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Learning and memory formation at the cellular level involves decoding complex electrochemical signals between nerve cells, or neurons. Understanding these processes at the molecular level requires a comprehensive study of calcium-sensitive proteins that serve as signal mediators within cells. More specifically, the protein calcium/calmodulin-dependent protein kinase II (CaMKII) is a key regulator of downstream cellular signaling events in the brain, playing an important role in long term memory formation. CaMKII is encoded in humans on four different genes: alpha, beta, gamma and delta. For added complexity, each of these gene products can be alternatively spliced and translated into multiple protein variants. Each protein forms an oligomer comprised of 12-14 subunits, and each subunit is made of a kinase domain, regulatory segment, variable linker region and hub domain. Through decades of animal studies, it is known that alpha and beta CaMKII proteins are most abundant in the brain. The initial activating signal of CaMKII is calcium-bound calmodulin (Ca2+/CaM) which binds to the regulatory segment. The first chapter of this dissertation introduces what is currently known of the relationship between CaMKII structure and activity regulation and the motivation to pursue the study of activation properties among splice variants and ancestrally resurrected CaMKII proteins. The second chapter reviews calcium signaling in the brain and reproductive system. The third chapter explores differences in Ca2+/CaM sensitivity of alpha and beta CaMKII splice variants, and reveals a previously unknown allosteric role for the hub domain. The results from this study led to a biochemical and biophysical characterization of ancestrally resurrected CaMKII splice variants to further explore the contributions from the hub domain and dissect how amino acid residue positions within this domain may be important in regulating kinase activity, as written in the fourth chapter. The fifth chapter summarizes some key takeaways I’ve learned from the time in the Stratton lab and gives insight for future students taking over the projects. The sixth and final chapter is an Appendix summarizing results of a pull-down assay used to study protein-protein interactions between human CaMKII alpha and beta hub domains and potential interactors found in mouse brain lysate.
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chapter 1
INTRODUCTION: STRUCTURE/FUNCTION RELATIONSHIP OF CaMKII AND ACTIVITY REGULATION
Abstract
Calcium/calmodulin-dependent protein kinase II (CaMKII) is a serine/threonine kinase expressed in all mammals and also a number of invertebrates, such as choanoflagellates and fruit flies. In vertebrates, there are four genes which encode CaMKII: alpha, beta, gamma and delta. A CaMKII holoenzyme assembles as 12-14 subunits, with each subunit containing a kinase domain, regulatory segment, variable linker region and hub domain. An additional layer of complexity is added when alternative splicing events are considered; for each gene the splice variants differ based on the length and composition of a variable linker region. CaMKII is a fascinating target for human health and disease when considering that CaMKII proteins are differentially expressed in multiple tissues types, and a number of human mutations have been implicated in neurological, reproductive and cardiac disorders. Over the years, there has been much study deconvoluting CaMKII protein structure and in doing so, understanding how enzyme activity is regulated. Herein, we describe what is currently known of CaMKII structure and activity regulation followed by a discussion of the pursuit of ancestral reconstruction as a means to elucidate key residues in tuning activation for this very complex and interesting protein.
1

1.2 Introduction 
1.2.1 Getting to know CaMKII
CaMKII is a rather unique and interesting serine/threonine kinase in that it assembles into a higher order structure compared to most protein kinases. In the literature, 12-14 subunits have been described to form a holoenzyme through multiple structural studies, including x-ray crystallography, negative stain and cryo-electron microscopy (EM) (1-3), however complexes as large as 16 subunits have also been reported (4). Each subunit of CaMKII has a kinase domain, regulatory segment (containing the calmodulin (CaM) footprint), variable linker region and hub domain, required for oligomerization of the enzyme (Figure 1a). Four different genes in vertebrates encode CaMKII proteins: alpha (), beta (), delta () and gamma (). Alternative splicing produces multiple splice variants that arise from each of the four genes. The kinase domain is nearly identical across CaMKII splice variants (~95% identity), (5), while the regulatory segment is identical across proteins. The greatest diversity among CaMKII splice variants exists within the variable linker region, which can span from 0 to 218 residues, depending on which gene it is derived from. There are more than 50 currently known splice variants of CaMKII (1,6). The hub domain holds about 80% identity across CaMKII sequences. Specifically within CaMKII, there are alternatively spliced, shortened hub domain sequences which appear to affect holoenzyme formation and cellular distribution in the brain (7) as well as Ca2+/CaM sensitivity (1).


2

1.2.1.1 CaMKII in Brain Health
Since the early studies of CaMKII’s discovery from the 1980s, it has played a prominent role in the molecular mechanism of memory, specifically within the cellular mechanism referred to as Long Term Potentiation (LTP), a strengthening of synaptic connections between neurons (8-10). Mutations can produce a number of disease phenotypes, such as learning deficits (demonstrated in rodent studies), (11, 12), intellectual disability, developmental delay and neuropsychiatric episodes (13-15). Given what we now know about the multitude of biological roles that CaMKII plays in the body, and the great diversity of splice variants that it can produce, understanding CaMKII structural elements and how different splice variants can be regulated is crucial in aiding our understanding for many Ca2+-dependent cellular signaling pathways.
