PP1active + PP1inactive                                                                                               (3.19) 

 

Where PP1Total is the total concentration of PP1, and PP1inactive is the inactive form of PP1 

bound to i-1; PP1active is active PP1 liberated from i-1; konPP1 and koffPP1 are binding and 

unbinding of between PP1 and i-1; [i-1] was the unphosphorylated i-1 concentration which is 

assumed buffered- as per the original model (Graupner & Brunner, 2012). Note that in this 

model, PKA and PP2B are under thermodynamic control. That is, they reach steady state 

activation which depends on how much active CaM (CaM4) is in the system. 
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Figure 3-10 CaM4 activation of PP2B and PKA which dephosphorylation and 
phosphorylation of i-1 respectively. Here at lower concentrations, CaM4 
activates PP2B which dephosphorylates i-1. As CaM4 increases further, PKA 
becomes activated which phosphorylates i-1. When i-1 is phosphorylated, it 
binds to and inhibits PP1. Dephosphorylation of i-1 destabilises its interaction 
with PP1, leading to PP1 becoming available/active. 

Table 3-4 -List of parameters and reaction rates for PP1-loop. These parameters were 
taken from Graupner & Brunel (2012) which were mathematically fit to a 
model of CaMKII bistability. Note that these parameters are not entirely 
representative of measured rates, rather they are set to fit a larger model of 
CaMKII bistability. In Chapter 5 we will use parameters of PP2B and PKA 
which are founded on experimental data. 

KPP2B 0.0053 (µM) 

nPP2B 3 

koff_PP1 0.1 (s-1) 

kon_PP1 500 (µM-1 s-1) 

basalPKA 0.00359 (s-1) 

PKAkcat 100 (s-1) 

KPKA 0.11 (µM) 

nPKA 8 

KPKA 0.11 (µM) 

basalPP2B 0.1 (s-1) 

PP2Bkcat 18 (s-1) 
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Figure 3-11 PP1 activation over a range of CaM4 concentrations. At lower CaM4 

concentrations, basal PKA activity suppresses activity. As CaM4 concentration 
rises, PP2B gets activated which increases concentration of active PP1. Once 
CaM4 reaches a threshold, PKA then gets preferentially activated which 
explains why PP1 activity decreases as CaM4 increases further. 

 

3.5.1 Local sensitivity Analysis Method 

To determine the sensitivity of the Ca2+-CaM parameters as a function of Ca2+ concentration, 

an LSA was performed. Here, one at a time, each Ca2+-CaM parameter was perturbed to two 

values, 10%, and 190% of standard values; this was done to determine maximum and 

minimum ranges of each parameter and give each parameter an equal opportunity to 

represent a large range of values that are equal in perturbation (in absolute terms). For each 

perturbation, the model was run at until steady state at a range of Ca2+ values to determine 

the relationship between CaM4 formation and Ca2+ concentration and determine how 

binding kinetics affect Ca2+ binding stability. We will perform the LSA by using PP1 as an 

output. Because PP1 activity is a function of CaM4 concentration (that is, PP1 peaks at the 

same CaM4 concentration (see Figure 3.11), we can see the influence of perturbation of each 

parameter has on CaM4 formation which is reflected by PP1 activation. By performing an LSA 

of PP1 activation over a range of Ca2+ concentrations, the effects that each kinetic rate has 

over CaM4 formation and therefore PP1 activity were explored. To quantify the influence of 

each parameter perturbation had on PP1 activation, Equation (3.20) was used: 
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Vj =

(PP1new
max) −   PP1standard

max )
(PP1standard

max )

(knew − kstandard)
(kstandard)

 

 

(3.20) 

 

In Equation 3.20, Vj has no units and is a number which measures the relative influence of 

each parameter upon perturbation. In the equation, (PP1new
max) represents the Ca2+ 

concentration at which PP1 activation peaked when parameters were perturbed by 90%; 

(PP1standard
max ) represents Ca2+ when peak active PP1 occurs under standard conditions; 

(knew)is the value of the changed parameter; and kstandard is the value of the parameter of 

interest under standard conditions. The LSA results were then ranked according to the Vj 

values.  

3.5.2 LSA results 

The LSA results showed disparities between increasing and decreasing rates (it is worth 

noting however, that increasing parameters has relative change than decreasing. That is a 

division of 10 versus a multiplication by less than 2). For perturbation of Ca2+ binding rates, 

each parameter was more sensitive to decrease than to increase of its rate. For example, 

konNR had a Vj of -2.35 when its rate was 10% of its standard rate, compared to Vj of 0.3876 

when 190% of its standard value.  The reason for this disparity is that when binding rates are 

increased, other binding rates become limiting since Ca2+ must occupy all CaM binding sites 

to become active. 

 

For the dissociation rates there were also disparities between increasing and decreasing 

rates. Here the rates were more sensitive to increase than decrease. This is because 

increasing dissociation rates destabilises the binding/unbinding ratio for Ca2+, which limits 

CaM4 formation. Meanwhile, decreasing dissociation rates leads to other rates becoming 

limiting in the formation of fully bound CaM4. One exception to this rule was the dissociation 

of Ca2+ from the T-state of the C-lobe it showed to have the same sensitivity to perturbation 

in both directions showing equal robustness to both increase and decrease of its rate.  

 

In all instances, the N-lobe was more sensitive to perturbation than the C-lobe of increasing 

and decreasing rates of respective T and R states. The four most sensitive parameters in the 

model were all associated decreasing N-lobe binding and dissociation rates. Specifically, the 
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decreasing the binding rates of the N-lobe had the highest Vj scores (see Table 3.5 and 

Figure 3.12). The C-lobe on the other hand, showed to be robust against perturbation, 

especially its dissociation rates, which were the least sensitive parameters in the model 

when they were decreased. 

 

3.5.3 Summary of LSA 

The key determinant of CaM4 formation is the kinetic ratio of binding: unbinding rate of Ca2+ 

to each site.  The results in this section collectively shows the mechanisms by which CaM4 

forms over a range of Ca2+ values. The binding: unbinding ratio of the C-lobe leads to 

favourable binding of Ca2+ across all Ca2+ concentrations compared to the N-lobe. This is 

despite the N-lobe R- state having some of the highest binding rate of any biomolecule that 

have been found experimentally (Faas et al., 2011). Evidently, this is offset by having high 

Ca2+ dissociation rates. This means that a higher Ca2+ concentration is required for the N-lobe 

to have stabilised interactions with Ca2+ compared with the C-lobe. 

 

The differences in lobe cooperativity suggests that although the N-lobe has high positive 

binding cooperativity, higher Ca2+ levels are required to facilitate this binding. The C-lobe, 

however, has cooperativity in the sense that binding facilitates stability for Ca2+ once bound. 

For this reason, the C-lobe preferentially binds to Ca2+ which then primes CaM to become 

fully bound readily when adequate Ca2+ is present for N-lobe binding. This explains why the 

N-lobe parameters are more sensitive than the C-lobe. 
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Figure 3-12 LSA results. Here each parameter is labelled above each plot and is varied to 190% and 10% of its basal value. Each of the curves represent 
PP1 activation and how that changes upon altering each parameter. A shift of the peak to the left implies CaM4 formation occurs at lower 
concentrations, while a shift to the right implies CaM requires more Ca2+ to reach the CaM4 concentration required for PP1 peak activity 
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Table 3-5  LSA variation results with respect to PP1 activation (‘=’ means ranks are equal).  
LSA rank refers to the ranking of Vj score. 

Parameter 

name (10% 

of standard 

value) 

Vj 

LSA 

rank 

Parameter 

name (190% 

of standard 

value) 

Vj 
LSA 

rank 

konNR -2.35142 1 koffNR  0.3876 6= 

konNT  -2.02842 2 koffNT  0.348837 8 

koffNR 0.633075 3 konNR  -0.2584 9 

koffNT  0.594315 4 konNT  -0.24548 10 

konCR  -0.5814 5 koffCR  0.090439 11 

konCT  -0.3876 6= koffCT  0.064599 13= 

koffCR  0.103359 11 konCR  -0.05168 15 

koffCT  0.064599 13= konCT  -0.02584 16 

 

3.6  Discussion. 

CaM has two lobes which are independent of each other and have different Ca2+ binding 

characteristics (Lai et al., 2015; Linse et al., 1991). The N-lobe possess cooperativity in the 

sense of binding velocity, whereas the C-lobe has binding cooperativity by increasing binding 

stability. The differences between the lobes is evolutionarily conserved from Fungi to 

humans (Halling et al., 2016). This suggests that the differences are selected for. In this 

Chapter, we have investigated the differences between the lobes to determine how they 

differentially bind to Ca2+ depending on how much is present. To determine the differences 

between the lobes, we examined CaM binding over a range of Ca2+ concentration and 

performed an LSA as a function of PP1 activity.  

 

An LSA using PP1 activation was an ouput was used understand these differences between 

the kinetic rates in the model. Here PP2B and PKA were assumed to regulate directly by 

CaM4 whereby both proteins got instantaneously activated by CaM4. This model did not 

include the full dynamics of PKA regulation by the likes or AC and/or PDEs nor did it include 

full regulation of PP2B (we will model these dynamics in more detail in Chapter 5). The 
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purpose of the PP1 activation loop, however, was to serve as an output to illustrate how 

lobe perturbation of CaM kinetic parameters affected CaM4 formation which was modelled 

to directly affect peak PP1 activation. By performing the LSA we saw the the relative 

influence of each parameter affects the formation of CaM4 by perturbing them to maximum 

and minimum value. The LSA also showed the theoretical effects on what lobe sensitivity 

functionally means in the cell, as PP1 is a key LTD-inducing protein (Mukey et al., 1993).  

 

The LSA compared how each binding rate differentially affected CaM4 stability. It was 

evident from the results that the N-lobe parameters were consistently more sensitive than 

those of the the C-lobe. The binding rates of the N-lobe was the most sensitive to 

perturbation meaning these were the most limiting rates for CaM4 formation.  In contrast, 

the least sensitive rates were increasing the binding rates of the C-lobe as these rates are 

the least limiting to the formation of CaM4. 

 

There were differences in sensitivity between increasing and decreasing parameter values 

from standard conditions. Here, binding rates were more sensitive to decreasing rather than 

increasing its rate, while the opposite was true for dissociation rates. For example, konNR had 

a Vj of -2.35 when its rate was 10% of its standard rate, compared to Vj of 0.3876 when 

190% of its standard value.  This asymmetric sensitivity arose because when binding rates 

are increased locally, other binding rates become limiting since Ca2+ must occupy all CaM 

binding sites to become active. 

 

For the dissociation rates there were also asymmetric sensitivity when subject to increasing 

versus decreasing above or below the standard value. Here decreasing the dissociation rates 

were more sensitive than increasing them. This is because when increasing dissociation 

rates, CaM4 asymptotically approaches zero. Whereas decreasing the dissociation leads to 

more stability for CaM4. We found one exception to this rule whereby koffCT had the same 

sensitivity to perturbation in both directions. This was because CaM4 did not approach zero 

when this binding rate was decreased. Consequently, it was equally sensitive to perturbation 

in both directions, and was one of the most robust parameters in the model.  

 

In this Chapter, we also found that despite differences in binding dynamics between the two 

lobes, there were also commonalities. Although the C-lobe bound to more Ca2+ than the N-

lobe, both lobes exhibited cooperativity at the same levels of Ca2+. That is, there was a rise in 
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the T- state which converted to preferable conversion to the R-state at the same level of Ca2+ 

(2.5µM). Despite this, since the C-lobe bound to more Ca2+ than the N-lobe, the conversion 

from CaM2C having the highest concentration to CaM4 being the most abundant state 

occurred at 11.95µM. Beyond the concentration of 11.95µM Ca2+, CaM4 became the main 

CaM state in the system. This is because Ca2+ levels were adequate to facilitate stable 

binding of Ca2+ to the N-lobe which thereby completes CaM activation. Indeed, both lobes 

have different cooperativities which give rise to the differences seen in the lobe binding 

dynamics, so next we used an LSA to compare each rate. 

 

When the two lobes coordinate, there is a sigmoidal response with a Hill coefficient of 2. 

This is consistent with Mills, Bailey & Johnson (1985) and an analysis (which we will shortly 

discuss) by Lai et al. (2015). This means that although there are differences in lobes, CaM 

exhibits positive binding cooperativity with respect to the amount of Ca2+ present. It is 

important to note however, as seen in Chapter 1 that, Ca2+ does not reach steady state in 

the cell- rather it is rapidly buffered and is cleared out. Because of this, the temporal 

dynamics are important to account for. In the next chapter, we will explore the differences 

between the lobes in a time-dependent, pulse manner.  

 

Although CaM requires all four Ca2+ ions to fully activate its targets, it is important to note 

that partially Ca2+ bound CaM can bind and activate targets, albeit with less affinity, and the 

target proteins do not reach full activation. Different proteins interact differently depending 

upon which lobes are occupied. In addition, CaM can also simultaneously bind to two 

proteins, one at the N-terminus, and the other at the C-terminus. In this way, CaM can bring 

these proteins together indeed, CaM can bind with a 2:1, 1:2, and 2:2 CaM: binding target 

protein ratio thus acting as an adapter protein (Villalobo et al., 2018). Collectively, it is 

therefore apparent that understanding the differences between the two lobes is non-trivial 

and understanding the binding of each lobe can help understand CaM-mediated regulation.  

 

To understand the differences between the lobes, CaM mutants which contain either a 

missing or inactive lobe have been used in experimental work (Xiong et al., 2010; Newton et 

al., 1984; Minowa & Yagi, 1984; Forsén et al., 1991; Evanӓs et al., 1999)). These are TR1C 

which does not have a C-lobe, and TR2C which misses an N-lobe. These mutants can thereby 

be used to analyse the dynamics the lobes in isolation. These mutants have been used to 
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understand the differences between the lobes and elucidate the binding and/or activation of 

various protein targets.  

 

The order of which lobe binds to its target first, and which lobe is responsible for protein 

activation can differ between proteins (Lai et al., 2015). Generally, the order of binding is 

that proteins first bind by the C-lobe, followed by the N-lobe (Lai et al., 2015). For example, 

MCLK and nNOS have been shown to both bind to the C-lobe first, followed by the N-lobe to 

become active (Perschini et al., 1994). CaMKII however, differs from other proteins and it 

binds to the N-lobe followed by the C-lobe- showing that the differences can differentially 

regulate proteins depending upon the Ca2+ occupancy of each lobe (Forest et al., 2008; Jama 

et al., 2011).  

 

Despite CaMKII binding to the N-lobe first, it is the C-lobe which is most important for 

nucleotide binding and subsequent activation of CaMKII. In fact, the CaM mutant, TR2C 

which only binds Ca2+ on the C-lobe can activate CaMKII (although with 10-20-fold less 

activity than the fully bound form (Torok et al., 2004; Jama et al., 2011; Shifman et al., 2006). 

It is worth noting however, that this is disputed by Forest et al. (2008) who have shown that 

two TR2C mutants may have bound to a single CaMKII simultaneously, and thus not 

represent true partially bound CaM. 

 

While CaMKII requires the C-lobe for activation, the opposite is true for PDE1 which requires 

binding to the Ca2+ saturated N-lobe to become active. Here, the C-lobe is not required for 

PDE1 activation- instead, its role is to target CaM to PDE1 (Zhang, Tanaka & Shea, 1994). 

Collectively, these findings illustrate that the differences between the two lobes are not 

trivial and different proteins get activated differently, depending upon the Ca2+ binding 

status of each lobe. 

 

Interestingly, the two CaM-binding AC isoforms: AC1 and AC8 are regulated differently by 

each lobe. That is, AC8 has been shown to bind to and get activated by N-lobe saturated 

CaM more efficient than the C-lobe, while the opposite is true for AC8 (Masada et al., 2012). 

These examples of different lobe binding thereby show that the two lobes have distinct 

properties not only in binding to Ca2+, but also in the ways they facilitate interactions with 

proteins. 
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Consistent with the findings of the current Chapter, these studies collectively found clear 

distinctions between the two lobes and their binding ability- the C-lobe required less Ca2+ to 

become active, and more readily bound and/or activated CaM-binding proteins. Lai et al. 

(2015) then developed a mathematical model which showed that some targets could 

stabilise the T-state of CaM, while other targets could stabilise R states- further 

demonstrating the dynamic regulation between CaM and its targets. The study also found 

that the C-lobe was the main player for instigating CaM-target interactions. Indeed, the 

results of those studies in the analysis by Lai et al. (2015) showed consistent patterns as the 

current model whereby there were clear differences between the two lobes. The 

mathematical model however differed from the current model and did not use differential 

equations. Instead, the model was a simplified allosteric model of CaM activation whereby 

CaM activation was modelled as a function of Ca2+ concentration and assumed to reach 

thermodynamic equilibrium depending upon the level of free Ca2+ in the system.   

 

It is important to note however, that studies comparing CaM mutants contain noise and 

potential confounding factors which may distort the true differences between the two lobes. 

For example, two mutant lobes may bind by different mechanisms and activate targets 

differently (Lai et al., 2015; Forest et al., 2008); and even the presence of ions in the cell can 

influence CaM’s binding dynamics (as we saw in Section 3.1.2). The current study was 

analogous to half and half CaM without such experimental noise. That is, the model is a 

universe whereby no additional effects are seen other than the rates by which Ca2+ binds to 

each lobe. We did however perturb parameters, so they were not “static”. The fact that 

different lobes are affected differently gives reason to understand each lobe and its binding 

dynamics without noise. This helps to understand how the lobes are differently 

activated/bound in the absence of potentially conflicting regulation of each lobe which 

change depending upon which proteins are present. While this approach is useful to 

understand the lobes in isolation, the same merits of this approach also act as limitations. 

That is, because it does not account for different behaviours between the lobes, we miss 

such modulation which may be important.  

 

When considering Ca2+-CaM binding, Mg2+ may also be important to consider. It is important 

that upon Ca2+ influx that CaM be able to rapidly detect this change in the face of Mg2+ which 

is 2 to 4 magnitudes higher in the cytoplasm (0.5-2.0mM). Since Mg2+ shares chemical 

properties with Ca2+ (both being divalent), it is important the CaM evolve mechanism to be 
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able to discriminate between Mg2+ and Ca2+. Rather than inhibit Ca2+-CaM and its binding 

cooperativity, but Mg2+ may in fact play an important role for binding cooperativity and fine-

tune the responsiveness of CaM to Ca2+. For example, Mg2+ may be to reduce CaM from 

binding Ca2+ at basal cytoplasmic concentrations, by outcompeting for CaM binding sites at 

the low basal level of Ca2+. It has also been shown to play role in dissociation rates of Ca2+ 

from CaM (Malmendal et al., 1999). The fact that binding of Ca2+ shifts the binding site of 

CaM to bias Ca2+ binding, and simultaneously inhibit Mg2+ binding suggests that Mg2+ also 

plays a role in shaping Ca2+ binding cooperativity. Collectively these factors all show that 

Mg2+ shapes Ca2+ sensitivity and helps to tailor responsiveness of the cytoplasm in response 

to Ca2+ signalling events- essentially Mg2+ could be seen as aiding CaM detecting signals. It 

may also play a role in the rapid dissociation which is likely an important aspect of CaM 

signal transduction. Although the current Chapter does not consider Mg2+, it predicts the 

sensitivity that both lobes would have to any form of perturbation by Mg2+ or other factors 

in the cell such as Ng. We will discuss this further in the Discussion Section of the next 

Chapter.  

3.6.1 Summary 

Overall, in this Chapter, we have seen that although the N-lobe has higher binding velocity, 

this is offset by also having low affinity. The C-lobe meanwhile, despite having lower binding 

velocity, outcompetes for Ca2+ across every level tested. The differences in lobe 

cooperativity suggests that although the N-lobe has high positive binding cooperativity, 

higher Ca2+ levels are required to facilitate this binding. The C-lobe, however, has 

cooperativity in the sense that binding facilitates stability for Ca2+ once bound. For this 

reason, the C-lobe preferentially binds to Ca2+ which then primes CaM to become fully bound 

readily when adequate Ca2+ is present for N-lobe binding. This explains why the N-lobe 

parameters are more sensitive than the C-lobe. 

 

Now that we have seen how the two lobes behave differently, we will look at how CaM 

responds to Ca2+ in a temporal manner- and furthermore, determine how the sensitivities of 

the respective lobes vary with respect to the level of temporal Ca2+ stimulation, and how this 

sensitivity is dynamic, depending on the level of the stimulation protocol.  
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Chapter 4  Modelling Calmodulin as Ca2+ pulse frequency 

detector 

4.1 Modelling Ca2+ as pulses 

Ca2+ can be toxic in the cell as well as activate numerous Ca2+ binding and sensor proteins 

(Dong et al., 1998; 2006; Goll et al., 2003; Dong et al., 2006; Nagagawam & Yuan, 2000; Ono 

& Sormachi, 2012; Harwood et al., 2005; Momeni, 2011). It can bind to and activate 

proteases called calpains which proteolyse unspecific proteins in the cell as well as activate 

capase enzymes which trigger apoptosis (Goll et al., 2003; Dong et al., 2006; Nagagawam & 

Yuan, 2000; Ono & Sormachi, 2012; Harwood et al., 2005; Momeni, 2011). Ca2+ can also bind 

to the negative sidechain of proteins sidechains as well as carbonyl groups of peptide 

backbone structures (because Ca2+ is a large positive divalent). Because of these factors, cells 

have evolved mechanisms to rapidly clear out intracellular Ca2+ when it enters the cell. 

 

As eluded to in Chapter 1, to keep Ca2+ levels low in the dendritic spine, ATPase pumps 

actively clear Ca2+ out of the cell or into the lumens of storage organelles such as ER/SR and 

mitochondria (Segal & Korkotian, 2014; Holcman, Schuss & Korkotian, 2004; Higley & 

Sabatini, 2012). Ca2+ buffers proteins such as parvalbumin, calbidin and CaM also bind to and 

thereby clear free cytosolic Ca2+ (Schwaller, 2010). As a result, when Ca2+ enters a dendritic 

spine through NMDAR-channels, its levels rapidily rise and fall. This means NMDAR Ca2+ 

signalling occurs as “pulses”. Rapid Ca2+ decay also ensures that the Ca2+ signal does not 

reach other parts of the cell, as Ca2+ localisation is an important aspect of cell signalling (Lee 

et al., 2009; Evan & Black, 2015). If the frequency of the pulses is high, then Ca2+ can 

summate if pulses arrive before the previous Ca2+ pulse has decayed (for example see Figure 

4.1).  

 

In the previous Chapter, we learnt about the stability of the CaM lobes as a function of Ca2+ 

concentration- and so, it follows that the next place to look is how CaM responds to Ca2+ 

pulses. This can help to understand how CaM can discriminate signals in a more realistic, 

temporal setting. We will see how the binding dynamics of the two lobes depending upon 

the stimulation pulse frequency during stimulation. To simulate these dynamics, Equation 

4.1 was used: 
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Ca2+ = Cabasal

2+ +  A ∑ exp
(
−i
fτ

)

n

i=1

 
 

(4.1) 

 

This model is was developed by Zhabotisky (2000) and is based on experimental data which 

measured Ca2+ influx into the cytoplasm of a neuron using Fura-2 florescence. This was 

performed using rat hippocampal slices and was run under physiological conditions of 37oC 

and a pH of 7.2 (Helmchen et al., 1996). Here, Cabasal
2+  is the basal level of Ca2+ in the cell; “A” 

is the amplitude of Ca2+ that fluxes in per pulse; “n” is the number of pulses during the 

stimulation; f is the frequency of pulses; and τ is the decay constant of Ca2+ between pulses. 

Using this equation, Ca2+ influx and decay can be modelled without including the 

aforementioned mechanisms of Ca2+ efflux. If a pulse arrives prior to the previous pulse 

decays, Ca2+ levels summate. Therefore, higher pulse frequencies result in higher Ca2+ 

concentrations (see Figure 4.1).  

 

By applying the Ca2+ pulse model to the 9-state CaM model, we will test the influence of 

transient stimulation at a range of frequencies. We will first look at transient pulse 

frequency typical of those of indusive of synapatic plasticity. We will then perform local and 

global sensitivity analyses of the Ca2+-CaM over a range of 10-200Hz at 10Hz increments to 

determine how sensitivity of the lobe parameters change with Ca2+ frequency.  

 

The sensitivity analyses will help to understand how CaM lobes detects frequencies. Given 

the centrality of CaM for inducing synaptic plasticity- understanding how it transiently 

responds to stimulation trains is important for understanding how Ca2+ can in-turn be 

translated into a signal. The goal of this Chapter is to investigate how CaM dynamically 

respond to various pulse frequencies.  
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4.2  Applying Ca2+ pulses to case studies stimulations  

We will now simulate the reponse of CaM states with various Ca2+ pulse patterns typical of 

those seen experimentally. This will include 100 Ca2+ pulses per second (100Hz): 10 pulses 

per second (10Hz). A pulse pattern called Theta Burst Stimulation (TBS) which is a more 

complex pulse pattern. This involves 10 epochs which each consist of 4 pulses separated by 

10ms (100Hz); and each of the 10 epochs is separated by 0.2s (see Figure 4.1). Each of these 

stimulations a rise in Ca2+ amplitude of 1µM per pulse. We will perform LFS, which has 1Hz 

pulse frequency with Ca2+ rise of 0.4µM per pulse.  

 

The 100Hz and TBS protocols are in line with experimental techniques used to induce LTP 

and (Zhabotinsky, 2000; Bliss & Collingdrige, 1993; Dude & Bear, 1992; Bliss & Lømo, 1973; 

Kumar, 2011); while the LFS is the experimental protocol for LTD induction. We will also look 

at 10Hz pulse stimulation which represents an intermediate level of stimulation. By applying 

these Ca2+ pulse patterns to the 9-state CaM model, we will see the relative stability of the 

lobes and see how binding dynamics perform during these protocols.  

 

The concentration of total CaM chosen was 20µM which is comparable to models used by 

He et al., (2015; 2016) which were taken from Kaikutcha et al. (1982). This level is 

representative of CaM in a dendritic spine. In a system where CaM is the only molecule, its 

concentration is arbitrary however, and the trends of Ca2+ binding are the same regardless of 

its concentration.  
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Figure 4-1 The Ca2+ level in response, to stimulation trains (as indicated by the black line 
above the y axis) to 100 pulses per second (100Hz), 10 pulses per second 
(10Hz), and one pulse per second for LFS (1Hz) and the more complex trains of 
TBS pulses. Each of the 3 train consists of pulse pattern which consists of 10 
epochs. Each epoch contains 4 pulses separated by 10ms (100Hz) and each 
epoch of the train is separated by 0.2s. Furthermore, each train is separated 
by 20s. In each of the stimulations, notice how Ca2+ decays between each 
pulse, and as consequence if pulses are closer together, then Ca2+ can 
accumulate before the previous pulse decays. At LFS, each pulse almost 
completely decays between each stimulation, and so Ca2+ does not 
accumulate. These plots were obtained as per Equation 4.1 whereby Ca2+ 

arrives as per the frequency (1/f) of the stimulation. 
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4.2.1 100Hz 

At 100Hz stimulation, CaM has three phases of Ca2+ binding state transitions: 1) initial peaks 

of partially bound states; 2) reduction of partially bound states as more Ca2+ occupies CaM 

to form CaM4; and 3) after the stimulation ends, a spike of some partially bound states. 

 

During the sitmulation, both single Ca2+ bound CaM states peak at the fourth Ca2+ pulse (see 

Figure 4.2; Table 4.1). This is due to initial rapid binding before the second EF-hand of each 

lobe binds Ca2+. The results show that although the N-lobe has faster binding kinetics, both 

lobes peak after the same number of pulses albeit, CaM1C has a ~6-fold higher concentration 

than CaM1N (see Table 4.1). This is due to the C-lobe having more stability of Ca2+ binding 

because of its binding: unbinding ratio. Despite that the T-state C-lobe binding is slow 

relative to the N-lobe, it is still able to track the pulses in the same way that the N-lobe can. 

Recall here from Chapter 3, that both lobes require the same level of Ca2+ to have favourable 

conversion. This therefore also appears to hold true in a time-dependent manner at 100Hz.  

 

As the stimulation progressed, the differences between the lobes became more apparent. A 

good indicator is differences between the two lobes is the compare CaM2C state and CaM2N. 

This is because these states indicate since how the lobes bind to Ca2+ in an independent 

manner. CaM2C accumulated for 5 extra pulses and reached a peak concentration ~8 fold 

higher than the CaM2N peak. Evidently the C-lobe is more stable and awaits the N-lobe to get 

stabilised while its own levels builds up (see Table 4.1). This is because the Ca2+ 

concentration is insufficient to facilitate N-lobe binding stability compared to the C-lobe. 

Indeed, as we saw in the previous Chapter, the N-lobe requires higher Ca2+ levels to have 

stable binding compared to the C-lobe.  