CaMKII Structure/Activity Regulation
1.3.1 Structural and Biochemical Evidence for CaMKII Activity Regulation
A key molecular switch in turning on the enzymatic activity of CaMKII is the binding of calcium-bound calmodulin (Ca2+/CaM) to the regulatory segment. In the “off state,” the kinase domain is autoinhibited by the regulatory segment because there is crystallographic evidence showing that it occludes the active site of the kinase domain, unless Ca2+/CaM binds to it, in which case a conformational change to the protein is induced, freeing the active site for protein and ATP binding (Figure 1b), (3, 5, 16, 17). An additional Ca2+-dependent cell signaling event that can trigger the release of the regulatory segment from the kinase domain is the phosphorylation of a key residue, Thr 286. An interesting finding for phosphorylation at this specific residue has led to the discovery of CaMKII autonomous activity. In other words, the enzyme will stay “on”
3

or can be active even in the absence of Ca2+/CaM, which is typically the first event in a cell required to activate a subunit on any CaMKII holoenzyme. Once a subunit of CaMKII is activated by Ca2+/CaM, it can then phosphorylate a subunit in trans at Thr 286 on the same holoenzyme. This mechanism of switching on the activity of CaMKII and keeping it on in the absence of its initial activating signal is what makes it an attractive candidate as a memory molecule.
1.3.1.1 The Autoinhibited Equilibrium Hypothesis for CaMKII
In the holoenzyme crystal structure that was solved for CaMKII with no linker region (PDB: 3SOA), there was evidence to suggest that the kinase domains were docked onto the hub domains in a compact, autoinhibited state (3). From this study, a hypothesis was generated as a means of trying to understand why a splice variant of CaMKII without a variable linker was more difficult to activate (required substantially more Ca2+/CaM in a coupled kinase assay) compared to a 30-residue linker containing-variant. In considering the structure, it was thought that a linker-containing variant was able to adopt a more extended conformation in solution that would make the regulatory segment more accessible compared to a 0-residue linker containing variant, which would adopt a more compact conformation, having a less accessible regulatory segment for Ca2+/CaM binding. Small angle x-ray scattering (SAXS) data to support the hypothesis about a 0-linker variant being more compact than a linker-containing variant was also detailed in this study, reporting a lager radius of gyration for the linker-containing variant. Together, this data supports an autoinhibited equilibrium between the compact and extended state, which is modulated by the length of the linker region (5).

1.3.1.1.1 Activation Differences Between CaMKII and CaMKII 
There has been a consistent trend across multiple studies to suggest that for CaMKII specifically, having a linker makes the enzyme more easily activatable, as measured by a lower EC50 value for Ca2+/CaM compared to the alpha variant that does not have a variable linker (0 residues) (1, 5). However, in the case of CaMKII, if the linker is quite long (218 residues) or not present (0 residues) it is just as sensitive to Ca2+/CaM in this assay, with an EC50 value very similar to a linker-containing CaMKII variant (1). 
An interesting observation was made in the same study using protein chimeras that evaluated Ca2+/CaM sensitivity across splice variants of differing linker lengths for CaMKII and CaMKII. EC50 measurements were taken for CaMKII proteins engineered to have no variable linker, but an alpha kinase sequence with a beta hub sequence, or a beta kinase sequence with an alpha hub sequence. It was found that the identity of the hub domain plays a very important role in regulating the activity and Ca2+/CaM sensitivity of the kinase domain (1).  In the CaMKII literature, the hub domain is often referred to as the association domain because of its known role in oligomerization of the holoenzyme (18-20), and structural evidence in CaMKII shows residues from the R3 portion of the regulatory segment interacting with a  sheet in the hub domain, with  the implication that the hub contributes to activity regulation though this -clip interaction (3).  However, recent studies are beginning to shine light on the role of CaMKII regulation and molecules that can bind specifically to the hub and modulate enzyme activity (21). This finding supports future consideration of the hub domain specifically as a potential site for drug discovery in modulating enzymatic activity for different splice variants.

4
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Perspective: Ancestral Reconstruction
In the absence of the variable linker region, CaMKII is more difficult to activate (requires more Ca2+/CaM) than CaMKII. The regulatory segment sequence between the splice variants is identical, the kinase domain sequence between the splice variants is nearly identical (~95%) but the greatest variability in the protein sequences exists within hub domain sequences (~80% identical). We are interested to determine if there are residue positions in the hub that can be subjected to mutagenesis where we could flip the sensitivity properties. For example, if we could identify important, activity-regulating hub residue positions in alpha, mutate these residues in a beta hub domain to look like alpha, then the ideal outcome would make CaMKII with no linker more difficult to activate, and vice versa. If we could locate important residue positions, this has the potential to uncover a molecular mechanism by which the hub domain is allosterically regulating kinase domain activity. 
There are a total of 32 substitutions between alpha hub and beta hub. As one can imagine, producing mutagenesis constructs randomly would create an astronomical amount of combinations to test. This brings in the need to design a more computational way to study co-variation of residues between related protein sequences. We can use ancestral reconstruction to interrogate the evolution of protein sequences in different CaMKII splice variants. Ancestral sequence reconstruction has been defined as “…the calculation of ancient protein sequences on the basis of extant ones.” (22) This approach to studying protein properties is useful in identifying residues that play an important role in protein function, from residues that play a role in the biology of kinases (23, 24) to determining
6

residues important in protein pigmentation (25) to give a few examples. Since alternative splice variants of CaMKII are proposed to be gene duplication events over the course of evolution (1, 26) it is important to know which residues changed over time as protein-encoding genes underwent diversification over time. For CaMKII in particular, there are not only four different genes for vertebrates, but a multitude of splice variants encoded for each of the four genes (, , , ). From computational studies, we know that the most ancient of the human CaMKII hub sequences is derived from the extant alpha sequence. The most recently evolved sequences are for beta and gamma, which are also most similar to each other (92% sequence identity in an alignment of 0-residue linker-containing variants). The sequence somewhat in the middle of these three is delta. While we know that there seems to be a trend of Ca2+/CaM sensitivity that does follow evolutionary trends with respect to hub domain sequences and how easily activatable the proteins are (1), using a multiple sequence alignment of extant sequences has made it challenging for determining which positions to select for protein mutagenesis studies. Therefore, it is the hope moving forward that ancestral reconstruction can be used in helping to determine which hub residues are key in the allosteric mechanism of activity regulation for CaMKII. 
7
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Figure 1.1 CaMKII Architecture. (a) Linear depiction of the CaMKII subunit organization. (b) Ca2+/calmodulin competitively binds the regulatory segment to expose the substrate binding pocket and activate the enzyme This allows Thr286 to be trans phosphorylated. Image adapted from (27).
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2.1 Abstract
Calcium (Ca2+) signaling is ubiquitous across many cell types and organ systems in the human body. Ca2+ is an important second messenger responsible for maintenance of numerous activities such as learning and memory and fertility. Herein, we highlight the importance of Ca2+ in neurons and oocytes. We discuss mechanisms that regulate Ca2+ levels in cells, such as how Ca2+ enters the cell from the extracellular environment, and how organelle-based intracellular stores contribute to Ca2+ homeostasis. While these cell types have many differences in functionality and morphology, they also share characteristics such as the ways that Ca2+ ions enter the cells through different transmembrane channels and Ca2+ binding proteins. Finally, we discuss the role of Ca2+ in neurodegenerative, neuropsychiatric and fertility related disorders when Ca2+ homeostasis is disrupted.
2.2 Introduction
Calcium is the fifth most abundant element in the human body and plays crucial biological roles in a multitude of cellular signaling processes. Calcium (Ca2+) plays a pivotal role as a second messenger in signal transduction pathways, and is involved in
processes such as neurotransmitter release in neurons, muscle contraction, apoptosis, and fertilization. Depending on the duration, frequency, and amplitude of the Ca2+ signal, this leads to a variety of downstream changes in the cell itself or contributes to
larger processes in the tissue. In this review, we will discuss Ca2+ in the context of neurons and oocytes.


2.2.1 Neurons
Ca2+ signaling drives electrochemical communication between neurons. Neurons are a unique cell type due to their asymmetrical architecture that facilitates how the cell receives and sends messages Fig 1(a). At one end of the cell are the dendrites, which are branched structures that have mushroom-like projections (dendritic spines). Spine size increases or decreases to enhance or reduce the surface area where two neurons communicate, thus tuning communication efficiency. Moving down the cell, there is the cell body, or soma, which houses the nucleus. Next, the axon hillock connects to the axon, an important structure allowing propagation of an electrical signal called an action potential. Myelination, or the insulation of the axon, ensures that the electrical signal efficiently travels down the length of the axon. The action potential is fastest in the insulated regions of the axon, so it only loses speed in the exposed areas called nodes of Ranvier. Finally, axon terminals branch out at the end of the neuron, which serve as sites for neurotransmitter release to nearby cells in a space called the synapse, with receptors waiting to receive their signals often at the dendritic end of an adjacent cell Fig 2(a).
In neurons, the membrane potential is the result of an uneven distribution of positively and negatively charged ions inside and outside the cell membrane. This is regulated by channels and pumps in the membrane allowing specific ions to flow in and out. Using Ca2+ concentration as a specific example of this: the extracellular Ca2+ concentration of media or biological fluids is ~1.2 mM, and at a resting state, cytosolic Ca2+ concentrations are between 50 and 300 nM (Tong et al., 2018; Gleichmann and Mattson, 2011). The resting membrane potential of a neuron is 
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typically around -60 to -70 mV (Kandel et al, 2000). Neurons receive inhibitory and excitatory inputs from cells in the local environment that have a direct influence on the state of that cell’s membrane potential. Excitatory signals make the membrane potential more positive (depolarized), while inhibitory signals make the membrane potential more negative (hyperpolarized). When the excitatory signals overcome the inhibitory ones, the membrane potential depolarizes (at ~-50 mV) relative to the resting state. Neuronal stimulation causes the Ca2+ concentration to increase by ~10–100-fold (Grienberger and Konnerth, 2012). Since the firing of an action potential is an “all or nothing” phenomenon, once the neuron has reached the minimum threshold required for an action potential to fire, it will do so. Following an action potential, neurotransmitters are released from the axonal terminals into the extracellular space between neurons (synapse). A neuron actively firing an action
potential that releases an excitatory neurotransmitter can induce a neighboring cell to undergo depolarization, resulting in an influx of Ca2+ ions in that nearby cell.