 

Once the Ca2+ reaches an adequate level to stabilise the N-lobe, the states of CaM bound to 

3 Ca2+ molecules remain short-lived and do not fluctuate. This is because these states exhibit 

cooperative R-state binding to Ca2+. Evidently, in the absence of binding partners, the order 

of conversion between the states to reach CaM4 occurs whereby the C-lobe binds first, 

followed by the N-lobe. 

 

After stimulation ends and as Ca2+ decays back to basal levels, the N- and C-lobes behave in 

distinct ways (see Figure 4.2). This is due to the rapid dissociation of the N-lobe, and the 

relatively slow dissociation of Ca2+ from the R state C-lobe. This difference between the 
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lobes is evident when we look at the behaviour of CaM2C versus CaM2N post-stimulation. 

Here, all CaM2N bound states are unstable and decay instantaneously once the signal ends. 

This is in line with the works of Chapter 3 which we showed that the N-lobe is highly 

sensitive to Ca2+ concentration. The C-lobe, however, is temporarily stable when Ca2+ begins 

to decays to basal levels. Because the N-lobe rapidly dissociates while the C-lobe is 

temporarily stable, there is a rise in the CaM2C state concentration 0.3s post stimulation, and 

CaM2C becomes the most abundant Ca2+- bound state in the system. 

 

We will later perform a GSA to determine which of the Ca2+-CaM parameters had the most 

influence over the amplitude of the peak of the CaM2C peak. That is, we will find to extent 

the peak is attributed to kinetic parameters pertaining N-lobe instability versus C-lobe 

stability. Here the outputs for the GSA were the concentration of the maximum CaM2C 

concentration and the onset time of the peak (see Table 4.1). 

4.2.2 10Hz 

When the stimulation was run at 10Hz stimulation, CaM binding to Ca2+ had distinct patterns 

from those of 100Hz stimulation. This shows CaM lobes can discriminate pulse patterns. Like 

at 100Hz, the single bound states reached peak concentration after 3 pulses; unlike at 100Hz 

however, these states continued to fluctuate around the same concentration throughout 

the entirety of the train rather than converting CaM states with more Ca2+ bound (see Figure 

4.3). This is because the lobes are unstable between and dissociate between pulses. This 

instability with Ca2+ was especially evident for the N-lobe, and the majority of CaM2N 

decayed between each pulse due to its rapid dissociation rates from Ca2+. The CaM2C state, 

however, is more abundant than CaM4. This was because CaM2C exhibits cooperativity due 

to its low dissociation rate (high affinity). After the stimulation train ends, the post-

stimulation patterns are distinct from 100Hz stimulation. The lack of a post-stimulation 

CaM2C peak suggests that the C-lobe was unstable immediately after the stimulation ceases 

despite having slow dissociation rates.  
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Figure 4-2 Ca2+ bound states of CaM when 100Hz of stimulation are applied. Notice that 
the CaM with one Ca2+ bound to either the N lobe (denoted 1N) or C-lobe (1C) 
peak within the first 4 pulses, and then decay as the stimulation progresses. 
These states then decay as CaM binds to more Ca2+. Next CaM with 2 Ca2+ 
bound rise: these states include N-lobe saturated (2N), 1 Ca2+ bound to each 
lobe (1N1C) and C-lobe saturated (2C). Notice here that the C-lobe has 
preferential binding compared the N-lobe, reaching a high concentration. The 
3-bound have low accumulation as they get rapidly converted to fully Ca2+ 
bound CaM (CaM4) which rises sharply as the stimulation evolves. The signal is 
then terminated for 1s and Ca2+ decays. Notice that 2C peaks between 0-0.3s 
post stimulation.  

 

 

Table 4-1 The number of pulses until each CaM state reaches its peak, and the peak 
concentration each state reaches at 100Hz stimulation. 

 

 

 

 

 

100Hz Stimulation 

 CaM1N CaM1C CaM2N CaM1N1C CaM2C CaM2N1C CaM1N2C CaM4 

µM 0.40036 2.50219 1.34146 0.1106 10.69343 0.47175 0.88593 11.99029 

pulses 4 4 6 6 11 8 24 100 
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Figure 4-3 Ca2+ bound states of CaM when a 10Hz stimulation is applied to the system. For 
each of the states, there is an initial rise of in concentration until peak levels 
are reached. From then on, each of the state fluctuations between each pulse 
decay. CaM with a saturated C-lobe and no Ca2+ bound to the N-lobe (2C) is 
the most abundant state. Overall, the patterns of this figure show that the N-
lobe has unstable interaction with Ca2+ binding than the C-lobe.  Because of 
the instability of the N-lobe, the levels of CaM4 are comparably low, as the N-
lobe rapidly dissociates between pulses.  

 

 

Table 4-2 The peak concentrations each CaM state reaches at 10Hz and the number of 
until each peak concentration is reached. 

10Hz Stimulation 

 

CaM1N CaM1C CaM2N CaM1N1C CaM2C CaM2N1C CaM1N2C CaM4 

µM 0.26406 1.68117 0.48922 0.04117 5.68132 0.07769 0.1257 0.23111 

pulses 3 3 5 4 8 8 8 10 
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4.2.3 LFS 

For LFS, it is important to first note that the amplitude of Ca2+ influx in response to each 

pulse was 0.4µM (compared with 1µM per pulse for 10Hz, 100Hz and TBS). Because less Ca2+ 

fluxed in per pulse, and each pulse was subject to decay, Ca2+ levels reached lower levels. As 

a result, Ca2+ bound CaM states were unstable, and rapidly dissociation between each Ca2+ 

pulse.  

 

During LFS each pulse was essentially an independent event. That is, each CaM state was 

unstable and nearly completely decayed after every pulse. As a result, the most abundant 

species were single Ca2+ bound states which had neither enough Ca2+ abundance, nor was 

there enough time to allow for favourable conversion to two Ca2+ bound states. Indeed, the 

predominant CaM state was CaM1C- which was also unstable between pulses. Ca2+ levels also 

only reached ~0.5µM which as we saw in Chapter 3, is inadequate to facilitate favourable 

conversion for single bound to doubly bound lobes (which we saw in Chapter 3 is 2.5µM 

Ca2+).  It follows that CaM4 was unable to accumulate throughout the stimulation. In fact, no 

CaM4 was present between each coming pulse, and the peak concentration of CaM4 was 

low- 8 x 10-4 µM which, in the dendritic spine, equates to less than 1 molecule. This suggests 

if there are no other factors in the system to stabilise the interaction between Ca2+ and CaM, 

CaM4 formation is unstable during LFS. This is despite the parameters in the current model 

having the highest Ca2+ binding rates that have been recorded (Faas et al., 2011).  

 

With regards to the formation of CaM4, unlike at 100 or 10 pulses per second, CaM2N1C was 

more abundant than CaM1N2C albeit the differences were slight. This suggests that there is no 

preference in the conversion from three bound CaM to CaM4. This is because the C-lobe 

could not accumulate and prime CaM to get saturated.  Overall it can be concluded that 

during LFS, CaM interprets each pulse as an independent, uncoordinated event. 
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4.2.4 TBS 

During the TBS, there were distinct patterns from those of 100Hz, 10Hz and LFS. The 

difference between how the lobes coordinate each epoch of the train were distinct between 

the C- and N-lobe during TBS. The differences between the lobes were dynamic through the 

stimulation. Both single Ca2+ bound lobes reach peak levels after the first 4 pulse epoch (see 

Table 4.3). Then as the stimulation train progressed the discrepancies between the N and C-

lobes became more prevalent. The differences between the stability of the lobes, was not 

only due to the stability of each lobe as a function of peak Ca2+ level, but it is also due to the 

N-lobe being more sensitive to the decay between each epoch. This meant it was unable to 

accumulate. Conversely, CaM2C continues to rise for the full 24 pulses of a TBS train, while 

every partially bound state with CaM2N decays rapidly between each epoch. Consequently, 

the CaM2C state reachs a peak concentration ~8-9 times than all other CaM states (see Table 

4.3). Overall, the differences between the lobes shows that C-lobe can accumulate 

throughout the entirety of the train and whereas the N-lobe is unstable between epochs.  
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Figure 4-4 Ca2+ bound states of CaM when LFS is applied to the system. The pulses are 
uncoordinated since they are spaced apart such that Ca2+ cannot accumulate. 
As a result, none of the Ca2+ bound states are stable between each pulse.  

 

Figure 4-5 Ca2+ bound states of CaM when a TBS train of stimulation is applied followed by 
1s of Ca2+ returning to basal levels. Note that every CaM state peaks at each of 
epoch, then between each epoch, the levels decay. This shows that in 
isolation, CaM is sensitive to each epoch which is separated by 0.2s. As with 
the 10Hz stimulation, the C-lobe binds to more and Ca2+ is subject to less Ca2+ 
dissociation between each epoch than the N-lobe. 
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Table 4-3 Peak concentrations of each CaM state, and the number of Ca2+ until this 
concentration was reached. 

TBS 

  CaM1N  CaM1C  CaM2N  CaM1N1C  CaM2C  CaM2N1C  CaM1N2C  CaM4 

µM 0.400 2.502 1.114 0.092 9.982 0.346 0.447 1.662 

pulses 4 4 7 7 24 20 24 24 

 

4.3 Summary of all patterns 

Overall, by looking at the various patterns of stimulation and the subsequent patterns of 

CaM states, we have found that CaM is able to discriminate between signals. Although the 

TBS and 100Hz are both stimulations which induce LTP, isolated CaM molecules behave 

differently to each. The pattern of the pulses is clearly important, and it is not simply the 

Ca2+ concentration but also the pattern for how CaM interprets the signal. During 100Hz 

there is clearly an accumulation of Ca2+ bound states whereby during the stimulation, the 

partially bound states get rapidly get converted to CaM4. During TBS however, the priming 

effect of the C-lobe is important, and without the stability and low dissociation of the C-lobe 

which primes CaM, CaM would have low accumulation in the absence of protein binding 

partners to facilitate CaM4 stability. The 10Hz shows mild accumulation similar to that of the 

TBS stimulation whereby the C-lobe accumulates while the N-lobe was unstable. In contrast, 

LFS was almost entirely unstable between each decaying pulse and each pulse was 

essentially independent.  

 

Next, we will determine the local and global sensitivity of each parameter to determine 

which specific binding and unbinding rates are most and least sensitive to perturbation. This 

analysis will help to understand how and why CaM behaves differently at different pulse 

frequencies and explain why the partially bound states and confirm why there are such 

differences. It will shed light as to how and why the lobes behave differently at different 

stimulation protocols. We will test whether there are frequency thresholds at which the 

binding dynamics change and why those differences exist.  
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4.4 Local sensitivity analysis related to pulse frequency 

We will now look at how each parameter affects CaM4 formation when perturbed locally 

over a range of stimulations. Here each binding/unbinding rate was perturbed locally (one at 

a time) by a range of ±90% from standard values. Stimulation trains from 10 to 200Hz were 

used at 10Hz incremental intervals. At each frequency, 100 pulses were applied, and the 

CaM concentration was 20 µM (as per the previous section). At each stimulation for each 

parameter, Vj values were calculated for both 10% and 190% of the standard value as per 

Equation 4.2. 

 

 

Vj =

(CaM4new) − (CaM4standard)
(CaM4standard)

(knew − kstandard)
(kstandard)

 

 

(4.2) 

 

 

In Equation 4.2, (CaM4standard) represents the CaM4
 concentration (µM) during the final 

pulse of the stimulation with no parameter perturbation; (CaM4new) represents CaM4 

concentration at the end of the stimulation after a given parameter was been perturbed; 

(knew) is the value of the changed parameter; and (kstandard) is the value of the parameter 

of interest under standard conditions. The LSA results were then ranked according to Vj to 

quantify the effect of these perturbations.  

 

All parameters had monotonic relationships with perturbation, but the nature of the 

monotonic plots was either linear or nonlinear (for examples see Figures 4.6 and 4.7). Rather 

than showing the monotonicity plots for every parameter across every stimulation level, the 

top Vj value was divided by the bottom for each parameter at each stimulation as per 

Equation 4.3. This will inform us of the nature of the asymmetry of sensitivity in direction. If 

the number is high, this indicates a non-linear trend, whereas if the number is close to 1, this 

indicates a linear trend whereby the parameter is equally sensitive in both directions of 

perturbation.  

 
Vdiff =

Vjtop

Vjbottom

 

 

 

(4.3) 

 



 92 

4.4.1 LSA Results: 

We will now investigate the trends of each parameter type. As we shall see, the senstivites 

of all parameters were dynamic and were differently affected at depending on the Ca2+ pulse 

frequencies.  

 

4.4.1.1 Trends of Binding Rates 

The binding rate parameters showed a hierarchy of sensitivities. That is, the N-lobe is 

consistently more sensitive than C-lobe; and R- state perturbations are consistently more 

sensitive than the T- state counterparts of each lobe.  Recall from Chapter 3 and Section 4.2, 

that the general order in which CaM4 forms is by Ca2+ getting stabilised to the C-lobe before 

the N-lobe. As a result, parameters of the C- lobe are the least limiting factor for forming 

CaM4. In addition, the T-states bind prior to the R-state getting bound by Ca2+ and are thus 

less sensitive to perturbation (see Table 4.4).  

 

When the stimulation increased, there was a departure from linear to nonlinear monotonic 

trends for all binding parameters. Here, at higher frequencies, increasing rates had lesser 

influence over CaM4 formation than decreasing those rates from the baseline values. 

Looking at the non-linear trends (see Figure 4.6) for Vj ratio (Vdiff) can be deceptive however, 

as the change in trends suggest that the sensitivity increases due to the non-linear, 

exponential-looking relationship (tapping into the representativeness availability heuristic 

from Chapter 1 (Kahneman & Tversky, 1974)). Instead as Ca2+ pulse frequency increases, 

every binding parameter reduces in sensitivity (Vj) in either direction (see Table 4.4). The 

difference is that increasing a binding above baseline reduces sensitivity more than 

decreasing it. In this way a change from having a non-linear relationship is indicative of the 

binding rates getting less sensitivie to perturbation. 

 

The frequencies at which monotonic relationships swtich from linear to nonlinear 

relationships were different between the two lobes. The C-lobe rates departed from linear 

monotonic plots at around 30Hz for T- state binding, and 50Hz for R-state; while the N-lobe 

shifted to nonlinear trends beyond 90Hz for the T-state, and at 100Hz for the R-state. The 

nonlinearity was accentuated as frequency increased further due to increasing binding rates 

becoming robust. This is because as we saw in Chapter 3, when any single binding rate is 
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increased, that binding rate reaches saturation, and other binding rates become rate limiting 

to the formation of CaM4. 

 

4.4.1.2 Trends of dissociation rates 

The dissociation rates had the opposite trend of monotoncity compared to those of binding 

rates. That is, at lower frequencies dissociation rates had nonlinear monotonicty, which 

converged to become linear as pulse frequency increased. This is because at lower 

frequencies, CaM4 approaches zero when dissociation rates are increased. Consequently, 

nonlinearity arises because zero CaM4 acts as an asymptote (see Figure 4.3). On the other 

hand, decreasing dissociation rates enables more CaM4 to form due to increased stability of 

Ca2+
 decreasing due to CaM4 getting more stable during Ca2+ decay, and allows for more 

stable interactions with Ca2+ when Ca2+ pulses arrive. Decreasing dissociation rates was 

especially sensitive at lower frequency ranges. At 10Hz for example, increasing koffNR was 

the most sensitive perturbation within the 10-200Hz range a Vj of 6.9 (and 5.9 for koffNT). As 

frequencies increased further, all dissociation rates reduced in sensitivity. This is due to 

CaM4 no longer approaching the asymptotic zero and so, dissociation rates become equally 

sensitive in both directions of perturbation. Therefore, decreasing dissociation rates are 

more sensitive at lower frequencies, but converge to linear sensitivity at higher levels of 

stimulation. 

4.4.2 Comparing LSA ranks with rising stimulation frequency 

When comparing the binding and unbinding sensitivities at different stimulations, there are 

two ways to look at the trends: the sensitivities relative to each other; and the absolute Vj 

values. The absolute Vj values for every parameter decrease with frequencies, while the LSA 

ranks between the rates change. Therefore, a useful way to compare how parameter 

sensitivities change with stimulation is to examine LSA ranks of parameters and how they 

change. 

 

The general trends of the LSA ranks are that at lower pulse frequencies, the sensitivity of 

dissociation rates outrank (are more sensitive) binding rates; whereas at higher frequencies 

binding rates have higher LSA ranks. Evidently, lower frequencies of pulses mean Ca2+ decay 

which means CaM4 is more prone to dissociate Ca2+ between each pulse. As a result, 

increasing dissociation rates reduces the CaM4 stability required to coordinate pulses. At 
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higher frequencies however, the decay between pulses is less, and in relative terms, the 

binding rates become more sensitive than dissociation rates. Since the pulses are closer 

together, CaM has less opportunity to dissociate before the next pulse arrives; and so the 

binding rates rather than the dissociate rates become limiting as to how much CaM4 forms. 

This means CaM4 becomes more sensitive to binding rates relative to dissociation rates. This 

is particularly true of the N-lobe binding rates which become the most limiting parameters in 

the system relative at high frequencies (see Table 4.4).   

 

The C-lobe parameters also had dynamic sensitivities. Most notably, at 10Hz increasing 

koffCR ranks as the third most sensitive parameter in the model- outranking most N-lobe 

parameter perturbation.  As the stimulation level increases to 20Hz however, it becomes the 

most robust parameter in the model to decrease. A similar pattern is seen for koffCT which is 

the fourth most sensitive parameter at 10Hz whereas at 20Hz and above it is the second 

least sensitive in the model parameter to decrease. This is because the C-lobe gets saturated 

at high frequency, so its perturbation in either direction becomes robust, while at low 

frequency, the C-lobe primes CaM to coordinate pulses. This is due to the priming effect of 

C-lobe which is more important to coordinate pulses at low frequency than at higher 

frequency. Indeed, the formation of CaM4 is a more coordinated effort between the lobes at 

lower frequencies, whereas at higher frequencies, the C-lobe gets saturated and is no longer 

rate limiting. Therefore, the C-lobe dissociation rates get drastically less sensitive at higher 

frequencies while, its binding rates are much more sensitive at low stimulation.
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Table 4-4 (Top) Vj values in both directions for each parameter (+ for increasing parameter by 90%; and – for decreasing by 90%). (Bottom) LSA ranks for 
each parameter perturbation at each given stimulation frequency (Hz). 

 konNT  koffNT  konCT  koffCT  konNR  koffNR  konCR  koffCR  
Hz + - + - + - + - + - + - + - + - 

10 0.99 0.88 5.86 0.51 0.94 0.44 1.37 0.39 1.00 0.92 6.90 0.51 0.95 0.53 1.98 0.43 
20 0.98 0.73 3.43 0.48 0.81 0.19 0.43 0.24 0.99 0.79 4.15 0.49 0.86 0.25 0.61 0.30 

30 0.96 0.59 2.15 0.44 0.67 0.10 0.20 0.15 0.97 0.65 2.60 0.46 0.75 0.14 0.31 0.20 
40 0.94 0.47 1.44 0.40 0.54 0.06 0.12 0.10 0.95 0.53 1.74 0.42 0.65 0.09 0.19 0.14 

50 0.92 0.37 1.02 0.36 0.43 0.04 0.08 0.07 0.93 0.43 1.24 0.38 0.57 0.07 0.13 0.11 
60 0.89 0.30 0.75 0.32 0.35 0.03 0.05 0.05 0.91 0.35 0.92 0.35 0.50 0.05 0.10 0.08 

70 0.86 0.25 0.58 0.28 0.28 0.02 0.04 0.04 0.88 0.29 0.71 0.31 0.44 0.04 0.08 0.07 
80 0.83 0.20 0.46 0.25 0.23 0.02 0.03 0.03 0.86 0.24 0.57 0.28 0.39 0.03 0.06 0.06 

90 0.80 0.17 0.37 0.22 0.20 0.01 0.02 0.02 0.83 0.21 0.47 0.25 0.35 0.03 0.05 0.05 
100 0.76 0.14 0.31 0.20 0.17 0.01 0.02 0.02 0.80 0.18 0.39 0.23 0.32 0.02 0.05 0.04 

 konNT  koffNT  konCT  koffCT  konNR  koffNR  konCR  koffCR  
Hz + - + - + - + - + - + - + - + - 

10 6 10 2 13 8 14 4 16 5 9 1 12 7 11 3 15 
20 4 8 2 11 6 16 12 15 3 7 1 10 5 14 9 13 

30 4 8 2 10 6 16 12 14 3 7 1 9 5 15 11 13 
40 4 8 2 10 6 16 13 14 3 7 1 9 5 15 11 12 

50 4 9 2 10 6 16 13 14 3 7 1 8 5 15 11 12 
60 3 10 4 9 7 16 13 15 2 6 1 8 5 14 11 12 

70 2 10 4 8 9 16 13 15 1 7 3 6 5 14 11 12 
80 2 10 4 7 9 16 14 15 1 8 3 6 5 13 11 12 

90 2 10 4 7 9 16 14 15 1 8 3 6 5 13 11 12 
100 2 10 5 7 9 16 14 15 1 8 3 6 4 13 11 12 
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Figure 4-6 10Hz monotonic plots. Notice how the dissociation rates are less sensitive to decreasing from the standard (middle) value for each parameter 
than decrease as they approach the zero asymptotically. 
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Figure 4-7 100Hz monotonic plots. Notice how the dissociation rates show a linear response; while the binding rates are less sensitive to increase than 
decrease as they become limiting.
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Table 4-5 The Vdiff values for each parameter at each given stimulation frequency (Hz) of 
each of the parameters used in the Ca2+-CaM binding model. This is to inform 
the asymmetry of sensitivity of each parameter. A higher value suggests 
asymmetric sensitivity, while a value near to 1 suggests a linear response. 
Notice that binding rates became more assymetic as the stimulation increases 
whereas the dissociation rates become more symmetric as stimulation 
increases.   

    
Magnitude difference (Vdiff) 

  
Hz konNT koffNT konCT koffCT konNR koffNR konCR koffCR 

10 1.13 11.56 2.11 3.50 1.08 13.44 1.80 4.59 

20 1.34 7.19 4.34 1.79 1.25 8.49 3.50 2.05 

30 1.63 4.86 6.89 1.39 1.50 5.69 5.42 1.53 

40 2.01 3.59 9.21 1.23 1.82 4.14 7.19 1.34 

50 2.46 2.83 11.19 1.15 2.19 3.23 8.73 1.23 

60 2.96 2.36 12.67 1.10 2.61 2.66 10.01 1.18 

70 3.51 2.05 13.84 1.08 3.07 2.29 11.08 1.14 

80 4.09 1.83 14.71 1.07 3.55 2.03 11.93 1.12 

90 4.68 1.67 15.42 1.05 4.04 1.85 12.63 1.10 

100 5.28 1.56 15.98 1.04 4.53 1.71 13.24 1.08 

 

4.5 GSA of parameters at a range of frequencies 

Thus far, this Chapter has shown the local sensitivities of each parameter. In this Section, we 

now consider the global sensitivities of the kinetic rates of CaM. Here we will perform a GSA 

of each parameter using the same 10-200Hz stimulation range used in the previous section, 

also using CaM4 at the final pulse of the stimulation train as an output. This will determine 

the relative contribution of each parameter when all parameters are simuatanoeusly varied. 

We will use this analysis to determine how parameters change in sensitivity as pulse 

frequency is vaired. Here the LHS-PRCC method will be employed (see Appendix G) (Marino 

et al., 2008; McKay, Beckman, & Conover, 1979). To perform the analysis, an online PRCC 

toolbox was used (Marino et al., 2008) (http://malthus.micro.med.umich.edu/lab/usadata/).  

 

In the analysis, each parameter was LHS sampled by a uniform distribution and run for 500 

simulations at each stimulation level then analysed using the PRCC method. This number of 
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simulations was adequate to find significant correlations for each parameter (p> 0.00001). 

We will first look at LFS GSA as a case study, then look at the sensitivity trends for CaM4 

formation ranging from 10 to 200Hz at 10Hz increments. This will determine how the 

sensitivities of each parameter is dynamic with stimulation.  

 

For the 100Hz stimulation, the amplitude of the post-stimulation CaM2C peak will also be 

analysed to determine the relative contributions C-lobe stability, and the rapid dissociation 

of the N-lobe to explain this post stimulation CaM2C peak.  

4.5.1 LFS GSA 

For the LFS protocol three sets of GSAs were performed. These included 30%, 50% and 90% 

perturbation in both directions from standard values. Here each LHS parameter space was 

sampled with a uniform distribution. 

 

When the GSA was perturbed to a range of ±30%, the parameters of the N and C-lobes had 

almost identical sensitivity- seven of the eight parameters were within 0.01 PRCC of each 

other (see Table 4.6). Recall from Section 4.2.3 that at during LFS, Ca2+ does not summation 

between pulses, and CaM4 levels approach zero between each pulse. Because of this, every 

site essentially must coordinate Ca2+ binding at each pulse. Since all sites must rebind to Ca2+ 

at each pulse, it follows that all rates share a similar sensitivity. One exception was the 

dissociation rate: koffCR which had much lower sensitivity than the other rates.  

 

The low dissociation rate of koffCR is what constitutes the binding cooperativity of the C-lobe. 

That is, once the C-lobe is occupied, it gets stabilised by to low dissociation rates; but this 

cooperativity cannot be displayed unless the C-lobe is saturated with Ca2+. Recall that from 

Section 4.2.3 that CaM2C has low stability between trains during LFS; in fact, CaM1C states are 

more predominant than CaM2C. Because of this, koffCR is unable to allow for accumulation 

and consequently, CaM4 is not sensitive to global koffCR perturbation. Each Ca2+ rise during 

LFS is short lived, and evidently the timescale of koffCR has little impact at this low level of 

stimulation which acts upon different timescales to exert its influence at LFS.   

 

When the level of perturbation was increased to ±50% and ±90% perturbation, the N- and C-

lobes were more distinct in sensitivity. Here the N- lobe T- state rates were the most 

sensitive rates, followed by the N-lobe R state rates. For the C-lobe, parameter sensitivity 
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hierarchy was such that the dissociation rates less sensitive than the binding rates. This 

suggests that for the C-lobe, it is rebinding to Ca2+ that is more sensitive to formation of 

CaM4 than dissociation is between pulses (see Table 4.6).  

 

Table 4-6 GSA of all parameters in the 9-state CaM model using CaM4 as an output. Here 
each parameter is perturbed by ±30%, ±50% and ±90% from standard model 
conditions. The numbers are the partial correlation coefficients of each 
parameter. 

 GSA konNT koffNT konCT koffCT konNR koffNR konCR koffCR 

 
30% 

  
0.868 0.869 -0.868 -0.870 0.862 0.867 -0.861 -0.527 

 
50%   

0.839 0.838 -0.837 -0.841 0.832 0.835 -0.826 -0.482 

 
90% 

  
0.704 0.691 -0.703 -0.696 0.697 0.690 -0.649 -0.393 

 

 

4.5.2 Trends of parameter sensitivity at 10Hz and above  

We will now look at GSA of parameters with a pulse frequency of 10Hz to 200Hz at 10Hz 

iterations. A range of ±90% from standard values was sampled for each parameter using a 

uniform distribution. This range was chosen to represent maximum and minimum values for 

each parameter and then sensitivities. Each parameter was sampled 500 times which was an 

adequate number to produce significant correlations (p< 0.00001). 

 

The results of the GSA revealed that like with the LSA, there were clear distinctions in 

sensitivity between the N- and C-lobes which got accentuated as frequency increased (see 

Figure 4.8 and Table 4.8). The general behaviour was that as pulse frequency increased, the 

C-lobe rates got less sensitive, while sensitivity of N-lobe remained relatively steady. We will 

now examine the patterns of each lobe starting at 10Hz. 

 

At 10Hz there is little coordination of pulses compared to at higher frequencies. As a result, 

like with LFS, all parameters have similar sensitivities due to both lobes being unstable. 

Recall from Section 4.2.2 that although the C-lobe accumulated more than the N-lobe, it still 
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dissociated from Ca2+ between pulses and was far from reaching saturation. As the 

frequency increased however, a departure of sensitivities between the two lobes emerges.  

 

Recall from the LSA that dissociation rates were more sensitive than the binding rates at low 

frequencies, whereas binding became more sensitive than dissociation rates at higher 

frequencies. The GSA results however, showed a hierarchy between the parameters relating 

to T- and R- sates at each lobe. That is, parameters of the N-lobe in the R-state rates (konNR 

and koffNR) had similar values; and these have higher sensitivities than the T- state rates of 

the N-lobe across all levels of stimulation. Beyond, 30Hz stimulation, there are clear 

discrepancies between the R- and T- state rates of the N-lobe.  

 

The C-lobe showed similar patterns to the N-lobe. At frequencies below 70Hz, the binding 

rate of the T-state was similar to the R-state. Beyond 70 Hz however, clear differences 

emerged between the T- and R- states whereby the R-state parameters were more sensitive 

than the T-state rates. Therefore, the GSA showed a hierarchy between the T- and R- states 

at both lobes which became more apparent as pulse frequency increases.  