2.2.1.1 Oocytes
In the female reproductive system, the ovary (pair: ovaries) is the organ that produces the ovum, the female gamete, also known as the oocyte Fig. 1(b). Mammalian females are born with a finite number of oocytes that are enclosed in primary follicles where they remain arrested at the prophase I stage of the first meiotic division until puberty, when for the first time a small cohort of follicles is recruited for growth. After puberty, once estrus/menstrual cycles are established, new follicles continue to be recruited and previously recruited follicles continue to grow and progress through different stages until 
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reaching the Graafian follicular stage, which is the ovulatory stage. Progression to ovulatory stage may take weeks or months according to the species (Krohmer, 2010). During the initial follicular stages, primary oocytes grow and reach full size while arrested at the prophase stage of meiosis I, although follicular growth continues for some time. The luteinizing hormone (LH) surge triggers ovulation and induces the resumption of meiosis, where the first step is the breakdown of the oocyte’s nucleus (the germinal vesicle (GV)) followed by assembly of the meiotic chromosomes in a metaphase spindle near the cell plasma membrane (PM). Completion of the first meiotic division results in the release of the first polar body, which contains a complete set of homologous chromosomes packaged into a small portion of cytoplasm. The remaining large daughter cell is referred to as the secondary matured oocyte, or egg, and is arrested at the metaphase stage of the second meiosis (MII). During growth, maturation, and ovulation, oocytes and eggs are surrounded by a thick specialized extracellular matrix, the zona pellucida (ZP), which protects them and plays a functional role in fertilization. The ZP is formed by several ZP glycoproteins (Wassarman and Litscher, 2016). The granulosa cells, which are follicular cells are able to traverse the ZP and form intimate contacts with the oocyte’s PM. These cells and their products are essential for regulation of oocytes growth and meiosis arrest (Florman and Ducibella, 2006; Krohmer, 2010). The mature male gamete is the spermatozoa, or sperm cell, which arises following the lengthy process of spermatogenesis (Florman and Ducibella, 2006). Initially, spermatozoa are stored in the epididymis, from where they are released at ejaculation. Spermatozoa undergo the process of capacitation while migrating through the female reproductive tract. Capacitated sperm undergo hyperactivation, which changes the flagellar beat to 
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generate the additional force necessary to penetrate the ZP. Capacitated sperm undergo the acrosome reaction, which is necessary to fuse with the egg PM. The acrosome is a cap-like, Golgi-derived structure that covers the anterior two-thirds of the sperm head. It contains a variety of enzymes, although the function of many of them remain to be elucidated. Fertilization is the process by which the mature haploid gametes: spermatozoa and egg, unite to produce a genetically distinct individual (Krohmer, 2010). In mammals, fertilization initiates embryonic development by releasing the MII arrest and inducing egg activation, which is accomplished by the initiation of intercellular Ca2+ oscillations that last for 4–10 h. These oscillations are responsible for the release of the cortical granules that engage in mechanisms that prevent polyspermy, the completion of meiosis II and release of the second polar body, male and female chromatin de-condensation, pronuclear formation and DNA synthesis, and progression to the first mitosis (Krohmer, 2010). Herein, we will focus on Ca2+ and CaMKII signaling in oocytes/eggs during fertilization, which rely on carefully orchestrated Ca2+ oscillations stimulated by the release of a sperm specific enzyme into the egg’s cytoplasm. This enzyme sensitizes and stimulates intracellular Ca2+ channels, inducing intracellular Ca2+ release, and promoting Ca2+ influx from the extracellular media (Ca2+ homeostasis) to ensure the persistence of the oscillations. The resting cytoplasmic concentration of Ca2+ in most cells is ~100 nM. Typically, this is 10,000 to 100,000-fold lower than the extracellular concentration of Ca2+ (Wakai et al, 2019). This gradient is maintained by a series of ATP-dependent mechanism that actively pump Ca2+ out of the cytosol to the extracellular space, or into the lumen of organelles such as the endoplasmic reticulum (ER) and the mitochondria. In non-excitable cells, the main Ca2+ reservoir is in the ER where luminal Ca2+ 
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concentrations reach ~  >100 uM. This gradient between the cytoplasm and cellular compartments or extracellular environments allows Ca2+ to act as a widespread and efficient signaling molecule (Florman and Ducibella, 2006).
2.3 Regulation of Calcium in Neurons and Oocytes
Ca2+ movement across cellular membranes requires transmembrane channels that open upon binding to a neurotransmitter (ligand gated) and/or changes in membrane potential (voltage gated). Different Ca2+ frequencies are produced in neurons depending on which types of channels regulate Ca2+ entry Fig. 2(a–b). We will discuss specific examples of both types of gated channels.
2.3.1 AMPA Receptor
The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) is a ligand-gated ion channel that binds glutamate, an excitatory neurotransmitter. The makeup of the AMPA subunits determine which ions can flow through the channel, including sodium (Na+), potassium (K+) and Ca2+. Ca2+-permeable AMPARs play an important role in depolarizing the neuron and are known for their quick responses in channel opening. Membrane depolarization results in activating other voltage-gated receptors, which permit further Ca2+ entry into the cell to trigger downstream cell signaling events. In excitatory neurons, it is known that Ca2+ influx through AMPARs contributes to regulating synaptic plasticity, an important process in learning (Chater and Goda, 2014; Lalanne et al., 2018).
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2.3.1.1 NMDA Receptor

The N-methyl-D-aspartate receptor (NMDAR) is a ligand and voltage-gated ion channel that is highly permeable to Ca2+, but also permits entry of other positively charged ions such as Na+ and K+. In some cases, Ca2+ influx through NMDAR has been
reported under resting conditions (Reese and Kavalali, 2015), but this is less common compared to the occurrence of membrane depolarization (e.g., by AMPA currents), which releases the Mg2+ ion block and increases ion flow though the channel (Kandel
et al., 2000). Due to the timing of these events, NMDARs are slower to open following stimulation. NMDAR is a heterotetramer and the subunit composition of the receptor influences the degree of ion permeability as well as which ligands can bind to the extracellular side of the receptor (glutamate, L-glycine, D-serine) (Paoletti et al, 2013). Additionally, phosphorylation status regulates Ca2+ influx through NMDAR. Protein kinase A (PKA) phosphorylates NMDAR resulting in increased conductance of Ca2+ (Lau et al, 2009; Murphy et al., 2014). Ca2+ influx through NMDARs regulates a variety of biological processes.
2.3.1.1.1 Voltage Gate Calcium Channel CaV1.3

Neuronal L-type (long-lasting) voltage-gated Ca2+ channels fall under two different classes (CaV1.2, CaV1.3) on the basis of the molecular identity of the pore-forming subunit, but differences in cellular distribution and differential responses to pharmacological agents have also been reported (Helton, 2005; Zamponi et al., 2015). Compared to other L-type channels, CaV1.3 is known to activate at a membrane potential that is more hyperpolarized (-55 mV) compared to the typical threshold required for an action potential of -50 mV (Lipscombe et al., 2004). The voltage change causes a
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conformational change in the central pore of the channel, permitting Ca2+ flow. CaV1.3 is known to play an important role in multiple processes, including regulating dendritic spine growth, typically by increasing it, which is an important cellular mechanism in memory formation (Higley and Sabatini, 2012; Stanika et al., 2016; Stanika et al., 2015). CaV1.3 knockout mice also reveal a role for these receptors in neurons in the context of dendrite regulation, as well as learning processes related to fear conditioning (Kim et al., 2017; McKinney et al., 2009).
2.3.1.1.1.1 IP3 Receptors and PLCs in Oocytes/Eggs
The fertilization Ca2+ signal in mammals relies on repeated Ca2+ release from internal stores, which after each release slowly refill by intaking the Ca2+ from the extracellular environment that enters the eggs via PM channels. To uptake, store, and eventually release Ca2+, oocytes and eggs use an array of molecules collectively referred to as the Ca2+ toolkit. As noted, the ER is the cell’s main Ca2+ reservoir, and regulated Ca2+ release from the ER induces and coordinates cellular events in a wide array of cell types (Carvacho et al., 2018; Miao and Williams, 2013; Wakai et al., 2013). In non-muscle cells, Ca2+ release is largely mediated by 1,4,5-inositol trisphosphate (IP3) and its cognate receptor, IP3R, which is a widespread Ca2+ release channel. Mammalian eggs predominantly express the type I isoform (Jellerette et al., 2000; Jones et al., 1998), which together with the ER, acquire a more prominent cortical distribution during oocyte maturation. Other changes during this process include increased IP3R1 phosphorylation and an overall increase in the Ca2+ concentration of the internal stores, which collectively optimize Ca2+ release at the time of fertilization (Ajduk et al, 2008; Wakai et al., 2011). Consistent with the pivotal role of IP3, a recent study in mice found that fertilization 
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induces a persistent increase in the intracellular concentration of IP3 that remains elevated throughout the duration of the oscillations (Matsu-ura et al., 2019) Fig. 2(b). The elevated IP3 induces a protracted degradation of the IP3R1, which is a factor that contributes to shaping the pattern and persistency of the oscillations (Jellerette et al, 2000), which in the mouse persist for ~4 h. Phospholipase C enzymes, PLCs are responsible for the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2), and production of IP3 (Rebecchi and Pentyala, 2000). Multiple PLC isoforms have been detected in mammalian eggs at the transcript and/or protein levels (Igarashi et al., 2007), but it is uncertain if the fertilization-induced Ca2+ oscillations require their participation, as inhibition of their function by pharmacological or genetic methods failed to prevent fertilization-associated oscillations. These results raised the possibility that the sperm delivers the PLC responsible for the oscillations (see below). Notwithstanding these findings in mammals, in species with external fertilization such as sea urchin, ascidian, and Xenopus, the egg’s PLCs, especially PLCg, are likely responsible for the fertilization induced IP3 production reviewed in (Runft et al., 2002). Nevertheless, in all of these species, the PM molecule(s) that participates in the activation of the eggs’ PLCg remains unidentified.