 

The trends of T-states becoming more robust as Ca2+ stimulation increases is logical as, when 

the stimulation increases, the T-state binding gets saturated before the R-state binds Ca2+. 

Indeed, we saw in Chapter 3 that higher Ca2+ concentration thresholds are required for 

favourable cooperative binding of the R-state. The sensitivities of the N-lobe were that konNT 

and koffNT PRCCs remained similar across the frequencies, while the N-lobe R-state 

parameters had a trend of increasing in sensitivity with Ca2+ pulse frequency. This is because 

the N-lobe R-state is the final Ca2+ binding site to get occupied for CaM4 to form, and it has 

high dissociation rate from Ca2+. The N-lobe instability means the R-state of the N-lobe 

remains sensitivie to decay between pulses even at 200Hz stimulation. The C-lobe is less 

affected by pulse decay due its stability which means that as pulse frequency increases, the 

C-lobe gets less sensitive. Collectively this means that as stimulation frequency increases, 

the discrepancy between N and C-lobe gets more pronounced. As we shall later see in 

Chapter 5, the presence of CaM-binding proteins, however, can facilitate stability of both 

lobes.   
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Figure 4-8 PRCC of each parameter in the model at different frequencies of stimulation. 
The x-axis is the frequency of Ca2+ pulses ranging from 10 to 200Hz. The red 
lines represent the R-state rates of the N-lobe; the green lines represent the T-
state rates of the N-lobe; the brown line represents the R-state rates of the C-
lobe; and the black lines represent the T-state rates of the C-lobe. Notice that 
disparity of sensitivities increases with heightened.  
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4.5.3 GSA of 100Hz post stimulation CaM2C peak 

Next, a GSA using a ±90% parameter perturbation was performed using the 100Hz post 

stimulation CaM2C state spike as an output to elucidate which parameters cause the peak. 

This peak is a good indicator of the differences between both lobes and can inform us as to 

how the CaM lobes behaves post stimulation. In addition, the CaM2C spike may have its own 

functionality. For example, as discussed in Chapter 3, the C-lobe can bind to proteins in the 

absence of the N-lobe being occupied by Ca2+. Understanding aspects of this peak can also 

help to explain some time-dependent effects of the differences in lobe stability post 

stimulation.  

 

The GSA reveals that the CaM2C peak was due the high stability of the C-lobe compared to 

the N-lobe (see Table 4.7). This was not due to an adequate Ca2+ abundance to facilitate 

CaM2C stability as Ca2+ starts to decay, but rather because of the the slow dissociation of 

koffCR which was the most senstivie parameter. Aside from koffCR, all other N-lobe rates had 

higher sensitivities than parameters of the C-lobe. In fact, the correlation of the koffNT 

dissociation rate was within 0.2 PRCC of koffCR, highlighting that the peak is attributed by a 

combination of both lobes and their differences in stability. As we saw from the the patterns 

in Section 4.2.1, all N-state rates are unstable after the signal lapses whereas the C-lobe 

dissociates slower, therefore CaM4 dissociates from the N-lobe which converts to the CaM2C 

state. 

 

 

Table 4-7 ±90% GSA PRCC values of post stimulation spike in CaM2C states after 100Hz for 
each parameter of the 9-state CaM model. 

konNT koffNT konNR koffNR konCT koffCT konCR koffCR 

0.697 0.6609 0.5799 0.614 -0.727 -0.672 -0.514 -0.748 
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Table 4-8 GSA of each parameter when perturbed to ±90%. The far-left column shows the stimulation frequency ranging from 10 to 200Hz; each row 
shows PRCC values. Notice N-lobe parameters have consistently higher PRCCs. Also notice that as Ca2+ pulse frequencies increase, C-lobe 
parameters reduce in sensitivity, whereas the N-lobe rates retain similar sensitivity across the full range of frequency.  

 Parameters and PRCCs for CaM4 formation at 10 to 200Hz pulses 
Pulse 
Hz 

konNT konNR koffNT koffNR konCT konCR koffCT koffCR 

10 0.728 0.739 0.709 0.701 0.624 0.621 0.497 0.645 

20 0.716 0.755 0.722 0.729 0.444 0.447 0.236 0.468 

30 0.741 0.775 0.709 0.776 0.312 0.489 0.267 0.349 

40 0.730 0.760 0.724 0.757 0.308 0.409 0.182 0.260 

50 0.733 0.763 0.675 0.754 0.317 0.394 0.138 0.337 

60 0.729 0.778 0.707 0.755 0.221 0.386 0.248 0.195 

70 0.735 0.768 0.745 0.783 0.159 0.354 0.124 0.245 

80 0.677 0.771 0.711 0.756 0.268 0.291 0.146 0.277 

90 0.713 0.741 0.677 0.755 0.242 0.336 0.146 0.366 

100 0.669 0.782 0.693 0.724 0.161 0.312 0.107 0.309 

110 0.733 0.799 0.675 0.776 0.225 0.387 0.093 0.263 

120 0.716 0.811 0.697 0.790 0.189 0.382 0.205 0.275 

130 0.686 0.728 0.646 0.771 0.191 0.350 0.105 0.315 

140 0.682 0.785 0.669 0.773 0.086 0.413 0.051 0.366 

150 0.668 0.749 0.620 0.756 0.234 0.397 0.158 0.333 

160 0.707 0.779 0.634 0.775 0.160 0.440 0.084 0.262 

170 0.716 0.781 0.693 0.794 0.161 0.400 0.152 0.315 

180 0.673 0.815 0.690 0.794 0.069 0.411 0.060 0.317 

190 0.749 0.827 0.686 0.824 0.142 0.290 0.131 0.390 

200 0.657 0.778 0.663 0.772 0.204 0.413 0.151 0.303 
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4.6 Discussion 

In Chapter 3 we saw the differences in affinity between the N- and C-lobes of CaM over a 

range of Ca2+ levels. Then in this Chapter, we sought to determine the differences between 

the lobes in a temporal setting and determine how the lobes differentially behave to pulses 

at various frequencies. Here we looked at binding patterns and evaluated the local and 

global sensitivities over a range of stimulation frequencies and protocols. It was evident 

from these simulations that the behaviour of the two lobes depends on stimulation level.  

 

When the LFS protocol was applied neither lobe was able to accumulate Ca2+ binding 

throughout the stimulation.  This was because during LFS, the pulses are temporally spaced 

and Ca2+ decays between each pulse within the stimulation train. Because of the brevity and 

low concentration of the Ca2+ rise, single bound states of CaM were the predominant states. 

Here CaM1C reached the highest concentration of any partially bound state but would rapidly 

decay between pulses. CaM1C was unable to convert favourably to CaM2C. This is because 

CaM1C did not have adequate time to convert to CaM2C, nor was there enough Ca2+ present 

to facilitate favourable conversion to CaM2C despite the low dissociation rate of CaM2C. In 

fact, the CaM2C dissociation rate was highly robust to perturbation, meaning it played but a 

minor role in the formation of CaM4. This is because koffCR acts upon different timescales to 

LFS. In addition, during LFS Ca2+ only reaches ~0.5µM which was we saw in Chapter 3, is 

inadequate for favourable to conversion to CaM2C. It follows therefore, that each pulse of 

the LFS train was essentially an independent, uncoordinated event and even the C-lobe was 

unable to remain stable between pulses. In fact, CaM4 was unstable whereby its 

concentration reached levels equivalent to fluctuating 0 and 1 molecules in the dendritic 

spine throughout the stimulation.  

 

The uncoordinated nature of CaM4 formation was reflected by both 3-bound states showing 

the same level of accumulation. This means there was no preferential route for CaM4 

formation at each pulse. Since neither lobe was able to accumulate, it followed that each 

played a more similar role in facilitating CaM4 formation. This was also demonstrated by the 

minimal discrepancies in the parameter sensitivities both which at each lobe in the LSA and 

GSA results of LFS. Therefore, LFS is an unstable Ca2+ signal, and in the absence of binding 

partners, CaM has unstable interactions with Ca2+. 
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Next, we tested the stimulation protocols ranging from 10Hz through to 200Hz. As 

stimulation increases, more cellular Ca2+ accumulates, and so too do Ca2+-bound CaM states. 

Not only could the C-lobe able to accumulate more, but it was also subject to less decay 

between each oncoming pulse due to its low dissociation rate. The differences between the 

lobes was accentuated as the stimulation increased which was reflected in the LSA and GSA 

results.  

 

At 10Hz, the LSA showed that in many instances, C-lobe rate perturbation were more 

sensitive than N-lobe perturbation. This was because at 10Hz, both lobes were still sensitive 

to decay, as well as the Ca2+ levels being inadequate for CaM to effectively coordinate 

decaying pulses of the train. Because there was rapid of decay of Ca2+ between pulses, the T-

state rates were proportionately more sensitive at 10Hz, with higher LSA ranks- also both 

lobes had similar GSA sensitivities. This was because the decay between pulses meant apo-

CaM had to rebind to Ca2+ at each pulse. As the frequency was iteratively increased 

however, discrepancies in sensitivity of both lobes grew, as the C-lobe became stabilised, 

while the N-lobe was relatively much less stable. Specifically, at high pulse frequency the 

dissociation rate of the C-lobe T-state was the most robust parameter both locally and 

globally. This is because the C-lobe has binding cooperativity in the form of increasing 

stability. For this reason, C-lobe rates were largely insensitive to the decay between pulses 

while the N-lobe has high dissociation rates from Ca2+ and is unstable between pulses.  

 

With regard to the sensitivity analyses, it is noteworthy that the LSA results had 

asymmetrical sensitivities of parameters depending upon which direction they were 

perturbed and at different pulse frequencies. Here, at lower frequencies, by increasing 

dissociation rates, CaM4 formation would approach zero. Zero CaM4 thereby acts as an 

asymptote. For this reason, there was non-linear sensitivity of local perturbation of 

dissociation rates at low pulse frequencies. If dissociation rates were decreased however, 

there were no longer the zero asymptote and the parameters were the most sensitive in the 

model. For the binding rates, unlike dissociation rates, sensitivity became asymmetrical at 

higher frequencies. This was because locally increasing binding rates at high frequencies 

meant that that particular rate would no longer be rate limiting in the formation of CaM4- 

indeed this was mentioned in the LSA of Chapter 3.   
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The differences in lobe stability is evident 100Hz post stimulation (see Figure 4.2). This is 

because the N-lobe rapidly dissociates Ca2+ whereas the C-lobe remained temporarily stable. 

Because of the difference in stability, CaM4 would rapidly dissoiciate Ca2+ from the N-lobe, 

while the C-lobe was temporarily stable due to its relatively slow dissociation rate from Ca2+. 

As a result, the CaM2C state peaked 0.3s after the Ca2+ pulses passed. Recall from Chapter 3, 

that the two lobes of CaM can have different functionalities and affinities, and so the 

stability of the C-lobe may have implications in signalling. For example, proteins that 

preferably bind to a saturated C-lobe would gain a competitive advantage for binding to 

CaM as the signal ceases.  

 

Collectively, in this Chapter we have shown that the two lobes of CaM are affected 

differently when kinetic parameters are perturbed; and the sensitivities of the lobes changes 

depending upon the level of Ca2+ stimulation. In the cell, Mg2+, Ng, and protein binding can 

all modulate the lobe affinity for Ca2+ (Grabarek, 2011; Peersen et al., 1997; Petersen & 

Gerges, 2015; Zhang et al., 2017). This means that if any of the lobes are modulated by such 

factors the N-lobe would be more sensitive to this perturbation than the C-lobe.  

 

Another modelling study developed differential equations of Ca2+-CaM with binding similar 

binding speeds and tested the influence of CaM binding partners as well as Mg2+ on CaM 

activation (Slavov et al., 2013).  This model did not include all partial states of CaM however, 

instead it included CaM bound to: no Ca2+; two Ca2+; or four Ca2+ ions, and these Ca2+ bound 

states could bind to proteins. Within the model, CaM was outnumbered by its binding 

targets, which as discussed in Chapter 2, is a feature of CaM systems (Persechini & Stemmer, 

2002). This model was simulated at a range of Ca2+ pulse frequencies to determine CaM 

binding dynamics (Slavov et al. 2013). The model revealed that when CaM levels are less 

than its targets, that CaM gets readily stabilised in the presence of excess binding. In 

addition, because CaM levels were lower than those of its binding targets, it was found that 

CaM binding targets could influence each other whereby a low affinity target of CaM could 

have its binding to CaM repressed if high affinity targets were present. As the concentration 

of CaM was run at lower concentrations, this effect got more pronounced such that there 

was an “activation window” of the lower affinity target which got narrower as CaM 

availability got less. That is, this competition was intensified when CaM concentration was 

lower. 
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The model also found that Mg2+, could tailor CaM activation. They found that CaM activation 

trends were the same, although the magnitude of CaM activation lessened as Mg2+ levels 

increased- the qualitative shape of CaM responsiveness was the same in the presence of 

Mg2+ binding to CaM. Indeed, the addition of Mg2+ to the current model may have changed 

the magnitude of binding and perhaps the sensitivities quantitatively. Our model does 

however predict the sensitivity that the lobes would have to any form of perturbation such 

as that by Mg2+ interaction with CaM and how that would differentially affect Ca2+ binding at 

different levels of Ca2+ stimulations. In addition, Slavov et al. (2013) did not explicitly model 

the full binding dynamics of CaM (with only three Ca2+ bounds states) lobes individually, 

which as we have shown can have different sensitivities at different Ca2+ pulse frequencies.  

4.6.1 Summary 

In the current Chapter, we have shown that CaM4 is largely unstable both during and post 

stimulation. Even when we examined the 100Hz stimulation, CaM4 levels were far from 

being saturated, and the N-lobe was especially sensitive to Ca2+ decay. As discussed in 

Chapter 2, CaM is outnumbered by its binding constituents which can stabilise CaM4. In the 

next Chapter, we will examine how CaM affects and is affected by the presence of binding 

targets and determine how CaM-binding partners affect each other. We will also investigate 

whether CaM4 remains unstable during LFS, or if the system evolved to keep CaM unstable 

during this type of stimulation. By applying the Ca2+-CaM binding model of this and the 

previous Chapter to a model of CaM competition, we will be able to explore these dynamics 

and gain insight about CaM competition between CaM-binding targets. 

 

.  
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Chapter 5 Modelling of CaM in a system of of synaptic 

plasticity  

5.1 Introduction: 

In this Chapter, we will take the 9-state CaM model used in the previous two chapters and 

and add to it a larger CaM binding network developed by He et al. (2016) pertaining to 

synaptic plasticity. This model includes two of the principal components of CaM-dependent 

synaptic plasticity: CaMKII and PP1. The model also includes CaM-independent feedbacks 

and cAMP regulation.  

 

The CaM-binding molecules include AC1/8 which increase the conversion of ATP to cAMP 

and PDE1 which represses cAMP levels (Halls & Cooper, 2011; Goraya & Cooper, 2005; 

Swislocki & Tierney, 1973). PP2B is also in the model which includes both partially and fully 

activated states. CaMKII was modelled as a four-states: iCaMKII (autoinhibited CaMKII), 

CaMCaMKII (CaMKII bound to CaM), CaMCaMKIIP (phosphorylated CaMKII which “traps” 

CaM), and autonomous CaMKIIP (T286 phosphorylated with no CaM bound). To study the 

system, the model will be simulated at the same four stimulation dynamics we looked at in 

Chapter 4: LFS; 10Hz; TBS; and 100Hz. 

 

Using this model, we will investigate how these binding partners affect CaM4 stability 

throughtout each stimulation protocol- as protein binding to CaM4 increases its binding 

stability to CaM4 (Peersen et al., 1997). We will also investigate the interactions between the 

CaM-binding molecules themselves and determine how competition for limited CaM can 

affect cross-talk between the pathways.  

 

We will examine how CaM stability is affected by the proteins in the system and study the 

role of CaM competition in CaM regulated systems. By doing so, we can explore the 

complexity of the signal and see how the binding patterns of the lobes affect and are 

affected by the presence of binding partners. In addition, we will see how competition for 

CaM can affect differential activation and see how it influences the signal.  
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We will study the competition in form of kinetic control (speed) of CaM-targets binding CaM; 

phosphorylation and how it influences CaM4; and competition between CaM binding 

partners in a CaM- limited system. The system will be subject to a range of perturbations 

and determine which parameters in the system affects and is affected by CaM. In addition, 

we will determine how Ca2+ signalling affects cAMP production in the cell. Since cAMP and 

Ca2+ are the two main secondary signalling molecules in the cells, understanding the 

complex interplays between them and indeed, see how they are interconnected can help to 

explain the complexity in cell signalling (Hofer, 2012).   

 

Since CaM binding partners affect the stability of CaM and stabilise its interaction for Ca2+, 

this means that during stimulation, CaM4 can accumulate with less decay between pulses. 

Because of this, it is plausible that the sensitivities of each lobes may change, and the 

relative sensitivities of Ca2+-CaM binding/unbinding may change. In addition, because Ca2+ is 

toxic in the cell, it is imperative that Ca2+ signalling be rapid.  This means that if there were 

excessive CaM relative to its binding targets, then some of the signal would get lost, and 

equally, if there were an inadequate number of targets for CaM to bind, then the signal 

would get dissipated.  

5.2 Description of full CaM binding model 

In this section we will describe the meain features of the mathematical model of the fuller 

model. In Appendix F, there is a full list of the differential equations accompanied by the 

experimental prtococols used to determine those values. Note here that all equations are 

based on Figure 5.1. The model is predominantly based on mass action kinetics, Michaelis 

Menton, and Hill equations (see Appendix D) See Tables 5.1 and 5.2 below for the full list of 

model variables and parameters. In current Section we will outline the key types of 

equations.  
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Table 5-1 List of parameter variables in the model. Only total concentrations of proteins 
are shown. Other variables are run until steady state. All concentration values 
are from He et al. (2016). (See Appendix F for more detail). 

Model variable Description  Concentration (µM) 

iAC1  inhibited AC isoform type 1   

iAC8  inhibited AC isoform type 8   

iCaMKII  inhibited CaMKII subunit   

iPDE1  inhibited PDE isoform type 1   

iPP2B  inhibited PP2B  

PP2A protein phosphatase 2A  0.11111 

PDE4B  unphosphorylated PDE isoform 4B   

PDE4D  unphosphorylated PDE isoform 4D   

PDE4BP phosphorylated PDE isoform 4B   

PDE4DP phosphorylated PDE isoform 4D   

PDE4BT total concentration of PDE isoform 4B 1 

PDE4DT total concentration of PDE isoform 4D  1 

AC1T total concentration of AC isoform type 1  2.5 

AC8T total concentration of inhibited AC isoform 8  0.625 

AC* CaM-independent AC protein(s) 2.5 

CaMKIIT total concentration of CaMKII 20 

PDE1T  total concentration of PDE isoform type 1  4 

PP2BT total concentration of inhibited PP2B 2.1 

PP1T total concentration of PP1 3.5 

R2C2 PKA bound to no cAMP    

R2C2cAMP2 PKA bound to 2 cAMP molecules  

R2C2cAMP4 PKA bound to 4 cAMP molecules  

PKAc catalytic subunit of PKA (active)  

i1T total concentration of inhibitor-1 1.5 

I1PP1 i-1 bound PP1 complex  

R2C2T total concentration of PKA 1.2 

CaMAC1  CaM4 bound to AC isoform 1   

CaMT CaM concentration  17.7 

CaMAC8  CaM4 bound to AC isoform 8   

CaMCaMKII  CaM4 bound to CaMKII subunit   

CaMKIIP autophosphorylated CaMKII subunit   

CaMCaMKIIP CaMKIIP bound to CaM4  

CaMCaNA CaNA subunit of PP2B bound to CaM4  

CaCaNB Ca2+ bound to the small subunit of PP2B  

CaMPDE1 CaM4  bound to PDE isoform 1  
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Table 5-2 List of model parameters and values. All values are taken from He et al. (2016). 
See Appendix F for details as to how these parameter values were obtained 
experimentally. 

Parameter Description Value 

 Binding rates with CaM4  

kc1f iAC1 binding CaM4
 50µM-1 s-1 

kc1b CaMAC1 dissociating CaM4 1s-1 

kc2f iAC8 binding CaM4
 20µM-1s-1 

kc2b CaMAC8 dissociating CaM4 1s-1 
kc3f iPDE1 binding CaM4

 100 µM-1s-1 

kc3b CaMPDE1 dissociating CaM4 1 s-1 

kc4f CaMCaNA binding CaM4
 46µM-1s-1 

kc4b1 CaMCaNA dissociating CaM4 (high Ca2+) 0.0012 s-1 

Kd1 CaMCaNA dissociation constant from CaM4 0.5µM 

n1 Hill constant for CaMCaNA activation 1.8 

kc4b2 CaMCaNA dissociating CaM4 (low Ca2+) 2s-1 

Kd2 CaMCaNA dissociation constant from CaM4 0.1µM 

n2 Hill constant for CaMCaNA dissociation from CaM4 3 

kc5f CaMKII (and CaMKIIP) binding CaM4 21µM-1s-1 

kc5b1 CaMCaMKII dissociating CaM4 1.1s-1 

kc5b2 CaMCaMKIIP dissociating CaM4 0.0011s-1 

 Catalytic reactions  

kcat1 CaMAC1 creating cAMP 2.843 s-1 

kcat2 CaMAC8 creating cAMP 2.843 s-1 

kcat3 AC* creating cAMP 3 s-1 

kcat4 PKA phosphorylating PDE4B/D 18 s-1 

Km4 Michaelis Constant of PKA phosphorylating PDE4B/D 25µM 

k10 Dephosphorylation constant of PDE4B/D 0.25 s-1 

kcat5 CaMPDE1 inhibiting cAMP 1.7 s-1 

kcat6  3.12 s-1 

Km5 Michaelis constant for CaMPDE1 inhibiting cAMP 10 µM 
kcat7 PDE4BP inhibiting cAMP 1.56 s-1 

kcat8  3.12 s-1 

kcat9 PDE4DP inhibiting cAMP 5.4 s-1 

kcat10  10.8 s-1 

kcat11 Phosphorylation of I1 by PKA 1.4 s-1 

Km11 Michaelis constant 5 µM 

kcat12 Dephosphorylation of I1 by PP2A 2 s-1 

Km12 Michaelis constant for Dephosphorylation of I1 by PP2A 16 µM 

kcat13 Dephosphorylation of I1 by PP2B 2.8 s-1 

Km13 Michaelis constant for Dephosphorylation of I1 by PP2B 3 µM 

kcat14 Autophosphorylation by CaMCaMKII 1.2 s-1 

kcat15 Dephosphorylation of (CaM)CaMKIIP by PP1 1.72 s-1 

Km15 Michaelis constant for dephosphorylation of (CaM)CaMKIIP 

by PP1 
11 µM 

kcat16 Dephosphorylation of (CaM)CaMKIIP by PP2A 2 s-1 

Km16 Michaelis constant for Dephosphorylation of (CaM)CaMKIIP 

by PP2A 
 

 cAMP binding   

k17f 2 cAMPs binding R2C2 (PKA) 8 µM-2 s-1 

k17b 2 cAMPs dissociate from R2C2  (PKA) 0.02 s-1 

k18f 2 cAMPs binding R2C2 cAMP2 (PKA) 0.7 µM-2 s-1 

k18b 2 cAMPs dissociate from R2C2 cAMP2 (PKA) 0.2 s-1 
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k19f 2 catalytic domains of PKA (PKAc) become active  0.25 µM-2 s-1 

k19b PKAc rebinds regulatory domain 0.0016 s-1 

 

  

Figure 5-1 Diagram representing reactions used in the mathematical model used in this 
Chapter. All arrows represent mass action reactions (all of which are 
reversible). Here, upon binding activation by Ca2+, Holo-CaM can bind to and 
activate AC1/8, PDE1, PP2B subunits (CaNB and CaNA), and CaMKII. Upon 
binding to CaMKII, CaMKII can phosphorylate subunits of neighbouring 
CaMKII subunits within a 12meric holoenzyme. The schematic diagram also 
includes complex regulation of PP1. PP1 is regulated by PKA and PP2B. This is 
because PKA and PP2B phosphorylate and dephosphorylate i-1 respectively. 
When i-1 is phosphorylated, it binds to inhibits PP1. When i-1 is 
dephosphorylated by PP2B, it dissociates from PP1 and PP1 is active. PKA is 
activated by cAMP which is in turn controlled by ACs and PDEs. Upon 
activation by cAMP, as well as phosphorylate i-1, it can also phosphorylate 
PDE4B/D which then represses cAMP. CaMKII and PP1; and PKAc and active 
PP2B then coordinate phosphorylation sites of AMPAR. Phosphorylation of 
AMPAR can modulate its conductance and numbers anchored in the PSD. 
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The models assumes that only fully Ca2+ saturated CaM (CaM4) binds to its binding targets 

which is a state responsible for full activation of targets. The model contains the five binding 

partners: PDE1; AC1; AC8; PP2B and CaMKII. For AC1, AC8 and PDE1, binding to CaM4 is 

based on mass action in the form of Equation 5.1.  

 

 d[CaMAC1]

dt
= kc1f[CaM4][iAC1] − kc1b[CaMAC1] 

 

(5.1) 

 

Equation 5.1 represents the change in CaM4-bound AC1 [CaMAC1] with respective to time 

(dt); [CaM4] is CaM4; and [iAC1] is inhibited AC1 bound to no CaM (see Table 5.1 for all full 

list of abbreviations); and k1cf is the binding rate between iAC1 and CaM4. The reverse 

reaction whereby CaMAC1 dissociates from CaM4 with a kinetic constant of k1cb (see 

Appendix F for each parameter label and differential equation).  

 

CaMKII binding to CaM4 is more subject to more regulation than AC1, AC8 and PDE1 in the 

model; although the initial binding of CaMKII to CaM4 occurred via the same principles as 

AC1, AC8 and PDE1 (Equation 5.2).  

 

 kc5f[CaM4][iCaMKII] −  kc5b1[CaMCaMKII] (5.2) 

 

Next, CaMKII is subject to autophosphorylation within holoenzymes increases its binding 

stability with CaM4 (Meyer et al., 1992). This autophosphorylation was assumed to be a 

probability driven process (Schulmam, et al., 1998). Recall that from Chapter 2 that in order 

for CaMKII T286 phosphorylation to occur, two neighbouring CaMKII molecules must 

simulataneously bind to CaM4 (Hanson et al., 1994). To model this, T286 phosphorylation is 

constrained by the probability of two neighboring CaMKII subunits were simultaneously 

bound to CaM4. This probability is goverened by Equation 5.3: 

 

 
P = 1 − (

iCaMKII

CaMKIIT
)

2

 
(5.3) 
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In Equation 5.3, iCaMKII represents CaMKII not bound to CaM4 (inhibited CaMKII); and 

CaMKIIT represents the total concentration of all CaMKII. The equation therefore represents 

the total fraction of CaMKII which is bound to CaM4. It follows that the phosphorylation rate 

was then governed by: 

 

 kcat14 ∗ P ∗ [CaMCaMKII] (5.4) 

 

 

In Equation 5.4, [CaMCaMKII] is CaMKII bound to CaM4; kcat14 is the catalytic rate of T286 

phosphorylation which is multiplied by the fraction of CaMKII bound to CaM4 (P) (as per 

Equation 5.3).  

 

In the model, T286 phosphorylation is reversed by dephosphorylation by PP1 (and PP2A). 

This dephosphorylation process occurs via the Michaelis Menton equation as per Equation 

5.5: 

  

 kcat15[PP1][CaMCaMKIIP]

Km15 + [CaMCaMKIIP]
 

                                 (5.5) 

 

Here, kcat15 represents the catalytic rate by which active PP1 dephosphorylates CaMKII, 

[PP1] is the total active PP1 concentration; Km15 is the Michaelis Mention constant (see 

Appendix D); and CaMCaMKIIP is the T286 phosphorylated CaMKII bound to CaM4.  

5.2.1.1 PP1 regulation 

PP1 regulation is under complex regulation whereby it is determined by the concentration of 

phosphorylated i-1 which is, in turn, controlled by the balance of PKA: PP2B activities. Here 

two, catalytic PKAc subunits are released from the R2C2 complex when this complex it binds 

to four cAMP molecules.  

 

 k17f[R2C2][cAMP]2 − k17b[R2C2cAMP2]            (5.6) 

 

 

 k18f[R2C2cAMP2][cAMP]2 − k18b[R2C2cAMP4] (5.7) 
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 k19b[R2C2cAMP4] −  k19f[PKAc]3/2                        (5.8) 

 

 

In Equations 5.6- 5.8, PKA [R2C2] binds to two free [cAMP] molecules at rate k17f, and R2C2   

dissociates from two cAMPs [R2C2cAMP2] at rate k17b. R2C2 then binds to a further 2 cAMP 

molecules, to form R2C2 cAMP4. Then two catalytic subunits (PKAc) dissociate from the PKA 

heterodimer at rate k19f.  