2.3.1.1.1.1.1 Ca2+ Pumps and Channels in the ER and PM
Once oscillations are initiated, they continue uninterrupted for hrs. To successfully activate eggs, the cytoplasmic Ca2+ levels are only briefly elevated, ~60 s, after which they return to baseline, and re-occur ~every 10–20 min (Brini and Carafoli, 2011;
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 Carvacho et al., 2018; Palmgren and Nissen, 2011). During the intervals between rises, Ca2+ influx is promoted to refill the internal stores to supply the next transient Ca2+ rise (Igusa and Miyazaki, 1983). Eggs use two main mechanisms to reduce Ca2+
to the basal level. One is the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA) that pumps Ca2+ from the cytoplasm into the ER. The second is the Ca2+ ATPase and the Na+/Ca2+ exchanger, which exchange Ca2+ from the cytoplasm to the extracellular
space (Berridge, 2002). These Ca2+ ATPases are part of the P-type ATPase transporters that carry ions and lipids across cellular membranes. P-type ATPase transporters have the ability to catalyze auto (or self) phosphorylation of a key conserved aspartate residue (Palmgren and Nissen, 2011). Ca2+ ATPases are crucial to functional mammalian eggs. Inhibiting Ca2+ ATPases results in altered and/or terminated Ca2+ oscillations (Miao and Williams, 2012; reviewed in Wakai et al., 2019), which prevents the refilling of Ca2+ stores during fertilization Fig. 2(b) (Wakai and Fissore, 2013). Mouse eggs express a variety of PM channels that mediate the Ca2+ influx necessary to refill the internal stores (Clapham, 2007), including voltage-gated Ca2+ (VGC) channels (Bernhardt et al., 2017) and members of the TRP family of ion channels (Carvacho et al., 2018; Wakai et al., 2019). VGCs are classified according to the voltage needed to activate them, high- or low voltage activated (HVA, LVA) channels, respectively, with mouse oocytes and eggs expressing the LVA CaV3.2 channel, also known as T-type (Bernhardt et al., 2017). Among the TRP channels, mouse eggs express TRPV3 that mediates SrCl2 influx (Carvacho et al., 2013), a procedure by which eggs are artificially activated (parthenogenesis) in this species. They also express TRPM7, which is required later in embryo development, as null embryos are unable to develop beyond day 7.0 post-
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conception (Jin et al., 2012). Mouse oocytes may express other channels including members of the store-operated Ca2+ entry mechanism, although mice null for these channels display normal oscillations and electrophysiological evidence of their presence is still lacking. The PM channels in the eggs of other mammals necessary to maintain the fertilization-induced oscillations remain unidentified and should be investigated. Therefore, mouse and mammalian eggs possess a complete Ca2+ toolkit capable of mounting complex Ca2+ responses, although the regulatory processes and the identity of some of the molecules required to support the oscillations remains to be fully elucidated.
2.1.1.1.1.1.1 Sperm-Specific PLCzeta1
Injection of mammalian sperm extract into eggs of a variety of species induces Ca2+ responses that replicate the fertilization response, suggesting that a factor from the sperm that is delivered after gamete fusion is responsible for the Ca2. oscillations. As it turns out, mammalian sperm express a specific PLCzeta1 variant (PLCζ), which is released into the egg upon membrane fusion. PLCζ is responsible for the long-lasting Ca2+ oscillations associated with fertilization, which occur at the basal concentrations of Ca2+ in the cell of ~100 nM. PLC is localized on the equatorial and/or post-acrosomal region of the sperm head, which allows for rapid diffusion into the ooplasm after membrane fusion (Fujimoto et al., 2004; Yoon and Fissore, 2007). Finally, whereas PLCζ shares the modular organization of other PLCs, it lacks several regulatory domains including the pleckstrin homology domain, which renders it soluble (Saunders et al., 2002); reviewed in (Nomikos et al., 2013). Therefore, this sperm-specific PLCζ is endowed with unique properties that makes it especially suited to initiate and maintain oscillations in eggs; it may also be involved in egg activation in other vertebrates species such as certain fish 
25

and birds, although additional studies are needed to determine the extent of its participation (Coward et al., 2011; Ito and Kashiwazaki, 2012).
2.4 Calcium Sensitive Proteins
Ca2+ enters neurons through channels described above, and then initiates signaling process by binding to downstream proteins. Here, we present a subset of Ca2+-binding proteins and downstream signaling events important in neurons and oocytes.

2.4.1 Calmodulin
One of the most prevalent Ca2+-binding proteins in the cell is calcium-modulated protein, or calmodulin (CaM). Three separate genes encode identical calmodulins in humans (CALM 1–3). Each CaM protein contains four Ca2+ binding sites, two at each of
the termini. Upon Ca2+ binding, CaM undergoes a conformational change from a compact structure to a more extended structure, in which a central hydrophobic patch is exposed. This hydrophobic patch serves as the docking site to many downstream signaling proteins. While small in stature (17 kDa, 148 residues), it is highly concentrated in cells, estimated to be about 0.1% of the total protein content, with levels that can change depending on the growth status of a cell or the types of proteins CaM needs to regulate (Chin and Means, 2000). CaM plays a crucial role in regulating dendritic spine dynamics, which involve cellular mechanisms in learning and memory (Keller et al., 2008; Petersen and Gerges, 2015; Wang et al., 2019) Fig. 3(a). There are currently at least 35 human CaM mutations known to disrupt cardiac function and regulation of Ca2+ signaling in cardiac muscle contraction events (Chazin and Johnson, 2020). CaM binds and activates protein kinases that play a significant role as downstream signaling molecules during fertilization Fig. 3(b).
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2.4.1.1 Ca2+/Calmodulin-Dependent Protein Kinase II (CaMKII)

CaMKII is a serine/threonine protein kinase that functions in multiple cell types, such as in neurons, gametes, and cardiomyocytes. Humans have four CaMKII genes (alpha, beta, delta, and gamma), which are differentially expressed in multiple tissue types (Sloutsky et al., 2020; Tombes et al., 2003). The products of these genes are alternatively spliced to generate up to B70 different transcripts, as has been shown in hippocampal tissue (Sloutsky et al., 2020; Sloutsky and Stratton, 2020). In the brain, CaMKII is essential for successful learning and memory. Rodent models harboring mutant CaMKII demonstrate learning and memory deficits (Giese et al., 1998; Silva et al., 1992). CaMKII is the most concentrated enzyme at the post-synaptic density, where synaptic connections are made. When a flood of Ca2+ enters the neuron following an action potential, Ca2+ binds to CaM, and Ca2+/CaM binds and activates CaMKII Fig. 3(a). CaMKII splice variants have been shown to have different sensitivities to Ca2+/CaM, providing a potential correlation between splicing and tunability of the neuronal response (Chao et al., 2011; De Koninck and Schulman, 1998; Sloutsky et al., 2020). CaMKII activity is reduced via protein turnover and/or phosphatase activity (such as calcineurin, discussed below). In addition to its role in learning and memory, CaMKII mutations in different splice variants have clinically manifested in a number of neurological disorders including but not limited to intellectual disability (Chia et al., 2018; Küry et al., 2017), autism spectrum disorder (Stephenson et al., 2017), and schizophrenia (Luo et al., 2014; Robison, 2014). In development, CaMKII is essential for egg activation and initiation of embryogenesis Fig. 3(b). All vertebrate eggs are arrested at the time of fertilization at the metaphase stage of 
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MII. This arrest is accomplished by the activity of the maturation-promoting factor (MPF) (Suzuki et al., 2010; Wu and Kornbluth, 2008). Inactivation of MPF is required to release the meiotic arrest and initiate the mitotic cycles of early embryogenesis. As noted, Ca2+ oscillations are the signal that initiates the inactivation of MPF (Ducibella et al., 2002), and studies have shown that these Ca2+ rises stimulate CaMKII activation during fertilization (Ducibella et al., 2002, 2006; Ozil et al., 2005). Direct demonstration of the required role of CaMKII in MPF inactivation was first shown in Xenopus eggs (Lorca et al., 1993). In mammals, female mice that have the CaMKII gamma variant knocked-out or downregulated are sterile, despite the ability of their eggs to initiate normal Ca2+ oscillations. However, the complete expression and activity profile of CaMKII activity during fertilization in mammals is not known (Backs et al., 2010; Chang et al., 2009).
2.4.1.1.1 Calcineurin
Protein phosphatase 2B, or calcineurin (CaN), is a Ca2+/CaM-dependent serine/threonine protein phosphatase, originally named for its abundance in the brain. CaN has many targets in neurons, including CaMKII and multiple Ca2+ channels, such as NMDA, AMPA and voltage-gated Ca2+ channels (Baumgärtel and Mansuy, 2012; Colbran, 2004). Modulation of Ca2+ signaling by CaN plays an important role in learning and memory, where CaN activity regulates synapses involved in long-term depression (LTD) (Fujii and Hirano, 2002; Mulkey et al., 1994) Fig. 3(a). LTD can be thought of as the weakening of a synapse. CaN dysfunction in Ca2+ is linked to a variety of neurological disorders such as stroke, Alzheimer’s and Parkinson’s, among others (Saraf et al., 2018). CaN has also emerged as a potential clinical target in relapse prevention treatment in individuals suffering from drug addiction (Rich et al., 2020). The role of calcineurin in mammalian 
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egg activation is unclear, although it regulates the exit from the meiotic arrest in eggs of invertebrates and lower vertebrates (Tůmová et al., 2016) The fertilization-induced influx of Ca2+ increases the activity of calcineurin in species that include Xenopus, ascidians, and Drosophila (Zhang et al., 2019). The activation of calcineurin changes the phosphorylation status and/or abundance of cell-cycle regulators that are needed for meiotic exit and the activation of the embryonic program (Zhang et al., 2019). Interestingly, the role of calcineurin extends to the male gamete. Testes express both somatic and a sperm-specific isoform of calcineurin that contains a catalytic subunit (PPP3CC) and a regulatory subunit (PPP3R2). Deletion of Ppp3cc or Ppp3r3 genes generate infertile males (Miyata et al., 2015), and these results together with the fertilization failure caused by calcineurin inhibitors raise the prospect that it could be targeted as a male contraceptive.