 

The cAMP which binds to and activates PKA is modelled as a function of AC and PDE activity, 

these reactions are modelled as mass action equations whereby CaM4 bound AC1 and AC8, 

as well as AC which acts independent of CaM (AC*) catalyse cAMP production, in the form: 

 

 VcAMPproduction
=  Kcat1[CaMAC1] + Kcat2[CaMAC8] + Kcat3[AC∗]  

(5.9) 

 

The opposition to cAMP production is PDEs. These include CaM4 bound PDE1, as well 

PDE4B/D. Here PKAc activates PDE4B/D as per equations: 

 

 d[PDE4BP]

dt
=

(kcat4[PKAc][PDE4B])

(Km4 + [PDE4B] )
− k10[PDE4BP] 

 

(5.10) 

 

 d[PDE4DP]

dt
=

(kcat4[PKAc][PDE4D])

(Km4 + [PDE4D] )
− k10[PDE4DP] 

 

(5.11) 

 

It follows that PDE4s repress cAMP via the equations in the form: 

 

 kcat7[PDE4BT][cAMP]

Km7 + [cAMP]
∗  (1 + (

kcat8

kcat7
− 1)

[PDE4BP]

PDE4BT
) 

(5.12) 
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It follows that inhbibtion of cAMP by PDEs is modelled as: 

 

 

 
VcAMPinhibition

=
kcat5[PDE1T][cAMP]

Km5 + [cAMP]
 (1 + (

kcat6

kcat5
− 1)

[CaMPDE]

[PDE1T]
)

+
kcat7[PDE4BT][cAMP]

Km7 + [cAMP]
 ∗  (1 + (

kcat8

kcat7
− 1)

[PDE4BP]

PDE4BT]
) 

+
kcat9[PDE4DT][cAMP]

Km9 + [cAMP]
∗ (1 + (

kcat10

kcat9
− 1)

[PDE4DP]

PDE4DT
) 

 

 

 

 

 

(5.13) 

 

PP2B activation is modelled as a transition involving two subunits as described in Chapter 2. 

First, the small subunit of PP2B, CaNB is activated by Ca2+ ions as function as a function of 

the Ca2+ concentration as per Equation 5.14: 

  

 
CaCaNB =  

(PP2BT − CaMCaNA)[Ca2+]n1

Kd1
n1  + [Ca2+]n1

 
(5.14) 

 

In Equation 5.14, CaCaNB is the Ca2+ bound concentration of the small CaNB subunit of PP2B, 

and PP2BT is the total concentration of PP2B. This form of PP2B has 1/20 of the catalytic 

activity CaM-bound PP2B (CaMCaNA). In the model, the activation of PP2B is assumed to be 

a sequential process where CaCaNB can bind to CaM4 to get fully activated, as per Equation 

5.15:                     

               

 

 d[CaMCaNA]

dt
= kc1f[CaM4][CaCaNB]

− kc4b1[CaMCaNA]
[Ca2+]n2

Kd2
n2 + [Ca2+]n2

]

− kc4b2[CaMCaNA] (1 −
[Ca2+]n2

Kd2
n2 + [Ca2+]n2

) 

 

 

(5.15) 

 

In the model, active PP1 activity is regulated the phosphorylation state of i-1. Here PKAc 

phosphorylates i-1 while PP2B/PP2A dephosphorylate i-1. In the phosphorylated state, i-1 is 
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assumed to instantaneously bind to PP1 to inhibit its activity. PP1 activation is determined 

by Equation 5.16: 

 

 d[PP1active]

dt
=

kcat11[PKAc] ∗ [i1]

Km11 + [i1]
−

kcat12[PP2A] ∗ [I1PP1]

Km12 + [I1PP1]

−
kcat12[ActivePP2B] ∗ [I1PP1]

Km13 + [I1PP1]
 

 

(5.16) 

 

In Equation 5.16, [i1] is the inhibitor-1 concentration which is not phosphorylated. Here 

PKAc phosphorylates [i1] at rate kcat11. The model assumes that once phosphorylated, i-1 

binds to PP1 to form I1PP1. Conversely, active PP2B dephosphorylates I1PP1 at rate kcat13, 

and PP2A dephosphorylates I1PP1 at rate kca12. In Equation 5.16, [ActivePP2B] is the active 

PP2B activity which is determined equation in which the catalytic activity of CaM4 bound 

CaNA is 20-fold higher than that of the CaNB subunit bound to two Ca2+ ions: 

 

 
ActivePP2B =  CaMCaNA +  

CaCaNB

20
 

(5.17) 

 

5.3 PKA simplification 

In the original model of He et al. (2015), PKA activation was modelled as a transition model 

involving cAMP binding to PKA at the regulatory subunits to release the catalytically active 

PKAc subunits from the heterodimers. These dynamics were modelled as per Equation 5.6-

5.8. 

 

Here, 4 cAMP molecules bind to PKA dimers which results in 2 catalytic subunits becoming 

released/active in the cell (Zhang et al., 2012). As Equations 5.6-5.8 show, these reactions 

involve 6 rate constants and 4 states. In the current Chapter, we will simplify these 

equations and model PKA activation as a function of available cAMP. Before discussing why 

PKA activation was chosen to be simplified, it is first important to recall that the purpose of 

the model is; and that is to determine CaM4 regulation in response to Ca2+ pulses. Here the 

role of PKA in the model is to complete the PP1 activation loop, and the role of PP1 is to 

counteract CaMKII autophosphorylation.  

 



119 

By simplifying PKA activation as a function of cAMP, we reduce the number of states in the 

model. In addition, we can also determine whether slow timescales are alone adequate to 

counteract PP2B, or if PP2B can repress PKA activity regardless of PKA slow activation by 

cAMP. In the model, the PKAc catalytic subunits released to become active at k19f= 0.25μM-

2s-1, and dissociated at k19b= 0.0016s-1, whereas the current investigation is focused on Ca2+ 

frequency detection on a milliseconds to seconds timescales. If PP2B is able to effectively 

negate the influence of PKA in a time-independent manner, it shows that PKA is unable to 

effectively influence PP1 regulation. 

To determine PKA activation as a function of cAMP, the PKA equations from He et al. (2016) 

were run until steady state and the PKA activation was plotted and from this, the following 

dose response Hill equation was fit: 

PKAc =  
PKAmax

(1 +  
IC50

[cAMP]
)

nPKA

(5.21) 

Here, PKAc is the total active PKA concentration, PKAmax was the maximum amount of PKA 

activated, IC50 was the cAMP concentration (µM)   at which half of PKAmax was active (in 

µM); [cAMP] is cAMP concentration (µM); and nPKA is the Hill constant. 

To calculate the parameters of Equation 5.21, cAMP was run until steady state through a 

range of values (0- 10µM- which is the maximum range cAMP can reach within the context 

of the simulations). PKAmax was calculated to be 0.2170 and IC50 was 0.3760µM (the cAMP 

concentration at which PKAc= 0.1085µM). And so, the only variable to be estimated was the 

Hill constant, nPKA. This was calculated using Curve Fitting Toolbox on Matlab 2015b. Here 

nPKA was estimated to be 2.569 with an R2= 0.9981.  

5.3.1 Comparison of PKA models 

We will now test how the PKAc simplification model differs from the full model. First, we will 

see how cAMP and I1PP1 levels were affected throughout each stimulation. We will then 

investigate how the partial states of CaM were affected throughout each stimulation with 

both the simplified and full PKA model. In addition, we will compare how CaM differentially 

behaves as compared with the lone CaM system modelled in Chapters 3 and 4 to determine 

how the presence of excess targets to CaM affect its binding dynamics and stability. Lastly, 
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we will look at how the binding partners of CaM4 get affected both models of the CaM 

system. Both models of PKA activation will be simulated run at four simulations: LFS; 10Hz; 

TBS; and 100Hz to determine each of the aforementioned outputs.  

5.4 Ca2+-CaM binding in the presence of binding partners using both 

PKA models 

As Figures 5.4-5.7 show, there were no changes in any of the CaM states throughout all 

stimulations tested between the two models of PKA regulation. It is therefore reasonable to 

use the simplified PKA model to analyse the CaM states during each stimulation protocol. 

This shows that the slow speeds of PKA activation do not influence the stability of CaM4 with 

Ca2+ in a meaningful way. This is despite a lack of accuracy with repect to the cAMP and 

I1PP1 (see Figures 5.2 and 5.3). In the current modelling exercise, we are interested in CaM 

and its stability, and given CaM4 levels go unaltered when PKA regulation is changed, it is 

reasonable to use the simplified model of PKA activation to model CaM4 stability. We will 

now monitor the CaM states throughout each stimulation and determine how the presence 

of binding partners affect CaM states versus during the lone 9-state model used in Chapters 

3 and 4. 
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Figure 5-2 I1PP1 concentration at the four stimulation protocols (and 1s post stimulation) with the full; and the simplified PKA model. At LFS, there is a 
discrepancy whereby I1PP1 levels increase due to increased PKA activation. At the other 3 protocols, the pattern of I1PP1 formation is 
similar. This is because PP2B has more influence than PKA over the phosphorylation of inhibitor-1. 



122 

 

Figure 5-3 Free cAMP concentration at the LFS, 10Hz, TBS, and 100Hz protocols (and 1s post stimulation) with the full PKA model (red line); and the 
simplified PKA model. Interestingly the cAMP is lower in LFS. This is due to increased PDE4B/D activity.
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Figure 5-4 Total CaM4 at LFS, 10Hz, TBS, and 100Hz using the simplified and complex PKA regulation models. Notice there is no difference to CaM4 

stability between the two models of PKA at each stimulation. 
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5.4.1 LFS 

During LFS CaM4 remained unstable despite the presence of binding partners. Although 

there was more accumulation of CaM4 than in the lone CaM model, it had almost complete 

decayed between each pulse. In addition, the presence of binding partners did not change 

the partially bound states of CaM (see Figure 5.5). In fact, the peak concentrations of all 

partially bound states were unaffected in the presence of binding partners (compared with 

CaM in isolation as per Chapter 4), and CaM1C remained to be the most abundant CaM state 

in the system throughout the stimulation (see Figure 5.5). Even the CaM2C state, which is the 

most stable CaM state was unable to coordinate pulses. For every other stimulation 

protocol, the dynamics of CaM get markedly changed and CaM4 can accumulate much more 

readily when binding targets can stabilise the CaM4 conformation. As we shall see, compared 

to the other stimulations, the instability of CaM during LFS is unique to this stimulation 

protocol.  

5.4.2 Higher stimulation protocols stabilise CaM4 

Compared to CaM in a lone system, partially bound states had different behaviours when 

the stimulation protocols at 10Hz and above in the CaM-binding environment. The most 

notable differences of the partially bound CaM states compared to the lone CaM model, is 

that the N-lobe is far more stable when accompanied by binding partners. In fact, the N-lobe 

binds to Ca2+ first and the results show that the order of binding changes. That is, the 

partially bound N-lobe states peak earlier in the initial part of the signal than the C-lobe (see 

Table 5.3). The CaM2N state then decays as it is is converted to CaM2N1C. Recall that in the 

absence of the binding partners, that the main route by which CaM4 forms is through 

CaM1N2C; when CaM partners are present however, CaM2N1C peaks faster than CaM1N2C and 

also accumulates to higher levels than CaM1N2C (see Tables 5.3-5.4). This shows that the 

presence of CaM-binding proteins changes how CaM interprets Ca2+ signals. 

 

After the first few Ca2+ pulses of stimulation, all partially bound CaM states rapidly got 

converted to CaM4. Indeed, at 10Hz, TBS and 100Hz, CaM4 dominates the majority of 

available CaM. This is because CaM4 gets stabilised when bound to proteins. This means 

CaM4 is subject to less dissociation between pulses and can more readily accumulate when 

Ca2+ is elevated (see Figures 5.6- 5.8). Therefore, because the total CaM-binding protein 
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constituents outnumber total CaM concentration; and since each CaM-binding protein can 

stabilise CaM4, CaM4 gets rapidly saturated when the pulse frequency increases. 

 

After the stimulation ceases, the lobes also behave different than in the lone CaM system.  

Since, Ca2+ dissociation from CaM4 is markedly slower in the presence of binding partners, 

when Ca2+ returns both lobes dissociate slower as CaM4 remains temporarily stable. As a 

result, post stimulation lobe dynamics change. This is especially evident when we look at 

100Hz post stimulation (see Figure 5.7B). 

 

Recall from Chapter 4, that CaM2C levels increase 0-0.3s post stimulation due to the C-lobe 

being more stable than the N-lobe when Ca2+ levels decay. When the system is run in the 

presence of CaM targets however, both lobes are more stable. This means neither lobe 

dissociates rapidly post stimulation as it did in the lone CaM system. Consequently, no post-

stimulation CaM2C peak happens. Evidently, the presence of binding partners, appears to 

level the playing field between the lobes; although, as we shall see in the GSA results in 

Chapter 7, the N-lobe is still more sensitive than the C-lobe in stabilising CaM4. 

 

Now that we have seen that CaM gets saturated as CaM4, next it is important to look at 

which specific proteins are binding to CaM4 during each stimulation. The CaM binding 

proteins have different binding speeds, concentrations and binding affinity (stability). Recall 

from Chapter 2 that CaM activation and binding to proteins induces synaptic plasticity. The 

direction of synaptic plasticity depends upon which pathway gets preferential activation. 

This means that proteins must compete for the available CaM4. We will first examine LFS 

then look at 10Hz and above. 
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Figure 5-5 CaM states when LFS was run for 30 pulses at 1 pulse per second. There were no 
differences between partially bound states between the full CaM system and 
lone CaM system. 

 

Figure 5-6 CaM states run at 10Hz for 50 pulses. There were no differences between 
partially bound states between the simplified PKA system and the full model. 
There were, however, major discrepancies between the lone CaM system and 
the full models with binding partners present. Evidently, partially bound 
states get rapidly converted to CaM4. This is because CaM4 gets stabilised by 
binding partners. This shows, as CaM4 accumulates drastically more during 
this stimulation. 

 

 



127 

 

Figure 5-7 CaM states during the TBS (A) and 100Hz (B) stimulation. Notice that each 
partially bound states peaks and rapidly decays in the full CaM binding system 
unlike in the lone CaM system. 

 

 

 

 



128 

Table 5-3 Time (s) until each respective CaM state peaked 

  CaM1N CaM1C CaM2N CaM1N1C CaM2C CaM2N1C CaM1N2C  CaM4 

LFS 2.0001 2.0023 2.0002 2.0021 9.0941 2.0019 9.066 9.0506 

10Hz 0.3001 0.3017 0.3002 0.3015 0.4345 0.4014 0.508 0.6003 

TBS 0.0401 0.0411 0.0402 0.041 0.0634 0.041 0.0551 1.939 

100Hz 0.0401 0.0411 0.0602 0.0607 0.0599 0.0706 0.0702 0.0802 

    

   

 

Table 5-4 Peak concentrations (µM) of partially bound CaM states at each stimulation 
protocol. 

CaM states LFS 10Hz TBS 100Hz 

CaM1N 0.0788 0.2464 0.399 0.3987 

CaM1C 0.5132 1.5593 2.486 2.4859 

CaM2N 0.0270 0.3653 1.095 1.2729 

CaM1N1C 0.0023 0.0304 0.090 0.1040 

CaM2C 0.2102 1.8289 2.158 2.1094 

CaM2N1C 0.0008 0.0490 0.247 0.4096 

CaM1N2C 0.0007 0.0370 0.071 0.1065 

 
Peak concentrations of partially bound CaM states 

 

5.5 CaM4 target binding 

There was good agreement in CaM4 binding patterns between the simplified PKA dose 

response model and the full 4 state PKA transition model of He et al. (2015) (see Figures 5.8- 

5.11). There were discrepancies in the free cAMP levels and I1PP1 concentration, but the 

function of these factors in the model was PP1 activation. Despite this, the CaMKII 

phosphorylation patterns were largely unaffected, and was robust to PP1 activity when we 

elevated Ca2+ pulse frequency (we will visit this later in Chapter 6). This meant that the 

simplified PKA model had minor influence over CaM-mediated signalling with qualitative 

similarity. We will now look at the patterns of CaM4 target binding at each of the four 

stimulations.  
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5.5.1 LFS 

As we saw in Section 5.4, CaM4 was unstable during LFS. It follows that CaM4 is not available 

for long, as it rapidly decays between the temporally separated pulses. This makes binding 

velocity of proteins to CaM4 important during LFS. The competition for CaM4 during 

stimulation was also determined by the concentration of CaM-binding protein constituents, 

as those proteins with a higher propensity were more likely to capture the CaM4 signal. Of 

the LTD-related CaM binding proteins, PDE1 has the fastest binding velocity, and the highest 

concentration. As a result, PDE1 bound to the most CaM4. 

 

After PDE1, CaMKII bound to the second most CaM despite its relatively slow binding. This 

was due to its high concentration which increases its propensity to bind CaM4. CaMKII was 

however, unable to get stably phosphorylated to adopt the high affinity CaMCaMKIIP state. 

As we shall see in Chapters 6 and 7, PP1 reduces CaM4 stability during LFS by prevent a build-

up of affinity phosphorylated CaMKII which high CaM4 affinity. In addition, there is a lower 

probability of neighbouring subunits simultaneously binding to CaM- a necessary condition 

for T286 phosphorylation (Hanson et al., 1994). Overall, the since CaM4 was unstable and 

never available for long, the system is under kinetic control during LFS while binding affinity 

is less important since no binding target can remain bound to coordinate pulses. 
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Figure 5-8 CaM4 bound fractions during LFS for 30 pulses. Note how PDE1 and CaMKII bind 
to the most but are unstable. Also note how CaMKII is not able to get stably 
phosphorylated. Overall, every protein is subject to much dissociation 
between each decaying pulse. 

 

Table 5-5 Time at which each CaM4 binding protein reached its peak concentration at LFS, 
10Hz, TBS and 100Hz. 

  CaMAC1 CaMAC8 CaMPDE1 CaMPP2B CaMCaMKII CaMCaMKIIP 

LFS 0.005 0 0.015 0.001 0.015 0 

10Hz 1.52 0.224 3.113 2.083 5.575 6.931 

TBS 1.812431 0.282914 3.513456 2.060948 7.468998 6.521239 

100Hz 1.963 0.306 3.736 2.052 9.264 6.479 

 

 

Table 5-6 Peak CaM4 bound concentrations of binding partners at LFS, 10Hz, TBS and 
100Hz 

  CaMAC1 CaMAC8 CaMPDE1 CaMPP2B CaMCaMKII CaMCaMKIIP 

LFS 8.2207 6.1969 10.2226 7.2335 19.222 5.2591 

10Hz 1.2472 1.546 1.0452 5.1467 1.0477 5.2478 

TBS 0.5594 0.7886 0.3465 2.11 0.3671 2.11 

100Hz 0.1654 0.345 0.1386 1.6201 0.1572 1.874 
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5.5.2 CaM4 binding at higher stimulations  

When we raise the stimulation to 10Hz and above, CaM4 gets rapidly stabilised by its binding 

partners. Throughout each of these stimulations, there are common binding trends. First, 

the patterns of the CaM binding partners show an initial rise of AC1, AC8 and PDE1 (see 

Figures 5.9-5.11). Then as the stimulus train progresses, the concentration the CaM bound 

states of these proteins decreases, despite the rising concentration of total occupied CaM4. 

Specifically, the high affinity targets PP2B and CaMKIIP continue to bind CaM4 throughout the 

stimulation.  

 

The simulation outputs suggest that CaMKII represses rivalling CaM4. This appears to be due 

to T286 phosphorylation mediated trapping of CaM4 which decreases it dissociation rate 

1000-fold which gives gives CaMKII a competitive advantage for binding CaM4. (Meyer et al., 

1992; Tzortzopoulos et al., 2004). In system of where the concentration of CaM is less than 

the concentration of the proteins which it binds, protein binding stability with CaM4 affects 

how it is distributed between its binding partners. 

 

That is, while AC1/8 and PDE1, have rapid binding rates, they are also less stable and have 

rapid dissociation. Because these proteins can dissociate CaM4 during pulse decay, while 

phosphorylated CaMKII does not, between pulses CaM4 gets redistributed from AC1/8 and 

PDE1 to instead bind to CaMKII stably. The results therefore suggest that CaMKII can act as a 

dominant CaM binding partner which can effectively repress other CaM-binding partners in 

the system by restricting access of CaM4 to other protein which would otherwise activate 

them.  

 

CaMKII however did not repress the other CaM-binding protein, PP2B. This was because 

PP2B has high affinity interactions with CaM4 and remains stable throughout the 

stimulations. As we shall see in Chapter 7, PP2B acts as a dominant affecter over PP1 

regulation at elevated stimulation, and to exert this dominance it too, must have stable 

activation by CaM4. Indeed, we have already seen that it was able to negate the influence of 

PKA when we assumed PKA activation was instantaneous.  
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Figure 5-9 CaM bound portions of AC1, AC8, PDE1, PP2B, CaMKII and T286 phosphorylated 
CaMKII during a 10Hz stimulation followed by 1s post stimulation decay. This 
is modelled with the full PKA model, and the simplified PKA equations which 
give the same binding patterns. Note that during the stimulation. During 10Hz 
stimulation, there is an initial rise in all CaM-binding partners followed by a 
drop due to redistribution of CaM. For AC1/8 and PDE1 these binding partners 
peak after 10-15 pulses at 10Hz. Evidently, these proteins were all sensitive to 
decay between pulses, while PP2B and pT286-CaMKII-CaM steadily rose. 
Because the amount of CaM becomes limiting relative to the concentration of 
proteins which it binds, and pT286-CaMKII-CaM does not decay between 
pulses, there is a redistribution for what CaM is available especially between 
pulses. 
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Figure 5-10 Quantity of CaM-bound targets during 100Hz stimulation. Notice that AC1/8 
and PDE1 peak quicker than at 10Hz stimulation. This is especially true for AC1 
and AC8 which peaked at a similar concentration. Here, AC8 does not reach its 
peak activation, while AC1 comes close. This is because AC8 is less abundant 
and thereby has a lower binding propensity for CaM compared to other CaM-
binding targets. It is also noteworthy that at 100Hz, this peak occurs at 0.16s 
into the stimulation, and from there its concentration depresses, as the rising 
CaM allows for CaMKII to outcompete the ACs for CaM. Also, PDE1 peaks 
earlier and can thereby act upon cAMP before it is bound to PKA. 

 

Figure 5-11  CaM4 binding to its partners during a TBS train. Like 100Hz and 10Hz, AC1, AC8 
and PDE1 reduce in concentration as phosphorylated CaMKII increases. The 
timing of each of the 10 epochs is evident especially for the bound portions of 
AC1, AC8 and PDE1 as evidenced by their peaks. Then between each peak, 
they dissociate from CaM4. The bound portions of PP2B and phosphorylated 
CaMKII are not subject to dissociation due to having a high affinity for CaM4. 
For PP2B it approaches a peak concentration and then plateaus. For 
phosphorylated CaMKII, it increases linearly independent of epochs. Perhaps 
the function of spacing epochs to allow for a redistribution of CaM4 between 
each epoch. 
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5.6 Summary  

Collectively, the results of this Chapter show that at HFS CaMKII highjacks CaM signalling 

over time due to its high affinity T286 phosphorylation state; as well as its high 

concentration. We will explore this more in the next Chapter. At LFS however, the system 

behaves differently and none of the proteins get stably activated by CaM4. This is due to the 

instability of the Ca2+ signal which is subject to decay between pulses. But does this 

repression occur if T286 phosphorylation is removed from the system? We will explore this 

in the next Chapter.  

 

The results did however, show slight discrepancies when we simplified PKA activation with 

regard to the cAMP and PKA outputs, so caution must be taken when analysing cAMP 

results- despite this, the qualitative trends of the curves are the same, and CaMKII 

phosphorylation remains unaffected by these changes. This is important to consider because 

cAMP ultimately affects PP1 activation which dephosphorylates CaMKII (Strack et al., 1997). 

Despite this, CaM4 stability was shown to be unaffected by PKA even when assumed to get 

activated instantaneously, suggesting the influence of PKA is minimal during Ca2+ pulse 

frequency detection- we will explore this in the GSA in Chapter 7.   

 

PKA is a protein commonly associated with late-phase LTP (Nayak et al., 1998; Kandel et al., 

2012; Young et al., 2006) and is also activated via metabotropic receptors such as GCPRs, 

which are pathways not being examined here (Dudman et al., 2003). In the current model, 

instead of including detailed PKA regulation, PKA activity was instead modelled as a function 

of available cAMP. The results of this Chapter thereby show PKA is less relevant to CaM 

related signal transduction, and it perhaps more likely that the role of PKA is more important 

for these phases of synaptic plasticity which involve the activation of CREB proteins which 

initiate late-phase dependent protein synthesis (Nayak et al., 1998; Kandel et al., 2012; 

Young et al., 2006).  
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Chapter 6 Investigation of how CaMKII acts as a dominant 

affecter  

 

In the previous Chapter we saw that CaMKII represses other proteins from binding CaM4. 

This is because AC1/8 and PDE1 have relatively low binding affinity which causes them to 

dissociate from CaM4 between Ca2+ pulses. Since T286 phosphorylation of CaMKII plays an 

important role in stabilising CaMKII’s interaction with CaM (by 1000-fold (Meyer et al., 

1992)), and given the concentration of CaMKII is also higher than any other protein in the 

system (Chen et al., 2005; Cheng et al., 2006), it is reasonable to deduce that the repression 

of low affinity targets is caused by CaMKII concentration and T286 phosphorylation. In this 

Chapter we will test how CaMKII concentration and phosphorylation state affect the binding 

of other CaM-binding targets to determine what causes CaMKII to act as a dominant affecter 

which represses other non-specific low affinity CaM binding targets in the system. 

6.1 Methods 

In this Chapter we will use the full model by PKA regulation and stimulate through LFS, 10Hz, 

TBS and 100Hz. This is because we will look at the role of PP1 activity, which the full model 

PKA captures more precisely. In the analysis, we will test whether repression of CaM targets 

binding occurs in in the absence of T286 phosphorylation. Here, we will compare the binding 

patterns of AC1/8, PDE1 and PP2B to CaM4 both with and without T286 autophosphorylation 

in the model (T286 phosphorylation was knocked out by settting kcat14 to zero- analogous 

to T286A mutants (Giese et al., 1998)). This will thereby show the influence of T286 

phosphorylation over binding of other partners in the system.  

 

Next, we will look at the influence of CaMKII concentration over CaM4 binding of other 

partners in the system. To do this, the CaMKII concentration will be set to 190% of its basal 

concentration (38µM). We will first determine how CaMKII concentration affects its 

phosphorylation level, and then determine how other targets bind. Before performing this 

analysis, we will also first see how CaMKII concentration affects its phosphorylation level as 

it may not necessarily be a linear relationship.  
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Finally, we will test the influence that PP1 has by knocking it out of the system and then run 

the simulation again. We will also determine the influence of PDE1 over CaMKII as it binds to 

the second most CaM4, so it may repress CaMKII by competing for available CaM4. In 

addition, it also represses PKA, so in this way upregulates PP1. This will elucidate how 

CaMKII activation is opposed in the system to gain a wider knowledge of CaM competition 

and how it can be used to allow proteins in the system to regulate each other. 

6.2 Results 

When we knock out T286 phosphorylation, AC1/8 and PDE1 are no longer repressed (see 

Figure 6.1). This shows that at elevated stimulation, CaMKII can repress its rivals in a T286 

phosphorylation- dependent manner. And so, knocking out T286 phosphorylation prevents 

redistribution away from low affinity targets.  

 

When there was 38µM at 10Hz and above, all other CaM binding partners bound to less 

CaM compared to 20µM CaMKII. This was due to CaMKII having a higher propensity for 

binding CaM and thus dominating competition for its availability. We have now seen that 

CaMKII represses other binding partners in a phosphorylation and concentration dependent 

manner. Interestingly, however, when CaMKII concentration was increased, CaMKII 

phosphorylation was in fact less than at 20µM (see Figure 6.2).  

 

There are two plausible explanations for reduced CaMKII phosphorylation when there its 

concentration was raised. First, when there is more CaMKII, there was less I1PP1, meaning 

there would be more active PP1 to dephosphorylate CaMKII.  An alternative explanation for 

the decrease in CaMCaMKIIP could be due to the probabilistic nature of CaMKII 

phosphorylation. Recall from Equation 5.3, that for phosphorylation to occur, two adjacent 

CaMKII molecules must bind CaM (Hanson et al., 1994). This means that an excessive 

CaMKII: CaM ratio can reduce the probability of T286 phosphorylation to occur within a 

holoenzyme.  

 

To test the relative influence of PP1 versus the probabilistic explanation, we ran the model 

at 38µM CaMKII at 10Hz and above but knocked out PP1 (by setting kcat15 to 0) (see Figure 

6.3). This simulation shows almost no change to CaMKII phosphorylation. In fact, there was 

more repression of targets during stimulation than at standard conditions with functional 

PP1 (see Figure 6.3). Collectively, this means that the probabilistic nature is the main 
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contributor to the change in phosphorylation patterns, and it was not due to extra PP1 

getting activated which had almost no change to CaMKII phosphorylation when we knocked 

it out. 

 

Now that we have seen the effects of phosphorylation and concentration, we will next see 

what represses CaMKII. We have already seen that the influence of PP1 plays a minor role at 

10Hz and above. We will now look at the influence of PP1 at all stimulations under standard 

conditions of the model. In addition, we will also investigate the influence of CaM 

competition over CaMKII phosphorylation. Here the protein binding target, PDE1 was chosen 

because of the other CaM binding proteins, it has the fastest binding rate and the highest 

concentration; and as we shall see in Chapter 7, PDE1 is the main competition for CaMKII for 

CaM4. To determine the role of PDE1, its binding rate to CaM4 was set to zero.  

 

To determine the relative influence of PP1 and PDE1, we ran the stimulations with either no 

PP1 activity, or no CaM4 binding rate to PDE1 (by setting k3f to zero). As we can see in Figure 

6.4, PP1 has a substantial influence at LFS, while PDE1 has no influence over CaMKII 

phosphorylation. Here when PP1 activity was knocked out, phosphorylated CaMKII could 

accumulate throughout stimulation with no decay. This shows that PP1 plays an important 

role in restricting phosphorylation of CaMKII and keeping it at low levels. 

 

Competition for available CaM4 is not influenced during LFS in the same way as at higher 

sitmulations. This is because CaM4 is far from saturation. At 10Hz, the influence of PDE1 and 

PP1 were similar, evidently the relative role of PP1 decreases, while the role of competition 

for CaM increases. As the stimulation rose to TBS and 100Hz, PDE1 was in fact more 

influential over CaMKII phosphorylation than PP1. This is interesting as PP1 acts directly 

upon CaMKII, whereas PDE1 affects CaMKII phosphorylation by competing for CaM. This 

highlights the importance of competition, and despite that CaMKII can represses PDE1, PDE1 

can also reciprocally restrict CaMKII through competition for CaM.
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Figure 6-1 CaM bound portions of AC1, AC8, PDE1 and PP2B at: (A) LFS; (B) 10Hz stimulation; (C) TBS; (D) 100Hz. At each stimulation, the system was run 
at standard model conditions or with T286 phosphorylation of CaMKII knocked out (T286A). At LFS, there were no changes to the binding 
patterns. At 10Hz and above at standard conditions an initial rise in CaM-AC1, CaM-AC8 and CaM-PDE1 followed by a decay as the 
stimulation progresses of the stimulation. This did not occur when T286 phosphorylation was knocked out. 
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Figure 6-2 CaMKII phosphorylation during 100Hz when its concentration is varied ±90%. 
Notice that at TBS and 100Hz, phosphorylated CaMKII decreases when the 
total concentration increases. This is because two neighbouring CaMKII 
molecules must bind to CaM4 simultaneously. This means there is less chance 
for T286 phosphorylation to occur.  
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Figure 6-3 Determination of the influence that excessive CaMKII concentration has over the CaM4 bound portions of AC1, AC8, PDE1 and PP2B. At each 
stimulation, the system was run with excess CaMKII concentration (38µM)); standard levels of CaMKII (20µM); and 38µM CaMKII in the 
absence of PP1 activity. (A) During LFS, there were no changes between each of the stimulations; (B) at 10Hz and each binding partner binds 
to less CaM when there is excess CaMKII even when PP1 is knocked out. (C-D) Excess CaMKII represses binding of partners more than 
standard and knocking PP1 out has nearly no influence. 
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Figure 6-4 Concentration of phosphorylated CaMKII (pT286-CaMKII-CaM) at LFS, 10Hz, TBS 
and 100Hz (from left to right) at standard conditions (black line); with no PP1 
activity (PP1 KO) (blue line); and PDE1 knocked out of the system (PDE1 KO) 
(red line). Each stimulation was run for the entirety of the stimulation then 1s 
post stimulation. Notice how pT286-CaMKII-CaM accumulates throughout the 
entirety of the stimulation at LFS when PP1 was knocked out while PDE1 KO 
had no change versus standard conditions. At 10Hz, knocking out PP1 and 
PDE1 both decreased CaMKII phosphorylation to a similar extent. At TBS and 
100Hz, knocking out PDE1 was more sensitive to CaMKII phosphorylation than 
PP1.   
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6.3  Summary and Discussion 

The finding that the amount of phosphorylated CaMKII can be negatively regulated by CaM 

concentration could in fact give rise to a feedback loop posited in a model by Aslam et al. 

(2009). In this model, phosphorylated CaMKII can activate CPEB1, which in-turn, causes for 

more CaMKII to be transcribed. The current model shows that if the CaMKII: CaM were to 

change such that CaMKII outnumbered CaM, then less CaMKII would get phosphorylated. 

This would lead to decreased CPEB1 being activated, and it would follow that less CaMKII 

would get transcribed in the future. In this way, CaM can effectively control the amount of 

CaMKII getting transcribed in the future meaning that any change in CaM concentration 

could change in CaMKII concentration. As we shall discuss in Chapter 8, CaM has been 

shown to decrease through aging (Zaidi et al., 1998) - and so I postulate here that decreased 

CaM concentration could also cause for a decrease in CaMKII concentration- which would 

subsequently influence the activities of the other CaM binding proteins in the system as well.  

 

Interestingly we also found that at elevated stimulation, CaMKII became robust to PP1 

activity. In fact, CaMKII activation was more sensitive to PDE1 levels than PP1 at 100Hz. This 

shows how the competition of PDE1 is a more potent inhihitor than PP1 despite not 

interacting directly. This shows of competition of CaM molecules can co-regulate other 

members of the CaM-binding network. It is worth noting here that PDE1 contains an 

additional CaM binding motif which upon binding CaM, does not lead to PDE1 activation 

(Sonnenburg et al., 1995; Goraya & Cooper, 2005). Perhaps the role of this binding site is to 

buffer CaM away from targets such as CaMKII to ensure proper regulation of the network.  

 

Overall, in this Chapter we have investigated how CaMKII repress other CaM-binding 

proteins in the system. That is, CaMKII regulates other proteins in a phosphorylation and 

concentration dependent manner. CaMKII levels evidently played an important role in 

modulating seemingly unrelated pathways and in effect acted as a master regulator of the 

system since it modulates cAMP and I1PP1. CaMKII is able influence these pathways due its 

influence over CaM availability. In the next Chapter we will perform a series of global 

sensitivity analyses (GSAs) to see in more detail what governs CaM-based regulation and 

which proteins and reactions are sensitive to perturbation. 
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Chapter 7 Global Sensitivity Analysis of CaM binding network 

7.1 Introduction 

To better understand the dynamics of the system, in this Chapter we will investigate the 

system through GSAs. This will shed light as to how different aspects of the model interact, 

and furthermore, how these sensitivities change with respect to frequency.  

 

As per Chapter 4, the methods of Marino et al. (2008) were used with PRCC as the output for 

each respective parameter. A total of 2000 runs were simulated which was an adequate 

number for the results to be significant. The GSAs were performed to gain insight into how 

the fuller system affects CaM but also to understand how CaM affects the pathways 

pertaining synaptic plasticity. In addition, outputs were taken that although are not directly 

affected by CaM- they affected by CaM-binding proteins. This provides an opportunity to 

determine how CaM regulates proteins, and how these proteins affect downstream 

pathways. This will help to give an appreciation of the system complexities. 

 

7.1.1 GSA outputs and justifications 

7.1.2 Total CaM4 

As we found in Chapter 5, CaM4 stability is drastically increased in the presence of CaM-

binding proteins. By performing a GSA of total CaM4 as an output, we can investigate what 

the main drivers of this stability are- and how these change with Ca2+ stimulation level. For 

example, at lower stimulation, CaM4 stability may depend upon different reactions and/or 

CaM-binding proteins in the system. In addition, will see how CaMKII phosphorylation as 

well as dephosphorylation affects CaM4. Because dephosphorylation is also subject to 

dynamic regulation, we will also see whether the catalytic reactions of PP1 regulation affect 

CaM4 stability. The simplified model of PKA will be used as it is able to capture CaM4 stability 

but with less parameters and variables.  
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7.1.3 GSA of downstream pathways 

In addition to studying CaM4 stability, we will also study cAMP and I1PP1 regulation. These 

outputs can indicate how Ca2+ and cAMP interact which are both important secondary 

signalling molecules in cells. In addition, I1PP1 regulation involves numerous proteins and 

reactions, and so studying this as an output can give appreciation systems complexity. We 

will now describe what we hope to learn from these outputs. 

7.1.3.1 cAMP 

cAMP was chosen as an output to test because its levels are controlled by a variety of CaM 

dependent models. By using cAMP as an output, we see how the two signalling molecules 

Ca2+ and cAMP are co-regulated and how this changes with stimulation level. In the model, 

CaM binding proteins: AC1/8 are associated with increasing production of cAMP; while 

PDE1 suppresses cAMP. CaM-independent proteins AC* (CaM-independent AC) and PDE4B/

D also regulate cAMP. By including these proteins in the model, we will see the relative 

contribution of cAMP formation/suppression from both CaM and CaM-independent 

pathways and see how the two pathways are interrelated. 

Because the simplified PKA model had less accurate predictive power over cAMP and I1PP1 

simplified PKA model, we will use the full PKA model of He et al. (2015). The reasons for the 

discrepancies was because PKA did not act as a cAMP sink when cAMP binds to PKA. It was 

also shown that much of the cAMP consumed was not to the active form of PKA, rather only 

two cAMPs were bound whereby the most predominant cAMP bound form was R2C2cAMP2. 

The simplified model also changes activation of the PKA-PDE4 feedback loop. Because of 

these reasons, the simplified model overestimated the amount of free cAMP in the system; 

and so, the full model was used for the cAMP GSA. The simplified model likely misses key 

factors in its regulation of qualitative importance. Although the PKA simplified equation was 

shown to accurately model CaM binding dynamics, it is less useful for modelling free cAMP 

levels.  



145 

7.1.3.2 I1PP1 

I1PP1 is a marker of the pathways of synaptic plasticity which is controlled by cAMP. Its 

levels indicate of the PKA: PP2B activity ratio. It is noteworthy that these proteins both 

modulate synaptic plasticity in a variety of ways outside of the scope of this model. For 

example, as mentioned in Chapter 5, PKA can initiate l-LTP by activating transcription 

pathways and there is evidence that it is also involved in synaptic tagging (Nayak et al., 1998; 

Kandel et al., 2012; Young et al., 2006). By performing GSA of I1PP1 as an output, we will see 

how pathways related to CaM affect the PKA: PP2B activity ratio. Although CaM itself may 

not be a big player in I1PP1 directly, there may be complex interactions of the pathways 

which stem from CaM4 formation, and CaMKII itself may play an indirect role by consuming 

available CaM involved in the pathways of I1PP1 by modulating the activation CaM-binding 

proteins which regulate cAMP. As with cAMP, we will be able to look at how the pathways 

themselves interact.  

 

The model was also unable to accurately model I1PP1 in the simplified model. This is due to 

an overestimation of PKA activity since it assumes cAMP instantaneously activates PKA. 

Because PKA phosphorylates i-1 which increases its affinity for PP1, overestimating i-1 

phosphorylation leads to overestimation of I1PP1 levels. This loss of accuracy was evident 

when looking at the I1PP1 dynamics in Chapter 5. Therefore, the GSA was performed with 

the full 4 state PKA model of PKA activation with the estimated time-dependent parameters. 

 

7.2 Monotonicity plots  

Before performing the analysis however, monotonic trends were analysed ranging ±90% for 

each parameter. The parameters were sampled as a uniform distribution using the 

methodology of Mairno et al. (2008) (as per Chapter 4). This is a requirement for GSA to 

perform its function as it only accounts for linear trends. It is also noteworthy that 

parameters which had little to no effect locally were excluded from the GSAs. This is because 

they would: 1) provide no extra insight; 2) there are opportunity for type 1 errors (false 

positive) effects due to solver resolution. In addition, parameters which were not monotonic 

over the full range of ±90% perturbation were trimmed such that only perturbation levels 

that were non-monotonic were not included in the LHS range analysed (see Appendix H for 

monotonicity plots for each output, and at each stimulation level). 
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7.3 GSA of CaM4  

The GSA pertaining CaM4 concentration showed that CaM4 is affected by parameters 

differently depending upon the stimulation protocols. We will now look at the sensitivities of 

the parameters and see how the factors which influence CaM4 formation change depending 

upon the stimulation protocol. This is important to determine how CaM4 is regulated in the 

cell. The results of the analysis are shown on Table 7.1. 

7.3.1 LFS 

As we saw in Chapter 5 at LFS, CaM4 is unstable and rapidly dissociates from Ca2+ between 

pulses. Because of this, proteins were less able to bind and stabilise CaM4. This was reflected 

by CaM-binding proteins having low sensitivities compared with higher stimulations. 

Reciprocally, CaM-independent proteins involved with the PP1-loop showed significant 

sensitivity towards CaM4 formation- a facet not seen at higher stimulation. Despite this, 

there was however, more accumulation of CaM4 than in 9-state CaM model- primarily due to 

PDE1 stabilising CaM4 and to a lesser extent, CaMKII.  

 

In Chapter 5 we saw that during LFS, CaMKII and PDE1 were the most predominant binding 

targets of CaM4. Here both proteins bound to a similar amount of CaM4. Evidently, because 

the pulses are short-lived, CaM4 is never available for long, the system is under kinetic 

control. That is, binding speed is most important to intercept the CaM4 signal- and of all the 

CaM-binding targets, PDE1 has the fastest binding velocity- and the second highest 

concentration behind CaMKII. As a result, PDE1 was the most sensitive factor to the 

formation of CaM4 as revealed by the GSA. So, although at standard model conditions, 

CaMKII binds to a similar amount of CaM4, PDE1 was substantially more sensitive to 

perturbation (CaMKII = 0.12; PDE1 = 0.41 PRCC).  

 

As we saw in Chapter 6, PP1 can effectively dephosphorylate CaMKII and thereby repress its 

affinity for CaM4. As a result, dephosphorylating this site meant less total CaM4 can stably 

bind to CaMKII. In this way, PP1 reduces CaM4 stability during LFS. In fact, at LFS 

dephosphorylation of T286 by PP1 was more sensitive to CaM4 stability than the 

phosphorylation rate of this site. Since PP1 activity was sensitive to CaM4, it follows that 

proteins controlling PP1 were also sensitive to CaM4. This includes the CaM-independent 

proteins PP2A, PDE4D, and i-1. Interestingly, CaM4 stability is in fact less sensitive to the 



147 

concentration of CaMKII than those of PDE4D, PP1, and PP2A despite none of these proteins 

interacting with CaM4 directly. This was an aspect unique to the LFS stimulation, and since 

there were CaM-dependent, as well as CaM-independent proteins affecting CaM4 stability, 

the total number of sensitive parameters towards CaM4 was highest at LFS.  

7.3.2 10Hz 

At 10Hz, the stability of CaM4 was influenced differently to at LFS. This was because there 

was adequate Ca2+ present to facilitate stable CaM4 formation in the presence of binding 

partners. As with Chapter 4, when the frequency is adequate to allow for CaM4 to 

accumulate and coordinate pulses, the relative sensitivities between the two lobes become 

disparate. That is, the N-lobe parameters get more sensitive than those of the C-lobe. This is 

due to the C-lobe becoming less limiting toward CaM4 formation. As mentioned in Chapter 4, 

when CaM4 stability increases, the sensitivities between the two lobes of CaM get disparate. 

 

At LFS except for PDE1 at LFS, the rates pertaining CaM affinity for Ca2+ were the most 

sensitivie parameters in the model. This no longer holds true at 10Hz stimulation, as CaM-

binding proteins were able to stabilise CaM4 by preventing Ca2+ dissociation. Indeed, as we 

saw in Chapter 5, CaM4 is drastically more stable in the presence of binding partners- most 

notably, CaMKII. It follows that CaMKII concentration became the most sensitive factor to 

the stability of CaM4.  

 

At 10Hz stimulation, CaMKII concentration is the most sensitive factor for increasing CaM4 

stability. In addition, as we saw in Chapter 6, CaMKII phosphorylation also becomes less 

affected by PP1 activity as compared to at LFS. This was reflected in the GSA results whereby 

the T286 autophosphorylation rate of CaMKII became more sensitive to CaM4, while the 

sensitivity of PP1 concentration and activity reduced. As a result, unlike at LFS, the 

phosphorylation rate was more sensitive than the dephosphorylation rate by PP1 regarding 

CaM4 formation. It follows that the CaM-independent proteins modulating PP1 activity no 

longer affected CaM4. This meant that the total number of sensitive parameters reduced at 

10Hz relative to at LFS. Collectively this shows that CaMKII can act as a more dominant 

affecter over the system with less opposite from the opposing PP1 pathway at 10Hz.  

 

In addition to reducing the sensitivity of PP1 and proteins of its regulation, CaMKII also 

reduced the sensitivity of PDE1. In Chapter 6, we saw that at 10Hz of stimulation, CaMKII can 
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repress the binding of the proteins in system- it follows that the sensitivity of PDE1 

concentration reduces drastically compared to at LFS (PRCC=0.41 at LFS versus 0.25 at 10Hz). 

The sensitivity of PP2B however, had a similar PRCC compared to at LFS. This is because 

PP2B has a high affinity with CaM4 and does not dissociate between pulses for the available 

CaM4 to get redistributed to CaMKII. 

7.3.3 TBS  

When the stimulation was run at TBS, the GSA showed similar results to 10Hz. Here, CaM-

binding proteins had similar sensitivity and the dephosphorylation and phosphorylation also 

had similar sensitivity compared to 10Hz. The only notable departures in behaviours from 

10Hz were that CaMKII became more dominant and was ˃0.2 PRCC higher than any other 

parameter. Also, for the rates of Ca2+-CaM binding lobes had different sensitivity trends. 

Here the N-lobe rates had similar sensitivity to 10Hz, while those of the C-lobe all decreased 

by ~0.1 PRCC. Again, this was because when CaM4 increases in stability, C-lobe rates reduce 

in sensitivity as they become non-limiting to CaM4 formation.  

7.3.4 100Hz 

At 100Hz, all Ca2+-CaM binding rates became less sensitive compared to 10Hz and TBS. In 

fact, the rates pertaining Ca2+-binding to the T state of the C-lobe showed no significant 

PRCC due to saturation of this binding site, and the R- state of the C-lobe was also less 

sensitive compared to all lower sensitivity (see Table 7.1). This was because the role of 

CaMKII became more important for CaM4 stability which negates the influence of other 

parameters. Concurrently, CaM4 was completely insensitive to PP1. This means CaMKII was 

effectively robust to dephosphorylation as it phosphorylation rate can nullify PP1’s 

influence. Although it is worth noting here, that the other CaM-binding protein, AC1 

increased in compared to at TBS (PRCC= 0.12 at TBS; PRCC= 0.20 at 100Hz) and this protein 

can also facilitate CaM4 stability. Indeed, the GSA output does not distinguish which protein 

binds and stabilises CaM4; and so, the low PP1 sensitivity could be attributed to other 

proteins such as AC1 stabilising CaM4. Regardless, CaMKII autophosphorylation was the only 

catalytic reaction which affected the stability of CaM4 at 100Hz. 

 

 

 



149 

 

Table 7-1 GSA of CaM4. Each row represents a model parameter and its PRCC at each of 
the four stimulations. Empty cells represent no significant PRCC value 
(p<0.0001). 

 LFS 10Hz TBS 100Hz 

konNT 0.309447 0.487142 0.520403 0.42571 

konNR 0.338254 0.554317 0.531797 0.485552 

koffNT 0.287282 0.50194 0.491028 0.390258 

koffNR 0.350848 0.530131 0.531098 0.498465 

konCT 0.316173 0.374953 0.320826   

konCR 0.333078 0.450751 0.392427 0.194096 

koffCT 0.333058 0.357817 0.283302   

koffCR 0.234501 0.376008 0.269792 0.127361 

K1 0.184933       

kcat3 0.206065       

kcat5 0.095151       

kcat11 0.205424       

kcat14 0.174413 0.210772 0.236121 0.142064 

kcat15 0.265419 0.110501 0.141936   

kcat16 0.059605       

Km5 0.07769       

Km9 0.087172       

Km11 0.121534       

Km15 0.271254 0.080474 0.093537   

Km16     0.067706   

kc1b     0.066082 0.100113 

kc3f     0.061195   

kc3b   0.077717 0.065239   

kc5f 0.314694 0.470597 0.459728 0.457296 

kc5b1 0.294508 0.377947 0.378356 0.371833 

PKAmax 0.211577       

AC1T   0.076941 0.116044 0.202595 

CaMKIIT 0.124258 0.67361 0.746962 0.826951 

PDE4DT 0.210772       

'PDE1T' 0.412729 0.251933 0.212812 0.288863 

PP2BT 0.181503 0.165125 0.186437 0.203467 

PP2AT 0.213967       

PP1T 0.191032 0.113871 0.142581   

I1T 0.303947       

Total # 29 19 22 14 
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7.4 cAMP GSA 

7.4.1  LFS 

At LFS, cAMP had low sensitivity to Ca2+-CaM binding rates and CaM-regulated. Instead, 

cAMP was most influenced by CaM- independent proteins proteins (for all cAMP GSA results 

see Table 7.2). Here, the concentration and catalytic rate of CaM-independent AC (AC*) and 

PDE4D were the most sensitive parameters for cAMP formation despite being subject to no 

dynamic regulation in the system. Also, cAMP binding/ unbinding to PKA (k17f and k17b) 

were among the most sensitive parameters. It is important to note here although k17f 

reduces free cAMP, the function of cAMP is to activate PKA, so its binding need not be 

considered a cAMP sink in a negative way; rather, the purpose for adding this parameter to 

the GSA was determine PKA binding dynamics with cAMP.  

 

Because cAMP binding and activation of PKA is slow, and since LFS is a prolonged 

stimulation, this affords PKA time to bind cAMP and get activated. This also means PKA can 

phosphorylate and thereby activate PDE4D. As a result, PDE4D is substantially more sensitive 

to reduce cAMP at this stimulation compared with the other stimulations (see Table 7.2). 

Reciprocally, CaM-dependent proteins had lesser influence over cAMP. This is logical since 

CaM4 activation of targets is unstable during LFS. This highlights the importance of having 

the importance of having a more detailed model of cAMP binding when examining cAMP 

dynamics. 

7.4.2 10Hz 

At 10Hz stimulation CaM4 is more stable which means cAMP levels get coordinated by more 

CaM- dependent proteins. As a result, the number of sensitive parameters was highest at 

this stimulation. The sensitivity of CaM-independent proteins reduced however, as there 

was a switch from cAMP being primarily regulated by CaM-independent proteins, to CaM-

binding proteins being the most sensitive. Notably, the AC* concentration reduced from 

PRCC 0.56 at LFS to 0.12 at 10Hz. This coincided with AC1 increasing in sensitivity which 

became the key regulator to increase free cAMP (PRCC= 0.58) which buried the influence of 

AC* (since AC1 has higher catalytic activity than AC*). The other CaM-independent protein, 

PDE4D, reduced from 0.39 to 0.07 PRCC. As well as being negated by CaM-dependent 
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proteins, the reduction in sensitivity can also be attributed to the stimulation being short 

lived meaning PKA has less time to get active and phosphorylate PDE4D.  

 

The most sensitive CaM-binding protein in repressing cAMP was CaMKII. Here, CaMKII 

exerted its influence over cAMP by making CaM4 less available to activate AC1/8. In fact, 

CaMKII has PRCC of 0.38 ranking CaMKII higher than AC8, PDE1, AC* and PDE4B/D which 

directly act upon cAMP. The other CaM-dependent protein which represses cAMP is PDE1. 

PDE1 binds to the second most CaM in the system, and acts upon cAMP directly to convert it 

to AMP (Goraya & Cooper, 2005). Despite this, it had low sensitivity compared to at LFS. This 

is because, it has low catalytic activity compared to AC1/8, meaning its influence over cAMP 

gets masked. In fact, the concentration of AC1 was 3-fold more sensitive than PDE1.  

 

Although AC1 was the most sensitive cAMP affecter, binding of cAMP to PKA (k17f) was the 

most sensitive parameter in regulating (reducing) free cAMP concentration. This is logical, 

given it directly binds to free cAMP. It is also noteworthy here that the dissociation rate, 

k17b has similar in sensitivity to at LFS. That is, the binding rate of cAMP to PKA is 0.81, 

whereas the dissociation rate is 0.26 PRCC. This means that although the binding of cAMP to 

PKA is slow, it is stable and is less sensitive to dissociation than binding.  

7.4.3 TBS 

At TBS the parameters of the model had similar sensitivities to 10Hz. For example, the roles 

of CaM-independent proteins had similar PRCCs compared to at 10Hz and cAMP binding to 

PKA was similar. There were, however, some noteworthy differences. One change was that 

Ca2+ affinity for CaM played a lesser role. Here only two of these parameters had significant 

correlations to cAMP levels, whereas all eight were sensitive at LFS and 10Hz (see Table 7.2). 

The three main proteins to influence cAMP at this elevated stimulation were AC1 (0.59 PRCC 

at 10Hz, to 0.66 at TBS), PDE1 (0.15 to 0.24), and CaMKII which increased from 0.38 to 0.47.  

7.4.4 100Hz 

At 100Hz the roles of CaM-dependent proteins rose, while CaM-independent AC* was no 

longer significantly sensitivity towards cAMP. This shows there is a shift in the way cAMP is 

regulated depending on the level of stimulation. The other notable differences were that the 

concentration of PKA became 3-fold more sensitive, while the sensitivity of its binding and 

unbinding with cAMP reduced. For example, the binding rate of cAMP to R2C2 (k17f) reduced 
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from a PRCC of 0.82 at TBS, to 0.57 at 100Hz. This can be attributed to the brevity of the 

signal meaning cAMP had less time to bind PKA. In fact, PKA dissociation from cAMP had no 

significant sensitivity due to inadequate time for dissociation to affect free cAMP levels.  

 

The reduction in sensitivity of PKA-cAMP binding also allowed for PDE1 to exert its influence 

over cAMP with less “interference”. That is, PDE1 had more cAMP to act upon since it has 

less time to bind to PKA. Indeed, PDE1 concentration had a substantial increase in PRCC from 

0.24 at TBS, to 0.51 at 100Hz, making it more sensitive than CaMKII in repressing cAMP. 

Aside from PDE1, the other cAMP regulatory proteins CaMKII and AC1 had similar PRCCs 

compared to TBS.  
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Table 7-2 GSA of cAMP. Each row represents a model parameter and its PRCC at each of 
the four stimulations. Empty cells represent no significant PRCC value 
(p<0.0001). 

 LFS 10Hz TBS 100Hz 

konNT 0.089041 0.083677     

konNR 0.094016 0.116997 0.10346   

koffNT 0.145789 0.121339 0.0772   

koffNR 0.117678 0.117922     

konCT 0.105949 0.074886     

konCR 0.14284 0.080892     

koffCT 0.096766       

koffCR 0.099329 0.086201     

K1 0.486762 0.142935 0.134202   

Kcat1 0.115366 0.580025 0.676005 0.672556 

Kcat2   0.176107   0.188206 

Kcat3 0.555548 0.112485     

Kcat5 0.151363     0.120325 

Kcat6   0.116886 0.099481 0.221786 

Kcat7 0.083178       

Kcat9 0.390133 0.096046     

Kcat14   0.159257 0.104717 0.077823 

Kcat15   0.110678     

Km5 0.179027   0.081035   

Km7 0.094523       

Km9 0.440493 0.098065     

kc1f 0.098626 0.366643 0.338759 0.56966 

kc1b 0.096008 0.350848 0.323026 0.247466 

kc2f   0.096132 0.117612 0.128951 

kc2b   0.113983 0.092723 0.075022 

kc3f       0.116261 

kc3b   0.096943     

kc5f   0.262946 0.28144 0.501796 

kc5b1   0.23849 0.203474 0.395388 

k17f 0.404247 0.814087 0.823731 0.572203 

k17b 0.226583 0.255808 0.178773   

R2C2T 0.084222 0.132945 0.129164 0.426912 

AC1T 0.106218 0.585397 0.661426 0.673051 

AC8T 0.005379 0.138951 0.181439 0.176803 

CaMKIIT   0.377013 0.469565 0.49394 

PDE4BT       0.079848 

PDE4DT 0.399932 0.07945 0.084721 0.1995 

PDE1T 0.112717 0.152885 0.236887 0.510997 

PP2BT     0.083351 0.102463 

AC*T 0.559471 0.116823 0.153316   

Total # 27 32 23 21 
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7.5 I1PP1 

Within the context of the model being used, I1PP1 informs us of the functionality of cAMP. 

Before explaining the results, it is important to first recall what determines I1PP1 

concentration. When i-1 is phosphorylated by PKA, it binds to PP1 to form I1PP1 complex 

which makes PP1 inactive. On the other hand, when i-1 of the I1PP1 complex is 

dephosphorylated by PP2B. Here, PP1 is assumed to dissociate instantaneously from i-1 to 

exert its influence in the cell. In the model, the role of PP1 is to dephosphorylate T286 of 

CaMKII.  We will now see how the proteins how I1PP1 levels are controlled at different 

stimulations. As we shall see, if adequate PP2B is activated, it negates the influence of PKA 

which is slower to activate, has a low activity (contrary to the PP1 model used in Chapter 3). 

(The full list of GSAs is presented on Table 7.3). 

7.5.1 LFS 

The number of parameters which are sensitive towards I1PP1 formation is the highest at LFS 

(see Table 7.3).  This is because there are both CaM and non-CaM regulated proteins/rates 

which influence I1PP1 formation. Recall that I1PP1 formation is a function of PKA and PP2B 

activities. The results showed that although PP2B does not display significant sensitivity 

towards I1PP1 levels, PKA and the many parameters associated with its activation were.  

 

The relatively long timescales of LFS and instability of CaM both played important roles in 

shaping I1PP1 formation. Since PKA binds to cAMP slowly, the prolonged nature of LFS 

affords more time for PKA to bind cAMP and get activated. In fact, I1PP1 levels were 

sensitive to every step of cAMP binding from PKA heterodimers binding to four cAMP 

molecules. As mentioned in Section 7.4.1, another consequence of the prolonged nature of 

the signal is that it affords it time for PKA to phosphorylate and activate PDE4B/D. This 

means the PKA-PDE4 feedback loop can impose its regulation over I1PP1. Another 

commaility to the GSA of cAMP during LFS is that the CaM-activated proteins PDE1 and AC1 

had little sensitivity over cAMP whereas CaM-independent reactions of AC* and PDE4D were 

the most sensitive parameters towards I1PP1 levels (see Table (7.3). Later we shall see that 

the sensitivity of CaM-independent parameters and those controlled by PKA get negated at 

higher/ shorter levels of stimulation, as CaM-dependent proteins mask the influence of 

these parameters. 

 



155 

7.5.2 10Hz 

Several parameters establish sensitivity at higher stimulation levels which were not sensitive 

during LFS. Overall, the balance between PKA and PP2B shifts to favour PP2B. Indeed, PP2B 

concentration, its affinity for I1PP1 and its dephosphorylation rate of I1PP1 become ≥ 0.3 

PRCC higher than all other parameters (all above 0.7 PRCC) (see Table 7.3). For PKA, 

although its catalytic rate for phosphorylating I1PP1 increases in sensitivity (from 0.23 PRCC 

at LFS to 0.41 at 10Hz), the number of sensitive parameters associated with its regulation 

reduce. This is because PP2B becomes dominant over and negates the influence of these 

parameters. 

 

While the regulation of cAMP appears to be complex at 10Hz, the results show that none of 

the proteins controlling cAMP are sensitive towards I1PP1 formation. This, coupled with the 

fact the binding rates of cAMP to PKA had no influence over I1PP1 makes for a strong case 

that I1PP1 is not effectively controlled by cAMP during this stimulation. When it comes to 

PKA regulation, it is important to consider that it acts on longer timescales and is also largely 

controlled by CaM-independent proteins/pathways. Collectively this means that when CaM 

levels are adequate to activate PP2B, that PKA regulation over I1PP1 gets dampened.  

 

In fact, other than PP2B, the only protein that had significant (p>0.0001) influence over 

I1PP1 regulation was CaMKII which is protein not directly involved in the I1PP1 loop. Recall 

that CaMKII can repress the production of cAMP such that none of these parameters can 

effectively modulate I1PP1 this means when it comes to cAMP regulation.  

 

7.5.3 TBS and 100Hz 

At the higher levels of stimulation tested (TBS and 100Hz), the influence of PKA and cAMP 

related proteins get negated by the influence of PP2B. The balance between PKA: PP2B 

therefore evidently shifts in PP2B’s favour. In fact, at 100Hz there were only seven sensitive 

parameters controlling I1PP1 levels. Here six of these seven parameters were attributed to 

predominantly PP2B, but also CaMKII. As a result, the catalytic rate and concentration of 

PP2B were by far the most sensitive parameters in the model. 
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Recall from Section 7.4 that CaMKII reduces cAMP production by repressing AC1/8 by 

disallowing access to available CaM. This means that CaMKII in fact assists PP2B by 

repressing its opposition: PKA.  
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Table 7-3 GSA for I1PP1 formation. Each row represents a model parameter and its PRCC 
at each of the four stimulations. Empty cells represent no significant PRCC 
value (p<0.0001). 

 LFS 10Hz TBS 100Hz 

konNT 0.087518 0.135226 0.092052   

konNR 0.089937 0.125093 0.096011   

koffNT 0.127441 0.102381 0.094289   

koffNR 0.107561 0.097006     

konCT 0.089898 0.13026 0.114253   

konCR 0.147144 0.168277 0.134583   

koffCT 0.092159 0.137694 0.125213   

koffCR 0.10766       

K1 0.611403       

Kd1 0.122036       

Kcat1 0.110938       

Kcat3 0.641382       

Kcat5 0.161092       

Kcat7 0.104808       

Kcat9 0.469457       

Kcat11 0.324548 0.414469 0.174653 0.091772 

Kcat12 0.081627       

Kcat13 0.104938 0.754884 0.788718 0.82291 

Km5 0.190914       

Km7 0.090352       

Km9 0.505001       

Km11 0.23138 0.233782 0.163702   

Km13 0.091816 0.708615 0.72597 0.749709 

kc1f 0.10949       

kc1b 0.115088       

kc4f   0.322966 0.365372 0.377969 

kc5f   0.115958 0.152477 0.162573 

k17f 0.094235       

k18f 0.277112       

k18b 0.235321       

k19b 0.288588       

R2C2T 0.13655       

AC1T 0.118128       

CaMKIIT   0.077505 0.177128 0.314058 

PDE4DT 0.463679       

PDE1T 0.130136       

PP2BT   0.7405 0.776154 0.80817 

I1T 0.236879 0.355825 0.163962   

AC*T 0.639797       

Total # 35 16 15 7 
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7.6 Discussion  

In the past three chapters we have applied the fastest recorded rates from experiments of 

Ca2+ binding to CaM, with the highest resolution and added a fuller CaM- binding network. 

Within this network, CaM concentration is lower than the combined constituents of it 

binding partners. We looked at how CaM binds and activates its protein binding targets. The 

model showed that competition between CaM-binding targets can serve as a mechanism for 

the system to fine-tune responsiveness to Ca2+ signals. We showed that this competition 

operates differently at different types of stimulation.  

 

At LFS, a stimulation which induces LTD, the competition for CaM4 was primarily governed by 

binding speed. The competition for CaM4 changed at higher frequency to be primarily 

governed by binding stability (dissociation rates). We then found that when elevated Ca2+ 

pulses entered the cell, total CaM rapidly bound to CaM-binding partners in the fully bound 

CaM4 state. In the system, low affinity binding targets proteins would dissociate from CaM4 

between Ca2+ pulses, while targets with high affinity CaM4 targets would not. This meant that 

CaM could get redistributed between its binding partners between the decay of pulses. 

There is indeed evidence that competition of any given CaM species can affect the binding of 

other targets which is in-line with this redistribution postulation (Blumenthal et al., 1988; 

Tran et al., 2003; Sanabria et al., 2008; Rakhilin et al., 2004; Kim et al. 2004; Persechini & 

Stemmer, 2002; Teruel et al., 2000).  

 

In the current model, redistribution of CaM4 between targets was affected by the 

phosphorylation state of CaMKII. When residue T286 of CaMKII is phosphorylated, its affinity 

substantially increases- and which gives CaMKII an advantage over other binding partners for 

available CaM (Meyer et al., 1992). This also means that dephosphorylation thereby reduces 

CaMKII’s affinity for CaM4. We will now discuss how CaM competition is shaped at low as 

well as elevated Ca2+ stimulation levels before explaining the results at elevated stimulation. 

7.6.1 LFS 

The LFS showed unique patterns from at higher stimulation. This is because Ca2+ decayed 

rapidly between each low amplitude pulse. This meant CaM4 stability was low and the 

proteins it controls could not retain binding. Instead they would dissociate from CaM4 

between each pulse. As a result, the sensitivity of CaM-binding targets was low.  In addition, 
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PP1 dephosphorylated CaMKII which thereby reduced CaM4 stability by preventing CaMKII 

“trapping” CaM4 in the high affinity phosphorylated state (Meyer et al., 1992; Tzortzopoulos 

et al., 2004). We saw in Chapter 6 that knocking PP1 out during LFS leads to phosphorylated 

CaMKII accumulating throughout the entirety of the stimulation. CaMKII phosphorylation 

however was unstable between pulses in the presence of PP1.  

 

During LFS, PP2B activation was unstable, and therefore had no significant influence over 

PP1 activity. Since PP1 activity is governed by PP2B and PKA activities, this meant that PKA 

exerted a dominant weight over PP1 regulation which was primarily regulated by CaM-

independent proteins. It is noteworthy however, that PKA is subject to its own form of 

regulation independent of PP2B. That is, it activates PDE4B/D which represses cAMP. 

 

These results suggest that the system has evolved mechanisms to prevent over activation of 

CaMKII during LTD. Not only does the decay of Ca2+ and thus CaM4 concentration prevent 

CaMKII accumulation, but it also prevents all CaM binding targets in the model getting 

activated. Since CaM4 controlled protein were not stably activated, they exert lesser 

influence over cAMP and I1PP1. It follows that a variety of CaM-independent proteins played 

a larger role of regulation in the system. For example, PDE4D had a larger influence over 

CaM stability than CaMKII, as did PP2A- which in the model is activated independent of CaM. 

Collectively, this shows that during LFS, CaM gets destabilised by CaM-independent proteins 

in a more meaningful way than many proteins which bind to CaM4 directly. 

 

Despite the instability of CaM4, PDE1 bound to the most and its concentration was the most 

sensitive factor for CaM4 stability. This is because whichever CaM binding molecule binds to 

CaM4 the fastest gets preferential activation. In the current model, of the LTD-related 

proteins, PDE1 had the fastest binding rates and highest concentration. Consequently, PDE1 

was the most sensitive variable. It is important to note however, what the function of PDE1 

is; and that is to repress cAMP production (Goraya & Cooper, 2005). This means the function 

of PDE1 can be seen as preventing change in the cell and repressing pathways and so these 

results suggest that the system has evolved mechanisms to prevent over activation of 

CaMKII during LTD.  

 

When interpreting the instability of the CaM signal during LFS, it is important to bear in mind 

that LTD can be induced independent of Ca2+. Navbi et al. (2013) showed that NMDAR can 



160 

induce LTD during LFS when its Ca2+ ion conductance is blocked by the drug MK-801. The 

study then used D-APV which blocks NMDAR binding to glutamate. Here it was found that 

application of D-APV prevented LTD induction. This means that upon binding glutamate, 

NMDAR can induce LTD independent of its Ca2+ channels. The study also found that upon 

binding glutamate, metabotropic pathways get activated which is a feasible way in which 

LTD- inducing pathways can be triggered. Interestingly, the study also showed that LTD was 

induced when HFS was applied in neurons exposed to MK-801, suggesting that Ca2+ is 

responsible for LTP induction, whereas metabotropic pathways are responsible for LTD-

induction. Several other studies have since supported the metabotropic role of NMDAR for 

LTD-induction (Dore, Aow, & Malinow, 2016; Stein, Gray, & Zito, 2015; Tamburri et al., 

2013). Collectively, this builds a picture that LTD is controlled by Ca2+/ CaM-independent 

processes, whereas LTP is largely Ca2+- and calmodulin dependent. 

 

It is worth noting that it is feasible that the current model underestimates the activation of 

proteins during LFS, however. This is because proteins can be activated by partially bound 

CaM forms. Despite this, the current model uses the highest recorded Ca2+-CaM binding 

rates, and the activity of proteins partially bound to CaM have lower catalytic rates than 

those bound to CaM4. The current model, however, did not consider partially bound states 

of CaM activating its targets.  

 

It is noteworthy here that CaMKII can bind to CaM2C, albeit, its activity is 10-15-fold lower 

compared to binding CaM4 (Shifman et al., 2006). Indeed, a modelling study, showed that 

partial activation of CaMKII could have important effects in signalling especially when Ca2+ 

levels are low such as during LFS whereby there are sub-saturated Ca2+ bound CaM states in 

the system (Pepke et al., 2010). It has been suggested however, that CaMKII may not be 

activated by CaM2C- rather it could be an artefact of the experimental protocol used by 

Shifman et al. (2006) which is the study that posited CaMKII can get activated by CaM2C. 

There is however experimental evidence that suggests that the results of CaMKII activation 

by partially bound CaM could be artefact of the mutants used in the study. This is because 

CaMKII may bind to two CaM mutant TR2C halves simultaneously and thus not be 

representative of true CaMKII activation (Forest et al., 2008).  It is also worth noting that 

during LFS, that CaMKII may not necessarily be specifically called an “LTP protein”, as CaMKII 

has been shown to play the reciprocal role of inducing LTD during LFS (Coultrap et al., 2014) 

(see Appendix C). 
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Regarding Ca2+-CaM binding/ unbinding rates, it is important to bear in mind that at low Ca2+ 

levels, Ng reduces the CaM binding to Ca2+ (Díez-Guerra, 2010; Gerendasy et al., 1994; Zhang 

et al., 2017). This means that the current model may overestimate how much CaM binds to 

Ca2+ during LFS- so despite the current model not including partially bound states of CaM 

activating, it is also possible that CaM be even less stable during LFS. In addition, when Ca2+ 

levels are low, Mg2+ occupies CaM, and has been shown to reduce Ca2+ binding to CaM 

(Grabarek, 2011; Malmendal et al., 1998; 1999). Not only does this mean that the current 

model may overestimate CaM activation when there are low rises in Ca2+, but it also means 

that the model by Pepke et al. (2010) who found that partially bound states of CaMKII are 

important during low stimulation, may have also overestimated CaM-activation during low 

frequency pulses.   

7.6.2 CaM regulation during 10Hz stimulation and above 

At 10Hz and above, partially bound states of CaM were converted rapidly to CaM4. This was 

because of the presence of excess binding targets which stabilise CaM4 (Peersen et al., 

1997). These partners had drastic effect compared to binding partners were present as per 

the conditions of Chapter 4. Indeed, as the stimulation of Ca2+ increased, CaM binding 

partners bound to CaM4, and since they stabilise the CaM4 state, it follows that total CaM4 

most sensitive to the concentrations of its respective binding partners. 

 

During these stimulation protocols, there was an initial rise of the low affinity partners which 

regulate cAMP levels: PDE1; AC1; and AC8. This rise was due to the fast binding rates of 

these proteins to CaM4, meaning that during the first few pulses they had preferential 

binding to CaM4. As the signal progressed, the concentration of the bound portion of these 

proteins then decreased. This was because of the instability of these proteins compared with 

the other more stable CaM binding targets in the system, PP2B and CaMKII. 

 

In the model, we saw that T286 phosphorylation of CaMKII caused redistribution of CaM4 

away from the low affinity targets AC1/8 and PDE1. This was due to the high affinity of 

CaMKIIP to CaM which was stable interaction throughout the stimulation and would not 

decay between pulses, whereas the low affinity targets would dissociate between pulses. 

Therefore, CaMKII bound to CaM by not only at the pulses, but also between pulses since 

other targets dissociated from CaM4 which would get redistributed to bind CaMKII instead.  
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When considering CaMKII’s influence over the binding partners of CaM4, there are two 

important factors to consider: its concentration; and its dissociation rate (Cooke et al., 2005; 

Meyer et al., 1992). When residue T286 of CaMKII is phosphorylated, its dissociation rate 

decreases 1000-fold thus giving CaMKII having an advantage over other binding partners for 

available CaM (Meyer et al., 1992; Tzortzopoulos et al., 2004). In addition, its concentration 

is higher than other CaM- binding partners in synapses which increases it binding propensity 

for CaM4 (Chen et al., 2005; Cheng et al., 2006; Erondu & Kennedy, 1985; Feng et al., 2011; 

Hudmon & Schulman, 2002; Kennedy, 1983; Otmakhov & Lisman, 2012; Sheng & 

Hoogenraad, 2007).  

Although T286 phosphorylation of CaMKII has not been explicitly tested to determine the 

influence of other binding partners, a similar study on the protein, regulator of calmodulin 

signalling (RCS) has shown the mechanism to be plausible (Rakhilin et al., 2004). RCS, like 

CaMKII can get phosphorylated to increase its binding affinity for Ca2+-CaM. Rahklin et al. 

(2004) have shown that phosphorylation which increases CaM affinity for RCS reduced the 

binding/activity of PP2B and CaMKII in a phosphorylation dependent manner. The study 

showed that phosphorylated, but not dephosphorylated RCS inhibited the activities of 

CaMKII and PP2B despite not interacting directly with either protein. Therefore, the study 

supports the notion that phosphorylation-dependent repression of other targets by CaMKII 

could be experimentally feasible. In addition, Kim et al. (2004) have shown that when CaMKII 

binds CaM it reduces its diffusion and availability for other targets- giving another 

mechanism by which CaMKII could reduce CaM availability to other possible CaM binding 

targets.  

While CaMKII had dominance over the system with respect to CaM binding, PP2B also had 

low dissociation and had a dominant effect over PP1 activity. That is, as CaM4 rises, PKA and 

the proteins it controlled got nullified with respect to the regulation of I1PP1. This was due 

to the concentration catalytic rate, and binding speed of PP2B to CaM4. This held true even 

when PKA was assumed to get instantaneously activated as free cAMP levels rose. 

Consequently, the regulation of cAMP is no longer influential over PP1 inhibition in the 

context of elevated pulse detection. This means that although the regulation of cAMP at 

10Hz was sensitive to a myriad of many CaM- dependent and -independent proteins, there 

was limited functional consequence over PP1 activity.  
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In a similar modelling study to the current one, Romano et al. (2017) investigated the role of 

limiting CaM in dendritic spines. The model included seven CaM binding proteins: MCLK, 

nitric oxide synthase (NOS), PP2B, CaMKII and AC1/8 which competed bind to Ca2+-CaM; the 

model also included Ng which bound to apoCaM. In the model, these proteins did not 

interact with each other, but they did compete for available CaM. This was done to ensure 

that the differences in binding dynamics were purely due to competition for available CaM 

and due to proteins directly affecting each other. Here the model was simulated with both 

saturating and limiting CaM levels to compare the effect of limiting CaM levels. 

The model showed that proteins in the system were able to affect activation of other 

proteins in the system through competition of CaM. PP2B for example, had less activation at 

HFS than at lower frequencies due to being outcompeted by higher affinity CaM binding 

targets. This was not shown in the current model, but the nature of the system was 

different, as there was a different set of competitive CaM-binding proteins with different 

binding properties.  The paper concluded that limiting CaM allows for unspecific crosstalk. 

Unlike Romano et al. (2017), the model used in Chapters 5, 6 and 7 contains another level of 

regulation whereby the two pathways can directly affect each other- as active PP1 (the final 

output of the PP1-loop) directly interferes with the final state of the CaMKII, CaMCaMKIIP. 

Our model also includes both CaM dependent and independent proteins to better 

understand intricacies of systems regulation. By using this model, we found complex cross 

regulation, for example the model showed that CaMKII can regulate I1PP1 formation in two 

ways: 1) through interference of cAMP; and 2), interference of PP2B access to CaM4. 

Although I1PP1 and cAMP are a part of the same pathway, the parameter sensitivities 

affecting the two were disparate at higher stimulation frequencies. The most major 

difference was that while PP2B which was not sensitive towards I1PP1 formation at LFS, it 

became highly sensitive at 10Hz and above. Recall that I1PP1 formation is dependent on the 

PKA: PP2B activity balance. This, coupled with the fact that the stimulation protocols are 

short-lived and PKA is slow to active while PP2B is activated relatively rapid. This means that 

PP2B becomes a dominant over PKA for regulating I1PP1. In fact, I1PP1 loses sensitivity to 

cAMP binding to PKA at above LFS. Consequently, PP2B becomes more influential at higher 

frequencies- of which, its sensitivity grows as stimulation increases. In fact, even when cAMP 
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binding to PKA was assumed to be instantaneous, PP2B was still able to negate the effects of 

PKA. The model therefore showed that CaM concentration may allow for an additional level 

of crosstalk to occur between the two archetypal secondary signalling molecules of cells, 

Ca2+ and cAMP.  In the model, cAMP levels were regulated by many processes other than 

AC1/8, and PDE1.  In fact, cAMP was under more complex regulation than any other output 

tested in the model. One notable example was that CaMKII concentration was inversely 

related to cAMP due to its inhibition over AC1/8 activation.  

Since CaMKII concentration repressed cAMP production, this suggests that the two forces of 

LTP, cAMP (and thus PKA), and CaMKII do not work together in feedforward type loop. It is 

important to note however that despite this, CaMKII in fact becomes more robust to PP1 as 

stimulation increases. This is because the T286 phosphorylation rate of CaMKII gets 

sufficient to withstand the opposing PP1 activity during the stimulation.  

The finding that CaMKII can repress cAMP levels is supported experimentally: Mika & Conti 

(2015) used a drug inhibitor called KN-93 which blocks CaMKII binding to CaM (we will 

discuss the use of this drug more extensively in the next Chapter). The results of the study 

found that cAMP levels increased when CaMKII binding to CaM was blocked which is 

consistent with the results of the current model. It is noteworthy that the authors also 

discovered that CaMKII can activate PDE4D which converts cAMP back to AMP which is not 

included in the current study. The system may therefore have evolved both mechanisms to 

ensure that this feedback loop is robust.  

Given that CaMKII appears to downregulate cAMP and AC1 downregulates CaMKII, suggests 

that there could be a feedback loop between cAMP and CaMKII. That is, if CaMKII has its 

access to CaM4 restricted- for example if it undergoes inhibitory phosphorylation (or faulty 

function or under expressed CaMKII), then more cAMP can be produced. Conversely, if 

CaMKII is overactive in the cell, less cAMP production could act as a mechanism to prevent 

excitotoxicity. Furthermore, downregulation or inhibition of AC1/8 would lead to increased 

CaMKII activation. Indeed, competition may allow for cAMP and CaMKII to crosstalk which 

may prevent over or under activation of LTP in the cell. 

PDE1 showed to be an important inhibitor of CaMKII in the model. PDE1 represses cAMP 

which thereby upregulates PP1. In this way, PDE1 can indirectly cause dephosphorylation of 
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CaMKII (Strack et al., 1997). Counterintuitively however, PDE1 inhibited CaMKII in a more 

potent way by competing for available CaM4 that by its influence over PP1. In fact, we 

showed in Chapter 6 that at 100Hz, PDE1 was a more potent inhibitor of CaMKII T286 

phosphorylation than PP1. The reason PDE1 was able to restrict CaMKII phosphorylation was 

because of its high concentration and fast binding rate. Because of these factors, PDE1 

inhibited CaMKII activation by making less CaM4 available to bind and get activated by. It is 

noteworthy here that PDE1 contains another CaM binding site, the function of which is not 

known (Sonnenburg et al., 1995). Perhaps this site can in fact function to buffer CaM away 

from other targets thereby regulating them. Indeed, future work may determine a role of 

this site may be to reduce activation of other CaM- binding proteins by making less CaM 

being available to bind (Goraya & Cooper, 2005) - again highlighting the potential 

importance of CaM competition. 

7.6.3 Summary 

In summary, we have seen that CaM signalling is complex and involves many levels of 

regulation. Limited CaM concentration can lend to a range of cross-regulations. Indeed, CaM 

competition is what connects all CaM binding proteins to each other, and its limiting levels 

may be a way for evolution to more effectively fine tune responsiveness to signalling events. 

Depending on the nature of the signal- different responses are elicited. When signals are 

brief and/or unstable, CaM partners which bind rapidly gain an advantage, whereas at high 

levels, high concentration, high affinity partners gain an advantage. In addition, CaM binding 

targets can modulate themselves and each other in a phosphorylation/ dephosphorylation 

dependent manner. CaMKII imposes self-regulation whereby it can phosphorylate itself 

which can either increase or decrease its affinity for CaM- and these phosphorylation sites 

can be subject to dephosphorylation by PP1. By autophosphorylation, CaMKII regulates its 

own affinity which thereby also affects other proteins in a CaM-binding network. This is an 

efficient way for a system to impose regulation without the requirement for every protein to 

have to interact directly. 
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Chapter 8 Conclusion and final remarks 

In this thesis, using mathematical/computational modelling, we have examined Ca2+ signal 

detection by CaM with both the presence and absence of a CaM-binding network. We now 

revise the contributions and insights gained from this thesis; suggest limitations of the study; 

then suggest possible future research that could improve insights in both the modelling 

arena and in the wet laboratories. 

8.1 Overview of the study 

We began this thesis by examining aspects of CaM systems and found that CaM binding 

targets compete at many levels: binding speed to CaM; stability of binding; concentration; 

and direct interactions via catalytic properties (namely phosphorylation and 

dephosphorylation). Looking at the literature, we found that CaM levels are limiting versus 

the constituent concentration of binding targets that it binds to and activates. We found 

evidence that this could allow for cross-talk between targets and concluded that this an 

appropriate problem to apply modelling. This is because, CaM binding networks and 

competition are governed by factors which can be simulated as a series of differential 

equations. For example, binding/dissociation rates, catalytic rates and the relative 

concentration of targets competing for CaM are all measurable parameters that can be 

formalised mathematically. CaM systems therefore serves as an excellent opportunity for 

modelling studies of which there is limited work done.  

Prior to modelling a full CaM binding network, we first looked at CaM in isolation using a 9-

state Ca2+- CaM binding model. This provided an opportunity to understand: 1) Ca2+-CaM 

binding dynamics in the absence of any noise from other parameters; 2) to have a baseline 

to compare how the CaM network affects CaM stability and how CaM affects stability of 

target activation.  

To study CaM in isolation, we first exposed it to steady Ca2+ concentrations. Here we 

simulated CaM until steady state and then looped this procedure through a large range of 

Ca2+ concentrations. This was done to analyse how CaM lobes and the parameters pertaining 

these lobes respond depending upon the Ca2+ level. 
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Next, the CaM model was tested in a time-dependent manner when exposed to various Ca2+ 

pulse frequencies. These patterns were representative of those involved in dendritic spines 

during neurotransmission. Here, the binding patterns of CaM states were analysed to 

determine how the lobes bind over time. This was done both intra- and post-stimulation. 

Local and global sensitivities were then taken for each of the parameters pertaining CaM 

binding/unbinding to Ca2+.  

The isolated model in a temporal setting and as a function of Ca2+ concentration both 

showed a clear distinction in sensitivity and binding between the N- and C-lobes whereby 

the C-lobe was more stable and more robust to perturbation, and this difference was 

exacerbated as Ca2+ levels and stimulation frequency increased.  

After analysing CaM in isolation, the same CaM model was then added to a fuller model of 

synaptic plasticity. In this model, CaM concentration was limiting versus the collective 

concentration of proteins that it binds and was exposed to various Ca2+ pulse patterns. To 

study this model, we performed case studies using the four stimulation patterns: LFS; 10Hz; 

TBS; and 100Hz. At these Ca2+ pulse patterns we analysed the change in CaM4 stability versus 

when CaM was in isolation, and binding to its partners. Here, the results showed that the 

total pool CaM rapidly bound to it binding targets which stabilised the CaM4 state.  

Since all CaM was saturated by protein binding, at elevated stimulations, this meant that as 

CaM dissociated from a low affinity target between pulses, it got redistributed to higher 

affinity protein targets. Here the model found that in this way, CaMKII acts as a dominant 

CaM affecter due to its high concentration and high binding affinity and CaM4 was 

redistributed from AC1/8 and PDE1 to bind CaMKIII instead.  

To better understand what was causing redistribution away from low affinity targets, we 

tested the effect of CaMKII phosphorylation by knocking it out- analogous to a T286A 

mutant (Giese et al., 1998). This was done because T286 phosphorylation increases CaMKII 

affinity for CaM (Meyer et al., 1992). Here we found CaM was no longer redistributed from 

low affinity targets when this phosphorylation state was removed from the model.  
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Next, the effect of CaMKII concentration was analysed to see its influence over other 

proteins in the system, as its concentration may have also been causing the redistribution 

due to CaMKII having a higher propensity as a binding target. Interestingly, we found that 

increasing CaMKII concentration reduced its phosphorylation level, but despite this, the 

redistribution from low affinity targets increased. Collectively the model thereby predicts 

that CaMKII represses unspecific lower affinity CaM targets in a phosphorylation as well as 

concentration dependent manner.  

Finally, using the LHS-PRCC method, we performed a GSA on the model and analysed CaM4 

stability, cAMP, and I1PP1 formation. These analyses were performed for each output at LFS, 

10Hz, TBS and 100Hz stimulations. The results of these GSAs revealed distinct patterns at LFS 

compared to the three higher stimulation protocols with regard to parameters affecting 

CaM4 stability. We saw that the influence of CaM binding partners had marginally less 

influence at LFS since these partners were less able to stabilise CaM4. At higher stimulation, 

we saw that CaMKII concentration and parameters pertaining its binding affinity to CaM 

were dominant over CaM4 stability.   

The GSAs of cAMP and I1PP1 also showed discrepancies at LFS compared to the higher 

stimulation levels. Here at LFS, CaM-independent proteins were most sensitive towards the 

regulation of cAMP and I1PP1. At higher stimulations, these proteins and parameters therein 

got negated by CaM-regulated PDEs and ACs as well as CaMKII which downregulated cAMP 

by repressing the activity of AC1/8 due to withholding available CaM4. With regard to I1PP1 

levels, it was evident that PP2B became dominant over PKA which increased as stimulation 

increased and negates the influence of cAMP and PKA.  

8.1.1 Implications of CaM competition 

From the results of the current study we can make predictions and comment on the 

behaviour of this CaM system and how that might translate into other CaM-dependent 

systems- of which there are many as CaM is the primary way in which intracellular Ca2+ gets 

converted into cell signalling. We will now look at potential applications of and interpret the 

work in this thesis and what the results may functionally mean. We will also look at what 

was not in the model and speculate some functionalities of other aspects that were omitted 

from the model.  
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A common postulation of T286 phosphorylation is that it allows CaMKII to remain 

autonomous long after the stimulation pases (Miller et al., 2005; Lisman et al., 2002; 2012; 

Bayer & Coultrap, 2012). It has been suggested that the role of T286 phosphorylation is to 

allow CaMKII to remain active beyond the timescale of a signalling event (Hudmon & 

Schulman, 2002; Lisman et al., 2012; Coultrap & Bayer, 2012; Miller et al., 2005). This is 

because it has a dissociation rate 1000-fold less and can in the phosphorylated form it can 

also remain autonomous after CaM dissociates (Meyer et al., 1992; Tzortzopoulos et al., 

2004; Hudmon & Schulman, 2002). The problem, however, is that post stimulation, CaMKII 

gets rapidly dephosphorylated within minutes by PP1 and PP2A (Lee et al., 2009). This 

means that although T286 phosphorylation makes the interaction with CaM stable, the 

stability of this phosphorylation state is itself not stable post Ca2+ signal. This model predicts 

additional functionality of T286 phosphorylation which could serve as an avenue to study in 

the future. 

The current model suggests that although T286 phosphorylation is unstable beyond the 

signal, it is instead important during the signal. That is, the increased binding affinity by 

autophosphorylation affords CaMKII the ability to repress other unspecific low affinity CaM-

binding partners when there is an elevated Ca2+ signal. This thereby serves as a mechanism 

to repress other targets in the system without requiring the need to interact with these 

proteins directly- thus ensuring CaMKII remain a dominant affecter.  

Although the current model is focused on the dendritic spine, the role of T286 

phosphorylation downregulating other proteins may be an evolutionary mechanism by 

which CaMKII can regulate other CaM-binding proteins without the requirement to interact 

directly with them per se. For example, CaMKII has been shown to regulate a variety of cell 

types such as those in: skeletal muscle (Rose, Keins & Ritcher, 2006); scatic nerves and pain 

pathways (Cui et al., 2016; Zhou et al., 2017); cardiac cells (Onal, Undurti & Hund, 2014) (and 

has been shown to play a role arrhythmia, cardiac hypertrophy and heart failure (Neef & 

Maier, 2007; Zhang et al., 2004); bone (Ang et al., 2007); pituitary cells (Jefferson, Travis & 

Schulman, 1991); PC12 cells (MacNicol, Jefferson & Schulman, 1990); cerebellar cells 

(Fukunga, Rich & Soderling, 1989); and cell differentiation (and is thus involved in cancer of 

many other cell types (Wang, Zhao & Zhe, 2015). Given the wide variety of processes and 

cell types CaMKII operates under, it is feasible that autophosphorylation acts as a universal 
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mechanism to allow CaMKII to act as a dominant affecter and downregulate other unspecific 

CaM-activated proteins in these systems.  

8.1.2 Postulation of additonal CaMKII roles 

We will now use the findings of the model to make predictions other CaMKII functionalities. 

An aspect of CaMKII regulation not covered in the current model is inhibitory 

phosphorylation. We can, however, make predictions as to the effects it could theoretically 

have. The role of inhibitory phosphorylation is to prevent CaMKII from binding to CaM4. The 

current model suggests that this would lead to upregulation of other binding partners. 

Indeed, mutant studies which have inhibitory phosphorylation phosphomimics have shown a 

shift in “metaplasticity” that is, synapses with these mutants require higher levels of 

stimulation in order to activate LTP (Pi et al., 2010; Zhang et al., 2005). What is important to 

consider however, is that LTP is still able to be induced, just as it is able to be induced in 

T286A mutants (Chang et al., 2018). A reason LTP is still possible, is that AC1/8 may be able 

to produce more cAMP in the cell. This would thereby increase the activation of PKA which is 

also able to induce LTP.   

One example of pathology arising from excessive inhibitory phosphorylation has been noted 

in a disease called Angelman Syndrome- a form of mental retardation (van Woerden et al., 

2007). Perhaps the pathology of this disease arises due to dysregulation of other processes 

such as cAMP regulation and other pathways getting triggered improperly- although it is 

possible that this may in fact have mechanisms to compensate for lack of CaMKII 

functionality, aberrant phosphorylation would restrict the synapse to exert the properly fine-

tuned response in which the synapse has evolved to exhibit. Therefore Ca2+ signalling in the 

synapse would be disrupted leading to the cell having faulty LTP and/or even LTD.  

Another consequence of CaMKII’s ability to regulate other CaM-targets is that could be 

when the commonly used CaMKII inhibitors KN-62, KN-92, and KN-93 are applied to systems. 

The mechanism of action for these inhibitors is to block the CaM binding region of CaMKII 

(Pellicena & Schulman, 2014). Studies have used this class of inhibitors to ascertain CaMKII 

function (Pellicena & Schulman, 2014). The current model, however, suggests that some 

results from these studies may arise due to upregulation of other partners. That is, other 

proteins may bind to more CaM, since more would be available. For example, Brooks & 

Tavalin (2010) found that using the inhibitor KN-93, lead to changes in affinity for other CaM 
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binding proteins; and Mika & Conti, 2015 found that applying KN-93 lead to upregulation of 

cAMP. In addition, KN-92 has been applied to reduce cell proliferation in cancer rodents 

(Wang et al., 2015).  

8.1.3 Other implications of limited CaM availability 

Modelling the effect of limited CaM availability can also be applied to a current avenue of 

cancer research. There is a potential cancer treatment being trailled which uses the drug 

ophiobolin A (Chidley et al., 2016). This drug reduces CaM availability as CaM is implicated in 

over activation of the oncogene KRAS which can promote cell proliferation (Chidley et al., 

2016; Najumudeen et al., 2016; Nussinov et al., 2017). Although this protein network is not 

part of the synaptic plasticity pathway, the CA3→CA1 synapse can serve as a model to 

predict how reduction in CaM may lead to improper regulation of other proteins in the CaM 

binding system. Our model predicts that low affinity CaM targets would get masked when 

CaM levels are reduced.  

So why else is it important to understand competition of proteins for CaM? A progression of 

aging is related to a reduction in CaM production, which in-turn is associated with a decline 

in synaptic function (Mons et al., 2001; Zaidi et al., 1998). This means understanding how 

CaM availability affects cell signalling may shed light as to how CaM may affect other 

pathways and/or regions of the brain. Lowering CaM may affect LTD related proteins due to 

CaMKII repressing their activities- alternately, less CaM leads to a bias of the CaM bound 

fraction biasing towards the fast binding LTD related proteins if redistribution does not 

occur. An additional possibility is that reducing CaM concentration could reduce CaMKII 

phosphorylation. This is because excess CaMKII reduces the probability of T286 

phosphorylation due to a lower probability that both the acting substrate and catalytic 

subunits of the holoenzyme are CaM bound (Hanson et al. 1994). Indeed, in Chapter 6 we 

saw that CaMKII phosphorylation decreases when there is less CaM than CaMKII present in 

the system.  
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8.1.4 Limitations and future directions 

The current model has limitations and omits factors that could be important to shaping Ca2+-

signalling. One factor already discussed is that partially bound CaM states can bind to and 

(partially) activate targets. This may shape CaM binding networks especially in conditions of 

LFS. The current work, however, predicts that at elevated stimulation, fully bound Ca2+ 

bound CaM4 gets rapidly saturated in a CaM limiting system, so the role of partially bound 

states would play a negligible role. Perhaps to offset this, is that, Ng and Mg2+ were not 

included which may also modulate CaM by reducing its binding to Ca2+ which have been 

especially when there are low rises to Ca2+. It is feasible that these factors could play a 

meaningful role in reducing CaM binding affinity during 10Hz, and that the current model 

overestimates CaM4 activation. 

Another potential weakness in the model is that CaM gets saturated at the moderate 

stimulation of 10Hz. It seems unlikely that the model captures this midrange of stimulation, 

as CaMKII appears to be robust to PP1 indicating an LTP type response. It is likely that there 

are other relevant factors in the system which mediate CaM regulation during such a 

stimulation pattern, and perhaps metabotropic pathways, Ng and/or other CaM protiens not 

modelled in the system are involved in such regulation. Regardless, 10Hz had distinguishable 

patterns from TBS and 100Hz stimulations, especially regarding the GSA results.  

With regard to CaMKII regulation, we have already discussed the role of inhibitory 

phosphorylation which may also provide insight if added to a future model of CaMKII. 

Alternately, another form of CaMKII regulation is that CaMKII binding to GluN2B binding may 

have the reciprocal role. That is, GluN2B binding to CaMCaMKIIp enhances trapped CaM 

affinity for CaMKII 20-fold further which could help CaMKII to also coordinate spaced apart 

trains as well (Bayer et al., 2001; 2006; He et al., 2015). Because this high affinity, CaMKII 

may be able to remain bound longer and thereby more effectively prime CaMKII for 

activation in response to future trains. Also, since its affinity for CaM increases, GluN2B-

CaMKII could repress binding of other targets by shielding CaM from binding to other 

targets. In addition, GluN2B binding protects T286 phosphorylation from PP1 (Barria & 

Malinow, 2005; Cheriyan et al., 2011). Indeed, adding GluN2B binding may play an important 

role in CaM competition and this role could studied experimentally and/or with modelling 

studies.  
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8.1.5 Summary 

In summary, a limited CaM concentration in the cell ensures rapid activation and allows for 

additional level of regulation such as crosstalk between unspecific proteins which compete 

for CaM to get activated. This thesis is focused on synaptic plasticity; however, CaM is the 

main protein which modulates Ca2+ getting converted to induce signalling in cellls. 

Implications of CaM competition are that if we increase catalytic rate, concentration, or use 

drugs which modulate the concentration of a protein, or use any inhibitors or agonists, of a 

CaM- binding protein that it may allow for unspecific regulation of other CaM-binding 

proteins in the system.  

It is my opinion that the limited concentration of CaM versus its binding targets may lend 

itself to many forms of regulation and be a fundamental aspect of Ca2+ cell signalling. Indeed, 

Ca2+ signalling is transduced by CaM, and understanding its signalling in synaptic plasticity 

may have cross applications other cell types regulated by CaM. In addition, studying how 

synaptic plasticity is regulated can shed light as to the molecule mechanisms by which the 

brain processes information and may one day have applications to other parts of the brain 

and research in this field may help to identify potential remedies to treat or cure systems 

which are exposed to dysregulation. 
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Appendix A: Neurons and synapses 

To transmit signals, the brain uses specialized cells called neuron cells. Before explaining signal 

transmission, it is necessary to first understand the basic structure of pyramidal neurons. These are 

composed of three parts: the cell soma from which axons and dendrites protrude. Axons and 

dendrites send and receive signals from neighbouring neurons via structures called synapses. We will 

outline each of these structures and describe the electrical and chemical nature by which neurons 

communicate.  

Soma 

The soma is the central body of the neuron. It contains mitochondria for energy production as well as 

the necessary machinery (the nucleus, endoplasmic reticulum and golgi apparatus) required for 

protein synthesis. The axons and dendrites which protrude from this structure are responsible for 

sending and receiving signals respectively. It is important to note that these two regions of the 

neuron do not cannot synthesize protein, meaning that proteins must be translocated from the soma 

in order to reach them.  

Axons 

The axon is a three part structure. First, the axon hillock which is what connects the rest of the axon 

to the cell body. Next is the axon proper (middle of the axon), which is a long structure that project 

signals. The third structure is the axon terminal. The terminal contains membrane covered sacs called 

vesicles filled with neurotransmitters (NTs) (see Appendix B for details) and a specialised area on the 

membrane which is densely packed with proteins called the ‘active zone’.  

Dendrites 

Dendrites are also projections from the soma of neurons. There are three important features of 

dendrites: 1) they are highly branched; 2) they can contain spine structures called dendritic spines; 

and 3) they have specialized membrane regions that are densely packed with proteins called the 

‘post synaptic density’ (PSD) region (Kennedy, 2000). The PSD region receives neurotransmitter 

signals and thereby allows communication at synapses. 
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Synapses 

Communicating neurons are physically separated and are able to send signals across a synapse. This 

form of communication is called a synapse and transmission of a synapse is consequently known as 

‘synaptic transmission’. Synaptic transmission is a unidirectional communication whereby the 

‘presynaptic’ axon sends a signal to the ‘postsynaptic’ dendrite target. There are parts of synapses 

that allow for synaptic transmission to happen: 1) the presynaptic active zone (AZ); the synaptic cleft; 

and the postsynaptic density (PSD). The AZ is a dense assortment of proteins at the tip of the axon 

terminal and is where signals are sent from. The PSD is a dense collection of approximately 10,000 

copies of proteins and held at the tip of the dendritic (He et al., 2014). Among other proteins, this 

region contains receptors for neurotransmitters to allow messages to be propagated. Finally, the 

synaptic cleft is the junction filled with a matrix of fibrous proteins that separates the pre- and post- 

synaptic neurons (Bear et al., 2015). This essentially adheres the pre- and post- synaptic neurons 

together. 

Action potentials: 

Action potentials are electrical signals sent down membranes of axons. Action potentials are used to 

propagate signals down axons. They create a change in voltage on the neural membrane; this change 

in voltage can cause voltage-sensitive gated channels to open to allow axon terminals to send 

messages to the receptor neuron.  

Action potentials are made possible by voltage sensitive Na+ and K+channels. The interior of axon 

membranes is negatively charged (-65mV at rest). At rest, there is a higher concentration of Na+ 

outside of the cell membrane than inside, and vice-versa for K+. If a threshold of electrical charge 

reaches the axon hillock, V-sensitive Na+ channels are made to open. Because there is a higher 

concentration of Na+ as well as an electron gradient outside of the cell membrane, the opening of the 

V-gated channel causes a rapid influx of Na+ into the cell. This causes the inside of the membrane to 

become more positively charged. The interior continues to get positively charged until it reaches 

+40mV. This voltage is the threshold by which K+ channels open. Because the concentration of K+ 

outside of the cell is higher as well as there being a positive electron gradient, K+ fluxes out of the 

membrane from the K+ channels. The K+ channels overshoot their mark however, and hyper 

depolarise the inner membrane such that its voltage is less than -65mV. The axon then recovers back 

to its resting potential in what is known as the ‘refractory period’. 

If a powerful electrical stimulation is imposed on the cell body, multiple action potentials can be sent 

down the axon. For example, if there is a strong depolarisation current sent to the neuron, it can be 

made to fire several action potentials. A weak current may produce a single action potential per 
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second (denoted as 1 Hz) while a powerful current may produce 100Hz or even up to 1000Hz. This is 

known as the ‘firing frequency’ of a neuron. These limits are caused by the effects of the refractory 

period. Finally, an ATPase Na+ /K+ pump pumps Na+ back out of the membrane and K+ back in until the 

concentration is brought back to -65mV, and the concentration of Na+ and K+ inside are as they were 

at resting state.

There are two phases of the refractory period the ‘absolute refractory period’ and the relative 

refractory period. The absolute refractory period is the defined as a period when no more action 

potentials can be sent. This is because Na+ channels get inactivated when the membrane is strongly 

depolarised. The Na+ channels cannot be made to open again until the membrane becomes 

sufficiently negative again. The relative refractory period refers to hyperpolarisation of the 

membrane caused by K+effluxes. During this period, it is possible to produce another action potential 

but extra depolarisation is required to reach this threshold. 

Another feature of action potentials are that once they are sent down axonal bodies, the message is 

propagated along the entire length of the axon. This is because when a section of an axon is 

depolarised, the charge spreads down to the next patch and causes it to depolarise, and thus open 

the V-gated channels. This pattern continues until action potential has completed its run down the 

axon. Importantly, this is a one-way process since the previous patch of the membrane is in 

refractory. 
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Figure A-1 Schematic of depolarisation of a cell cell soma. Note that if a threshold of positive 
charge enters, (as indicated by “+” symbols), the soma, it fires action potentials down 
the axom which thereby causes NT release. Servier Medical Art was used to produce 
this Figure (http://www.servier.com/Powerpoint-image-bank). 
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Appendix B: Neurotransmitter Release 

When action potentials are sent down axons, they reach the axon terminal. Here, the change in 

voltage made by action potentials cause voltage- dependent gated Ca2+ channels (VGCC) to open. 

Because the concentration of Ca2+ is higher outside the cell, opening of the channel allows Ca2+ to 

flux into the axonic terminal region. In the axon terminal, Ca2+ plays ubiquitous roles coordinating NT 

release (Bajjalieh & Scheller, 1995; Söllner et al., 1993; Südhof, 2004).  It is important to note 

however, that this process is unreliable in that NTs are not always released in response to action 

potentials, thus the quantity released can be random (Dobrunz, 2002; Branco & Staras, 2009). The 

release probabilities, however, can be altered, meaning they are plastic in nature. This short-term 

alteration in NT release is technically described as short-term plasticity (STP).  

STP of the presynaptic axon terminal is primarily governed by depletion of vesicles able to release 

NT; and axon terminal concentrations of Ca2+ (the master regulator of NT release). Before explaining 

STP, it is important to first understand NT release from the pre-synaptic axon terminal in order to 

give proper context.  

B.1 Factors that influence NT release 

There is large variation of NT release probability depending on the synapses (Branco & Starac, 2009). 

For example, some synapses have a release probability of 0.9 (90%) (Silver et al., 1998), while others 

<0.1 (Deuchars, & Thomson, 1995). This thesis is focused on the hippocampal Schaffer collateral 

which are the axon collaterals that project from CA3 pyramidal neurons to CA1 neurons (Branco & 

Starac, 2009). The NT release probability at this synapse is approximately 0.4-0.6 (Dobrunz & 

Stevens, 1997; Hardingham et al., 2010). This probabilistic response is due to short term plasticity 

(STP).  

STP refers to short term changes that influence the communication between pre- and post-synaptic 

neurons (Zucker & Regeher, 2002). There are two opposing forces in STP: short term-facilitation (STF) 

which increases the probability of NT release across the synapse, and short-term depression (STD) 
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which decreases release probability. Briefly, STP is controlled by two main factors 1) vesicle 

depletion; and 2) intracellular Ca2+ (Zucker, & Regeher 2002; Catterall et al., 2013; Deng, &Klyachko, 

2011). Before explaining STP, it is important to first understand the vesicle pools that release NTs and 

how Ca2+ is used as a master regulator of NT release to give proper context. 

B.2 Vesicle pools. 

NTs are held in membrane lined ‘sacs’ called vesicles. The membranes of vesicles can fuse with the 

membrane of the active zone (of the axon terminal) which creates an open pore that the NTs can flux 

through (Bear et al., 2015). For this to occur vesicles must first dock to the active zone plasma 

membrane of the presynaptic active zone and be primed to undergo membrane fusion (Rizzoli, 

2014). Docking, priming and fusion are all distinct biochemical events that involve distinct proteins 

(Jahn, & Fasshauer, 2012). 

Not all vesicles have the same release probability however, in fact they are categorised into three 

pools. These are the: 1) readily releasable pool (RRP); 2) recycling pool; and 3) the reserve pool 

(Rizzoli & Betz, 2005; Denker & Rizzoli, 2010; Rizzoli, 2014). Here, the reserve pool forms large 

immobile clusters of vesicles held together; they can then be liberated from the clusters to enter the 

recycling vesicle pool, and finally, the recycling pool can enter the RRP where they are docked to the 

active zone ready to release their internal NT contents (Leenders & Sheng, 2005; Rizzoli & Betz, 

2005). 

B.3 Recycling pool 

The recycling pool of vesicles makes up 10-20% of vesicles in the CA3 presynaptic terminal and 

consists of mobile vesicles that are available to be docked to the membrane to enter the RRP or 

alternately “mature” into the reserve pool (Denker & Rizzoli, 2010). This pool is not immediately 

releasable, but since they are mobile, can localise towards the active zone plasma membrane to 

release their NT cargo after moderate stimulation or prolonged low stimulation (Ryan & Smith, 1993; 

Cigolani & Gondo, 2008; Denker & Rizzoli, 2010; Jahn, & Fasshauer, 2012). Localisation towards the 

active zone is thought to be mediated by a cytoskeleton filament protein called actin which can 

direct these vesicles by acting as guiding tracks (Denker & Rizzoli, 2010). Simple diffusion must also 

play a role but is unlikely to play a large role since synaptic activity has strong facilitation powers over 

its release (Ryan & Smith, 1993; Zucker, & Regeher 2002; Catterall et al., 2013; Deng, & Klyachko, 

2011). Evidently Ca2+ plays an important role in directing the recycling pool to the active zone 

through largely unknown mechanisms (Rizzoli & Betz, 2005).  
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B.4  RRP and NT release 

The RRP is the smallest vesicle pool and as their names suggests, they are the first pool to be 

released neuronal stimulation. This pool constitutes the smallest vesicle pool (Rizzoli & Betz, 2005). 

The distinction of vesicles of the RRP are that they are physically ‘docked’ to the active zone plasma 

membrane proximal to V-gated Ca2+. This ensures a rapid response to Ca2+ influx. When voltage-

mediated Ca2+ influx does occur, the structural configuration of the protein interactions that dock the 

vesicles to the active zone plasma membrane change such that the two membranes to cause fusion 

of the two membranes. This allows NTs to leak out of the vesicles to the synaptic cleft. Membrane 

fusion and NT cargo release occurs almost instantaneously upon neuronal stimulation (Denker & 

Rizzoli, 2010; Rizzoli & Betz, 2005). It is therefore fitting that the mechanism of NT release be 

explained in conjunction with the RRP. 

The mechanism of vesicle docking to the active zone plasma membrane to then be primed to 

undergo membrane fusion occurs by several protein-protein interactions, a brief overview of this 

process will now be outlined (Leenders & Sheng, 2005; Jahn, & Fasshauer, 2012). Here, families of 

“SNARE” and synaptotagmin proteins are key. There are two important regions of these proteins 1) a 

hydrophilic region embedded into the membranes of vesicles and active zone; and 2) a tail that 

projects out to the cytosol. The active zone has its own specialised SNARE proteins (t-SNAREs) such 

as SNAP-25 and syntaxin; while vesicles also use a specialised SNARE protein, synaptobrevin (Bear et 

al., 2015; Catterall et al., 2013; Söllner et al., 1993). The mechanism for vesicle docking is that α-helix 

regions of cytoplasmic tails of t-SNAREs and synaptobrevin intertwine to form coiled-coil α-helical 

bundle (Bethani et al., 2009). This interaction holds the two membranes together. (Bethani et al., 

2009; Jahn, & Fasshauer, 2012).   

Vesicles also contain a protein similar to in structure to SNAREs (in that it embeds into the membrane 

and protrudes to the neuron’s cytoplasm), called synaptotagamin which is important for NT release. 

This protein also interacts with the SNARE α-helical bundle where it acts as a Ca2+ sensor that can 

mediate vesicle membrane fusion. That is, when a Ca2+ influx occurs, the Ca2+ binds to 

synaptotagmin. In the Ca2+-bound form, synaptotagmin changes the conformation of the α-helical 

bundles in such a way that the two membranes fuse in a process known as “zippering” (Chen & 

Scheller, 2001). Membrane fusion creates a pore between the two membranes in which NTs can leak 

out across the synaptic cleft to then bind to PSD receptors of the target neuron (Jahn, & Fasshauer, 

2012). It is important to note that is process is subject to much regulation and involves ATP-driven 
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reactions and many non-SNARE proteins such as Munc13, Munc-18, complexin proteins, and SM 

proteins (Jahn, & Fasshauer, 2012; Verhage & Sorensen, 2008; Bethani et al., 2009).  

The final stage in NT release is exocytosis which again, is a Ca2+ dependent process controlled by 

SNARE proteins (Chen, & Scheller, 2001; Rettig & Neher, 2002). Here the pore continues to grow until 

the vesicle membrane get fully incorporated into the membrane of the active zone meaning that the 

NT contents are released across the synaptic cleft in bulk (Bear et al., 2015; Rettig & Neher, 2002). 

Again, this process involves a distinct set of complex protein interactions.  

After being NT release, vesicles and NTs are recycled. I will not explain this is depth; however, the 

important points to note are that vesicles can be endocytosed directly into each of the three pools, 

by different mechanisms. Each of which occurs at different rates whereby recovery into RRP happens 

the fastest, and recovery into the reserve pool is the slowest (see Rizzoli, (2014) for a detailed 

review).  
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Figure B-1- main events that lead to presynaptic NT release. Action potentials are sent down the 
axon (large blue arrow). The change in voltage caused by the action potential then 
causes the voltage gated (sensitive) Ca2+ channel to open. As a result, Ca2+ fluxes into 
the cell. Ca2+ then plays ubiquitous roles in causes NTs (black dots) to get released. 
Also note that 1) v-SNAREs intertwine to dock the vesicles to the plasma membrane; 
2) the vesicles are of three distinct pools (the large pool are held together by synapsin 
(orange lines); the pool unbound by synapsin are free of this cluster; and finally the 
RRP are docked to the plasma membrane); and 3) Ca2+ activates calmodulin which can 
then interact with V-gated (sensitive) Ca2+ channels to either upregulate them if there 
is low Ca2+, or downregulate if there is a high Ca2+ concentration.  
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Appendix C: CaMKII in LTD 

CaMKII has been shown to be responsible for LTD induction. Coultrap et al. (2014) recently published 

an elegant study that showed active T286 phosphorylated CaMKII can also enhance NMDAR-

dependent LTD. Here, during LFS, CaMKII knockouts as well as T286A KIs had impaired LTD. 

Furthermore, CaMKII favoured phosphorylation of GluA1 residue S567, while S831 phosphorylation 

less favoured. The opposite was true in LTP-inducing conditions.  

 

The relevance of S567 phosphorylation in LTD is that this residue is part GluA1 cytoplasmic loop 1, a 

critical region for AMPAR trafficking to the synapse. It has been shown that phosphorylation of this 

residue inhibits proper AMPAR trafficking (Lu et al., 2010). Therefore, phosphorylating this site 

thereby reduces AMPAR numbers in the synapse, thus restricting LTP. Interestingly, GluA1 loop-1 

shares no homology to traditional T-site binding phosphorylation targets, and the inhibitor AC3 that 

competes with the T-site had no effect on S567 phosphorylation (Coultrap et al., 2014). S567 

therefore represents a novel class of substrate that binds to a site of CaMKII other than the T-site. 

Coultrap et al. (2014) suggested that the mechanism of differential AMPAR phosphorylation was 

attributed to Ca2+/CaM concentration. That is, increased Ca2+/CaM concentrations favour traditional 

substrates whereas low Ca2+/CaM favours S567 phosphorylation instead.  

 

Because CaMKII must be in a different conformation to bind the S567 site, it is logical that CaMKII 

proteins must bind to different substrates than LTP-inducing CaMKII. It is known that Ca2+ /CaM is 

able to bind to CaMKII and cause T286 phosphorylation when two Ca2+ molecules are bound per CaM 

molecule (Shifman et al., 2006). Although no crystal structures of CaM2C-CaMKIIP
 exist, this form likely 

adopt a different conformation to CaM4-CaMKIIP due to CaM itself being in a different conformation. 

It may also be that CaMKII is subject to other forms of post-translational modification at different 

amino acid sites to alter its conformation, and low Ca2+ in fact regulates a different cascade that 

regulates such modification.  
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Appendix D: Mathematical Modelling Equations 

The law of mass action is a fundamental concept of chemical reactions and is commonly used to 

mathematically model dynamic chemical systems (Waage & Gulberg, 1984; Quílez, 2009). This law 

assumes that the concentration of reactants are converted to products proportionate by a constant 

reaction rate in a system with a steady temperature and pH (Quílez, 2009). For example, in the 

following Equation, two reactants A and B are converted to C and D at rate k1: 

 

 

 

Note that in this example, there is also a reverse reaction whereby C and D can be converted back to 

A plus B at the reaction rate k-1. Using these reactions, the following set of ordinary differential 

equations can be used to model the change in concentration of each molecule over time:   

 

 

 𝑑𝐴

𝑑𝑡
=  

𝑑𝐵

𝑑𝑡
=  −𝑘1[𝐴][𝐵] +  𝑘−1[𝐶][𝐷] 

 

 

(C.1) 

 𝑑𝐶

𝑑𝑡
=  

𝑑𝐷

𝑑𝑡
=  𝑘1[𝐴][𝐵] −  𝑘−1[𝐶][𝐷] 

 

 

(C.2) 

 

In Equations C.1-C.2, [A] represents molecule A concentration; [B] is the concentration B, and k1 and 

k-1 are the forward and reverse reactions respectively. Notice that the change in concentration of A 

and B (
𝑑𝐴

𝑑𝑡
 and 

𝑑𝐵

𝑑𝑡
) are both reduced proportionately to the rate they are converted to C and D ([C] 

and [D]) and are increased by the reaction of C and D multiplied by the reaction rate k-1; and the 

reciprocal is true for C and D.  

 

This example is simplified however, and only considers one forward and one reserve reaction. Note 

that in larger systems, ‘A’ could be affected by several other reactions in a system. The net change in 

its concentration is the sum of all that is increasing its concentration (denoted as v+) minus that 

which decreases it (v-) i.e. 
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 𝑑𝐴

𝑑𝑡
=  𝑣+ −  𝑣− 

 

 

                                        (C.3) 

 

Where v+ represents all reactions that increase A, while the opposite is true for v-. 

 

 

 

 

Michaelis-Menton equation 

 

The law of mass action can also be applied to a slightly more complex equation known the Michaelis-

Menton equation (Michaelis et al., 2011). This is a commonly used equation used to model enzymatic 

kinetics. It describes how a substrate binds to an enzyme to form an intermediate species from which 

the substrate is changed into a product, and the enzyme dissociates in the form: 
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Note that total enzyme concentration ([E]o) is assumed constant, and 

[𝐸] + [𝐸𝑆] = [𝐸𝑜]  (C.4) 

In general, using laws of mass action, this produces the following differential equations. 

𝑑𝐸

𝑑𝑡
=  −𝑘1[𝐸][𝑆] +  𝑘−1[𝐸𝑆] +  𝑘2[𝐸𝑆]

 (C.5) 

𝑑𝑆

𝑑𝑡
=  −𝑘1[𝐸][𝑆] +  𝑘−1[𝐸𝑆]

 (C.6) 

𝑑𝐸𝑆

𝑑𝑡
=  𝑘1[𝐸][𝑆] −  𝑘−1[𝐸𝑆]

 (C.7) 

𝑑𝑃

𝑑𝑡
=  𝑘2[𝐸𝑆] 

 (C.8) 

There are a number of meaningful assumptions in the Michaelis-Mention equation. 

1) The reverse reaction of Product →Enzyme-Substrate [ES] is considered negligible and

therefore is not parameterised

2) The total concentration of enzyme, [E]o is constant and so is [ES]

i.e. 𝑑𝐸𝑆

𝑑𝑡
=

𝑑𝐸0

𝑑𝑡
= 0 

 (C.9) 

3) This also implies that the reaction1 rate E+S→ ES is equal to the reverse of this reaction

(reaction-1) minus the second reaction (reaction2).

 i.e. rate1= rate-1 + rate2

This is represented by 

𝑘1 [𝐸][𝑆] =   𝑘−1[𝐸𝑆] +  𝑘2[𝐸𝑆]  (C.10) 
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And because [𝐸] +  [𝐸𝑆] =  [𝐸]
0

  

 

This means that [E]= [E o] –[ES]. And so, the right-hand side can be simplified to : 

 

 

 [𝐸𝑆](𝑘1 +  𝑘2)          (C.12) 

 

 

Therefore rate1= rate-1 + rate2 can be represented as:  

 

 

 𝑘1([𝐸0] − [𝐸𝑆]) [𝑆] =  [𝐸𝑆] (𝑘−1  +  𝑘2) 

 

(C.13) 

 

 

Expanding the left-hand side gives: 

 

 

 𝑘1[𝐸0][𝑆] − 𝑘1[𝐸𝑆] [𝑆] =  [𝐸𝑆] (𝑘−1  +  𝑘2) (C.14) 

 

 

Dividing both sides by k1 gives  

 

 

 
[𝐸0][𝑆] − [𝐸𝑆][𝑆]

𝑘−1 + 𝑘2

𝑘1
 

(C.15) 

 

Note that 
𝑘−1+𝑘2

𝑘1
 can be represented as the so-called Michaelis constant, km 

 

Rearranging gives 

 

 



 188 

 [𝐸0] [𝑆] =  [𝐸𝑆] 𝑘𝑚  +  [𝐸𝑆] [𝑆]  

 

(C.16) 

 

 [𝐸𝑆] (𝑘𝑚  +  [𝑆]) =  [𝐸0] [𝑆] 

 

(C.17) 

 

 
[𝐸𝑆] =  

[𝐸0] [𝑆]

𝑘𝑚 + [𝑆]
 

(C.18) 

 

Recall that 
𝑑𝑃

𝑑𝑡
= 𝑘2[𝐸𝑆] which equals the reaction velocity (Vo) 

 

Therefore, the rate of product formation can be represented as: 

 

 

 
𝑘2[𝐸𝑆] =

𝑘2[ES][S]

𝑘𝑚 + [𝑆]
 

(C.19) 

 

 

In the Michaelis-Menton equation, Vo reaches its maximum rate when [Eo]=[ES]. This maximum rate 

(technically it is a mathematical limit) is denoted by Vmax.  

 

 

i.e. k2[E0] =  V𝑚𝑎𝑥 

 

(C.20) 

 

 

And so the reaction velocity (the rate of product formation) is denoted as: 

 

 

 𝑑𝑃

𝑑𝑡
= 𝑉0 =

𝑉𝑚𝑎𝑥[𝑆]

𝑘𝑚 + [𝑆]
 

(C.21) 

 

This reaction is known as the “Michaelis-Menton Equation”. 
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The Michaelis-Menton constant. 

 

The Michaelis-Menton constant is an important aspect of the equation as its values indicate the 

binding affinity of the reaction as well as the reaction velocity. 

 

As mentioned, km is derived by: 

 

 
𝑘𝑚 =  

𝑘−1 + 𝑘2

𝑘1
 

(C.22) 

 

Which is equivalent to: 

 

 
𝑘𝑚 =

𝐸𝑆 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 

𝐸𝑆 𝑎𝑠𝑠𝑜𝑖𝑐𝑎𝑡𝑖𝑜𝑛
 

(C.23) 

 

 

Therefore, if the association rate is high relative to the dissociation rate, km will be low, indicating 

that a high substrate binding affinity. A further proof that km is associated with binding affinity is that 

the km value is half of Vmax , also, half of Vmax is reached when km=[S]  

 

 

 

i.e. 

𝑉𝑚𝑎𝑥[𝑆]

2[𝑆]
 

 

(C.24) 

 

This means that if km is low, then less substrate is required to reach half of the Vmax, again, proving 

km’s relevance for binding affinity.  
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Hill equation 

The Hill equation is an extension of the Michaelis-Menton equation except that it includes another 

unitless term, ‘n’:  

 

 
𝑉0 =

𝑉𝑚𝑎𝑥[𝑆]𝑛

𝑘𝑚
𝑛 + [𝑆]𝑛

 
(C.25) 

 

The term ‘n’ is a measure of cooperatively for substrate binding. That is, binding of one or more 

substrates to an enzyme affects the subsequent binding of other substrates to that enzyme. For 

example, in haemoglobin, the binding of the first oxygen molecule to the protein facilitates the 

binding of the next (Hunter & Anderson, 2009). This means that there a sigmoidal response to 

substrate concentration as opposed to the hyperbolic response seen in Michaelis-Menton kinetics. 

This type of response is seen when n>1 and this is known as ‘positive cooperativity’. If however, the 

binding of a substrate decreases the binding affinity of subsequent substrates, this is called ‘negative 

cooperativity’. Negative cooperativity is witnessed when n <1. Finally, if n=1, then substrate binding 

of enzymes is independent and Michaelis-Menton kinetics occur.  
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Appendix E: CaMKII binding to GluN2B 

The binding of GluN2B to CaMKII involves transitional binding from the S- to T- site of CaMKII’s kinase 

domain. A study by Bayer et al. (2006) showed that the initial binding between CaMKII and GluN2B 

was a Ca2+/CaM- dependent, reversible interaction, and mutations of residues F98 and/or E139 of 

GluN2B blocks it. With additional stimulation the group found that a more persistent binding could 

occur between GluN2B and the kinase T-site of CaMKII. This interaction could remain intact without 

Ca2+/CaM; here, GluN2B residues I205 and W273 were crucial. Such T-site binding was found to be 

positively modulated by CaMKII T286 autophosphorylation. The authors of the study conclude that 

initial S-site binding promotes a Ca2+/CaM- induced opening of the CaMKII structure; this then allows 

access for GluN2B to bind the T-site of CaMKII (Bayer et al., 2006). Modulation of GluN2B- CaMKII 

binding will now be explained with emphasis on different phosphorylation sites. 

 

The open (non-autoinhibited) CaMKII structure can bind ATP, which can then modulate GluN2B 

binding by acting as a binding partner and also through the effects of phosphate donation (O’Leary et 

al., 2011; Barcomb et al., 2013). Three of these known phosphorylation sites inhibit GluN2B binding 

(T305/T306 of CaMKII and S1303 of GluN2B), while another enhances it (T286 of CaMKII). 

 

Inhibitory regulation by ATP phosphate donation include T305/T306 phosphorylation of CaMKII, and 

S1303 phosphorylation of GluN2B. True hyperphosphorylation and T305D/T306D KI mutant rodent 

studies have shown to decrease CaMKII-GluN2B binding and which suggests less anchoring of CaMKII 

in the PSD (O’Leary et al., 2011; Barcomb et al., 2014). Magnitude of GluN2B binding is substantially 

less in the naturally hyperphosphorylated state; in fact, Barcomb et al. (2014) suggest that 

T305D/T306D KI mutants do not have decreased GluN2B binding, highlighting bias in T305D/T306D 

studies. CaMKII can also phosphorylate residue S1303 of GluN2B residue which inhibits CaMKII-

GluN2B binding (O’Leary, 2011). Such an effect is logical since S1303 is an important reside for both 

reversible S-site and more persistent T-site kinase domain binding to GluN2B (Bayer et al., 2001; 

2006). It is noteworthy however, that GluN2B binding protects against S1303 phosphorylation, so 

would not likely represent an event that would occur in the early phase of LTP. 

 

ATP positively modulates GluN2B in two ways: through phosphate donation to residue T286; and by 

its own physical interactions with CaMKII (O’Leary et al., 2011; Barcomb et al., 2013). To recall, 

phosphorylation of T286 reduces dissociation of Ca2+/CaM and enhances persistent T-site binding to 

GluN2B (Meyer et al., 1992; Bayer et al., 2006). Indeed, this is idea is backed with experimental 
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evidence that suggests that CaMKII can be persistent in the PSD when T286 is phosphorylated 

(O’Leary et al., 2011; Barcomb et al., 2014). The evidence that ATP has direct positive modulation of 

GluN2B was made by Barcomb et al. (2013) using ATP-mimicry kinase inhibitors Sta and H7. These 

inhibitors bind to the ATP binding groove without having the ability to donate phosphate. Therefore, 

ATP binding can be explored in the absence of T286/T305/T306 and S1303 phosphorylation cross-

talk. The study found that GluN2B binding was positively modulated with application of Sta and H7, 

as was CaMKII translocation towards the PSD. The conclusion here was that catalytic activity of 

CaMKII is not necessary for translocation nor GluN2B binding; furthermore, activity of other kinase 

enzymes is not required either since Sta and H7 are non-specific kinase inhibitors. 
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Appendix F: Mathematical model of CaM binding network 

iAC1 =  AC1𝑇  −  CaMAC1     (F.1) 

iAC8 =  AC8𝑇  −  CaMAC8  (F.2) 

PP1 =  PP1𝑇  −  I1PP1  (F.3) 

i1 =  i1𝑇 −  I1PP1  (F.4) 

PDE4B =  PDE4B𝑇  −  PDE4BP (F.5) 

PDE4D =  PDE4D𝑇  −  PDE4DP (F.6) 

AC∗  =  
AC∗

(1 + K1)  (F.7) 

PDE1 =  PDE1𝑇  −  CaMPDE1  (F.8) 

CaCaNB =  
PP2B𝑇 − CaMCaNA)[Ca2+]n1

Kd1n1  + [Ca2+]n1
(F.9) 

ActivePP2B =  CaMCaNA +  
CaCaNB

20
(F.10) 

iCaMKII =  CaMKIIT  −  CaMCaMKII − CaMCaMKIIP

− CaMKIIP  (F.11) 

d[CaMAC1]

dt
= kc1f[CaM4][iAC1] − kc1b[CaMAC1] 

 (F.12)
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 d[CaMAC8]

dt
= kc2f[CaM4][iAC8] − kc2b[CaMAC8] 

 

                                         (F.13) 

 

 d[CaMPDE1]

dt
= kc1f[CaM4][iPDE1] − kc1b[CaMPDE1] 

 

                                 (F.14) 

 

 d[CaMCaNA]

dt
= kc1f[CaM4][CaCaNB]

− kc4b1[CaMCaNA]
[Ca2+]n2

Kd2
n2 + [Ca2+]n2

]

− kc4b2[CaMCaNA] (1 −
[Ca2+]n2

Kd2
n2 + [Ca2+]n2

) 

 

 

 

                       (F.15)       

                                

 
P = 1 − (

iCaMKII

CaMKIITotal
)

2

 
 

                                                                                        (F.16) 

 

 d[CaMCaMKII]

dt
= (kc5f[CaM4][iCaMKII]) − (kc5b[CaMKII])  

− (kcat14 ∗ P ∗ [CaMCaMKII]) −  (kc5b1[CaMCaMKII])

+
kcat15[PP1][CaMCaMKIIP]

(Km15 + CaMCaMKIIP)

+ 
(kcat16[PP2A][CaMCaMKIIP]

(Km16 + [CaMCaMKIIP])
 

 

 

(F.17) 

 

 

 d[CaMCaMKIIP]

dt

=  (kcat14 ∗ P ∗ [CaMCaMKII]) + (kc5f[CaM4][iCaMKII])

+ (kc5b[CaMKII]) −
kcat15[PP1][CaMCaMKIIP]

(Km15 + [CaMCaMKIIP])
 

−  
(kcat16[PP2A][CaMCaMKIIP]

(Km16 + [CaMCaMKIIP])
 

 

 

 

(F.18) 

 

 

 d[CaMKIIP]

dt
=  −(kc5f[CaM4][CaMKIIP]) + (kc5b2[CaM4][CaMKIIP])

−
kcat15[PP1][CaMKIIP]

(Km15 + [CaMKIIP])
 −  

(kcat16[PP2A][CaMKIIP]

(Km16 + [CaMKIIP])
 

 

 

(F.19) 
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 d[CaM4]

dt
= −  (kc1f[CaM4][iAC1] − kc1b[CaMAC1])

− (kc2f[CaM4][iAC8] − kc2b[CaMAC8])

− (kc1f[CaM4][iPDE1] − kc1b[CaMPDE1])

− (kc1f[CaM4][CaCaNB] − kc4b1[CaMCaNA]
[Ca]n2

Kd2
n2 + [Ca]n2

]

− kc4b2[CaMCaNA] (1 −
[Ca]n2

Kd2
n2 + [Ca]n2

))

− ((kc5f[CaM4][iCaMKII]) − (kc5b[CaMCaMKII])) 

− (kc5f[CaMKIIT286P] −  kc5b2[CaM4][CaMKIIP])  

   

 

 

 

 

 

(F.20) 

 

CaM0 =  CaMtotal  −  CaRTT −  TTCaR −  CaCaTT −  CaRCaR –  TTCaCa 

−   CaCaCaR −  CaRCaCa −  CaM4  −  CaMAC1 −  CaMAC8 

−  CaMCaMKII −  CaMCaMKIIT286P  −  CaMCaNA 

−  CaMPDE1 

 

(F.21) 

 

 

 d[VPDE4B]

dt
=

(kcat4[PKAc][PDE4B])

(Km4 + [PDE4B] )
− k10[PDE4BP] 

 

                                     (F.22) 

 

 d[VPDE4D]

dt
=

(kcat4[PKAc][PDE4D])

(Km4 + [PDE4D] )
− k10[PDE4DP] 

 

                                  (F.23) 

 

 VcAMPproduction
 = Kcat1[CaMAC1] + Kcat2[CaMAC8] + Kcat3[AC∗]         (F.24) 

 

 
VcAMPinhibition

=
kcat5[PDE1T][cAMP]

Km5 + [cAMP]
 (1 + (

kcat6

kcat5
− 1)

[CaMPDE1]

[PDE1T]
)

+
kcat7[PDE4BT][cAMP]

Km7 + [cAMP]
  ∗ (1 + (

kcat8

kcat7
− 1)

[PDE4BP]

PDE4BT
) 

+
kcat9[PDE4DT][cAMP]

Km9 + [cAMP]
∗ (1 + (

kcat10

kcat9
− 1)

[PDE4DP]

PDE4DT
) 

 

 

 

 

 

(F.25) 
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 d[R2C2cAMP2]

dt
= k17f[R2C2][cAMP]2 − k17b[R2C2cAMP2] 

 

                            (F.26) 

 

 d[R2C2cAMP4]

dt
=  k18f[R2C2cAMP2][cAMP]2 − k18b[R2C2cAMP4] 

 

                 (F.27) 

 

 d[PKAc]

dt
=  2 ∗ (k19b[R2C2cAMP4] −  k19f[PKAc]

3
2) 

 

                                          (F.28) 

 

 

 d[PP1]

dt
=

kcat11[PKAc][I1]

Km11 + [I1]
−

kcat12[PP2A][I1PP1]

Km12 + [I1PP1]

−
kcat12[ActivePP2B][I1PP1]

Km13 + [I1PP1]
 

 

                                     

                                       (F.29) 

 

 

 

 

Table F-1 Variable concentrations 

Variable Description µM 

AC1T total concentration of AC isoform type 1  2.5 

AC8T total concentration of inhibited AC isoform type 8  0.625 

AC*T total concentration of CaM-independent AC 2.5 

PDE1T total concentration of PDE1  4 

PDE4BT total concentration of PDE4B 1 

PDE4DT total concentration of PDE4B 1 

R2C2T total concentration of PKA 1.2 

PP2BT total concentration of inhibited PP2B 2.1 

PP2AT total concentration of inhibited PP2A 0.11111 

PP1T total concentration of PP1 3.5 

i1T total concentration of i-1. 1.5 

CaMKIIT total concentration of CaMKII 20 

CaMT total concentration of CaM 17.7 
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Table F-2 How variable concentrations were obtained in original He et al. (2016 model). 

Variable Measurement Reference 

PDE1  Immnoreactivity in 

mouse brain 

Polli & Kincaid, 1994; 

Kim et al. 2010  

AC1 Estimated Kim et al. 2011 

AC8 Estimated Kim et al. 2011 

PDE4B/D Estimated Kim et al. 2011 

PKA Rabbit brain Hoffman et al. 1977 

CaM Rat brain Kakiuchi et al. 1982 

PP2B Measured in rat brain Su et al. 1995 

CaMKII Rat forebrain (Mass 

spectrometry) 

Hayer & Bhalla, 2005; 

Sheng & Hoogenraad 

2007; Cheng et al. 

2006) 

PP2A Estimated Hayer & Bhalla, 2005 

AC* Estimated He et al. (2016) 
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Table F-3 List of parameters in the model 

Parameter Description Value 

 Binding rates with CaM4  

kc1f iAC1 binding CaM4
 50µM-1 s-1 

kc1b CaMAC1 dissociating CaM4 1s-1 

kc2f iAC8 binding CaM4
 20µM-1s-1 

kc2b CaMAC8 dissociating CaM4 1s-1 

kc3f iPDE1 binding CaM4
 100 µM-1s-1 

kc3b CaMPDE1 dissociating CaM4 1 s-1 

kc4f CaMCaNA binding CaM4
 46µM-1s-1 

kc4b1 CaMCaNA dissociating CaM4 (high Ca2+) 0.0012 s-1 

Kd1 CaMCaNA dissociation constant from CaM4 0.5µM 

n1 Hill constant for CaMCaNA activation 1.8 

kc4b2 CaMCaNA dissociating CaM4 (low Ca2+) 2s-1 

Kd2 CaMCaNA dissociation constant from CaM4 0.1µM 

n2 Hill constant for CaMCaNA dissociation from CaM4 3 

kc5f CaMKII (and CaMKIIP) binding CaM4 21µM-1s-1 

kc5b1 CaMCaMKII dissociating CaM4 1.1s-1 

kc5b2 CaMCaMKIIP dissociating CaM4 0.0011s-1 

 Catalytic reactions  

kcat1 CaMAC1 creating cAMP 2.843 s-1 

kcat2 CaMAC8 creating cAMP 2.843 s-1 

kcat3 AC* creating cAMP 3 s-1 

kcat4 PKA phosphorylating PDE4B/D 18 s-1 

Km4 Michaelis Constant of PKA phosphorylating PDE4B/D 25µM 

k10 Dephosphorylation constant of PDE4B/D 0.25 s-1 

kcat5 CaMPDE1 inhibiting cAMP 1.7 s-1 

kcat6  3.12 s-1 

Km5  10 µM 

kcat7 PDE4BP inhibiting cAMP 1.56 s-1 

kcat8  3.12 s-1 

kcat9 PDE4DP inhibiting cAMP 5.4 s-1 

kcat10  10.8 s-1 

kcat11 Phosphorylation of I1 by PKA 1.4 s-1 

Km11  5 µM 

kcat12 Dephosphorylation of I1 by PP2A 2 s-1 

Km12  16 µM 

kcat13 Dephosphorylation of I1 by PP2B 2.8 s-1 

Km13  3 µM 

kcat14 Autophosphorylation by CaMCaMKII 1.2 s-1 

kcat15 Dephosphorylation of (CaM)CaMKIIP by PP1 1.72 s-1 

Km15  11 µM 

kcat16 Dephosphorylation of (CaM)CaMKIIP by PP2A 2 s-1 

Km16   

 cAMP binding   

k17f 2 cAMPs binding R2C2  (PKA) 8 µM-2 s-1 

k17b 2 cAMPs dissociate from R2C2  (PKA) 0.02 s-1 

k18f 2 cAMPs binding R2C2 cAMP2 (PKA) 0.7 µM-2 s-1 

k18b 2 cAMPs dissociate from R2C2 cAMP2 (PKA) 0.2 s-1 

k19f 2 catalytic domains of PKA (PKAc) become active  0.25 µM-2 s-1 

k19b PKAc rebinds regulatory domain 0.0016 s-1 
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Table F-4 List of how parameters in the model were obtained (with references) 

Reaction Experiment Animal Reference 

CaM binding AC1 
Assay at different CaM 
levels 

Bovine Tang et al. 1991 

Dephosphorylation of 
i-1 

32P labelled substrate 
Rabbit 
skeletal 
muscle 

Foulkes et al.1983 

PP2A activity 32P labelled assay 
Rabbit 
skeletal 
muscle 

Hayer & Bhalla, 
2005; Ingebritsen & 
Cohen, 1983 

AC1/8 activity 3H Assay Bovine Nielsen et al. 1996 

PP2B binding CaM 
Flow dialysis/ Steady state 
fluorimetry 

Bovine/Rat 
Klee & Stemmer, 
1994/ Quitana et al. 
2005 

PP1 activity 32P Assay Rat Bradshaw et al. 2003 

PKA phosphorylation 
of PDE4B/D 

32P Assay Human Bastidas et al. 2012 

PKA phosphorylation 
of i-1 

32P Assay Bovine 
Hemmings et al. 
1984 

PDE4B/D repressing 
cAMP 

3H Assay Human Wang et al. 2007 

PDE1 converting to 
cAMP to AMP 

3H assay Bovine 
Sharma & Wang 
1986 

CaMKII binding CaM 
Model fit from Bradshaw 
et al. 2003 and Schulman 
et al. 1998 (32P assay) 

Rat Chiba et al. 2008 

Phosphorylation of i-1 32P Assay Bovine 
Hemmings et al. 
1984 

PP2B 
dephosphorylation 

32P Assay Bovine 
Kim et al. 2011; 
Stemmer & Klee, 
1994 
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Appendix G: Global Sensitivity Analysis 

Latin hypercube sampling 

To perform GSA, the LHS-PRCC method was used. Latin LHS is a Monte Carlo sampling method which 

involves stratified sampling without replacement (Mckay et al., 1979; Marino et al., 2008). Here a 

predefined range of values are chosen for each parameter. Each parameter is then divided in N 

intervals. For example, if N=100, then each the parameter would be divided into 100 equally 

probable intervals. Each interval is sampled once to ensure that the entire range of values is sampled 

of each parameter are non-overlapping such like a Latin square (hence the name Latin Hypercube 

Sampling). The probability intervals can be of many distribution types, but in this thesis, all assumed 

uniform distribution. The model is then simulated N times (which must be at least 1 more than the 

number of parameters to ensure a Latin hypercube is possible).  

To determine the global sensitives of each parameter, the partial rank correlation was used based on 

the methods of Marino et al. (2008). Here, the probability intervals are first ranked such that 1 is the 

lowest probability interval of a parameter, and N is the highest value as is the chosen output 

analysed.  

The correlation coefficient (CC) of each input (xij) with respect to the chosen output, y is then 

calculated as per Equation E.1: 

𝑟𝑥𝑗𝑦 =
𝐶𝑜𝑣(𝑥𝑗 , 𝑦)

√𝑉𝑎𝑟(𝑥𝑗)𝑉𝑎𝑟(𝑦)
=  

∑ (𝑥𝑖𝑗 − �̅�𝑁
𝑖=1 )(𝑦𝑖 − �̅�)

√∑ (𝑥𝑖 − �̅�𝑁
𝑖=1 )2 ∑ (𝑦𝑖 − �̅�𝑁

𝑖=1 )2
j=1,2….N 

(E.1) 

This equation produces a number between -1 and 1 which determines the strength of correlation 

between x and y. PRCC differs from this approach however, as the inputs which were generated by 

LHS are first ranked (for example, a rank of 1 indicates the lowest generated input, N is the highest) 

as is the output, y. In PRCC, the CC between(𝑥 − 𝑥)̂, and(𝑦 − �̂�) is calculated, where: 
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x̂̂j =  c0 + ∑ cp

k

p=1

xp 
                                   

                                                                                                 (E.2) 

 

 
ŷj =  b0 + ∑ bp

k

p=1

xp    
                                   

                                                                                                 (E.3) 

 

 

In Equations E.2-E.3, c0 and b0 are the error terms, and cp  and bp  are the regression coefficients for x 

and y respectively.  
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Appendix H: Monotonicity plots 

In order to perform LHS-PRCC, it is necessary that the parameter being sampled has a monotonic 

sensitivity to perturbation. Below are each of the monotonic for each output and for each 

stimulation frequency of each output. Note that some parameters had no correlation the output and 

so due to rounding differences appear to have stochastic responses. These parameters were not 

used for the analysis. In addition, if there were non-monotonic relationships, the range of values 

used for the LHS-PRCC were trimmed to only the value ranges in which the parameter had a 

monotonic relationship to the output (as indicated by the black lines on the plots).  
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Figure H-1 Monotonic plots for CaM4 during LFS. 
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Figure H-2 Monotonic plots for CaM4 during 10Hz stimulation. Note that kc4f is trimmed to ±70% perturbation. 
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Figure H-3 Monotonic plots for CaM4 during TBS. Note that nPKA is trimmed to ±80% perturbation; n1 is trimmed to ±40%; and kcat16 is trimmed to ±70%. 
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Figure H-4 Monotonic plots for CaM4 during 100Hz. 
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Figure H-5 Monotonic plots for cAMP at LFS. 
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Figure H-6 Monotonic plots for cAMP at 10Hz. Note that konNt and konNR and konCT are trimmed to ±80%. Also note that only values above standard conditions 
are taken for kcat6. Kc4f is trimmed to ±70%. 
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Figure H-7 Monotonic plots for cAMP at TBS. 
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Figure H-8 Monotonic plots for cAMP at 100Hz. 
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Figure H-9 Monotonic plots for I1PP1 formation at LFS. 
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Figure H-10 Monotonic plots for I1PP1 formation at 10Hz. 
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Figure H-11 Monotonic plots for I1PP1 formation at TBS. Notice that k17f is trimmed to a ±80% range.  
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Figure H-12 Monotonic plots for I1PP1 formation at 100Hz. Notice that k17f is trimmed to a ±70% range.  
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