2.4.1.1.1.1 PKC
Protein kinase C (PKC) is a Ca2+ and lipid-dependent serine/threonine kinase that has a variety of biological functions. PKC is encoded by 9 different genes that are alternatively spliced to generate 11 variants (Callender and Newton, 2017; Mukherjee et al., 2016). The gamma variant plays an important role in the brain, specifically in learning and memory. This has been shown in mouse models, where PKC knockout mice have impairments in memory and learning (Abeliovich et al., 1993; Gomis-González
et al., 2020). In neurons, PKC activity is important in synaptic remodeling, whereby Ca2+ binding and phosphorylating its substrates, such as NMDA receptors Fig. 3(a), results in translocation of Ca2+ sensitive proteins across dendritic spines in the postsynaptic density 
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(Fong et al., 2002). PKCγ mutations have been reported in the neurodegenerative disease Spinocerebellar ataxia type 14 (Prestori et al., 2020; Wong et al., 2018).
During fertilization, PLC zeta1 (PLCζ1) triggers Ca2+. oscillations by cleaving PIP2 to release soluble IP3 and membrane associated DAG, which then stimulated release of Ca2+ from ER stores Fig. 2(b) (Wakai et al., 2019; Wakai and Fissore, 2013). An
important signaling target of DAG in oocytes is PKC. During maturation of mouse oocytes, PKC isoforms have been shown to modulate the progress of meiosis (Viveiros et al., 2003). After fertilization, sperm induced production of DAG has been proposed
to lead to PKC-mediated Ca2+ influx and loading of Ca2+ ER stores (Yu et al., 2008). In support of this, PKC activity increases simultaneously with each Ca2+ rise during the Ca2+ oscillations (Gonzalez-Garcia et al., 2013). Importantly, the channels mediating the effect of PKC remain unknown and so does the contribution of this mechanism to the sperm-initiated oscillations (Yu et al., 2008).
2.5 Calcium and Human Health
Dysregulation of Ca2+ signaling in both neurons and oocytes results in a host of diseases and phenotypes. While not an exhaustive list, this section provides a survey of neurological diseases, developmental disorders, and infertility.
2.5.1 Alzheimer’s Disease
Alzheimer’s Disease (AD) is the most common type of dementia. Sporadic AD arises from the accumulation of environmental factors/insults over time, and presents in later adulthood. The pathology of this disease presents with neurofibrillary tangles
composed of hyperphosphorylated tau protein that accumulates inside brain cells, in addition to the presence of extracellular beta amyloid protein plaques (Weller and 
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Budson, 2018). Intracellular Ca2+ dysregulation in AD neurons is thought to occur prior to the protein accumulation (Tong et al., 2018), which highlights Ca2+ signaling as a therapeutically relevant mechanism. The exact link between disruptions in Ca2+ homeostasis in hippocampal neurons and AD symptoms is not entirely known, there is a suggested a link between aging neurons and the ability to properly regulate Ca2+ levels (Supnet and Bezprozvanny, 2010; Thibault et al., 2007; Ureshino et al., 2019).
2.5.1.1 Huntington’s Disease
Huntington’s Disease (HD) is caused by an autosomal dominant mutation of the gene encoding the huntingtin protein, which results in a polyglutamine repeat in the N-terminal region. The mutant huntingtin protein accumulates in the nucleus, while the wildtype protein localizes to the cytosol (Havel et al., 2011; Saudou and Humbert, 2016). The N-terminal region of the mutant huntingtin protein has been shown to affect Ca2+ regulation in neurons through its interactions with Ca2+ binding proteins such as calmodulin (Dudek et al., 2010). Increases in glutamate receptor activity such as that by NMDAR have also been shown to cause an increase in intracellular Ca2+ in HD (Kolobkova et al., 2017). In addition, disturbances of intracellular Ca2+ stores such as those in the endoplasmic reticulum and disruptions of mitochondrial Ca2+ metabolism have also been reported in an HD cell model (De Mario et al., 2016). Ultimately, excessive amounts of intracellular Ca2+ lead to neurotoxicity and cell death.
2.5.1.1.1 Parkinson’s Disease
A major pathological hallmark of Parkinson’s Disease (PD) is the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) region of the brain. Neurons in the SNpc present with proteinaceous aggregates mostly comprised of alpha synuclein 
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referred to as Lewy bodies (Zaichick et al., 2017). This results in a variety of symptoms related to movement including tremors, bradykinesia (slowed movements), and rigidity (Balestrino and Schapira, 2020). While it is not completely known how the disease originates in patients and progresses to the extent of severe symptoms typically seen in later age, multiple studies have suggested a relationship between Ca2+ signaling and the regulation of dopamine (DA), a major neurotransmitter signaling system involved in PD (Catoni et al., 2019). Interestingly, a nearby brain region to the SNpc, called the ventral tegmental area (VTA), which also contains DA neurons, remains largely unaffected in this disease (Brichta and Greengard, 2014; Verma and Ravindranath, 2019). A major question in the PD field remains as to why SNpc DA-neurons seem to be targeted specifically. When comparing DA neurons in the SNpc versus the VTA, there are two major differences, the first being the type of channels that regulate ion levels during pacemaking, with voltage gated Ca2+ channels in the SNpc and voltage gated sodium and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels in the VTA (Verma and Ravindranath, 2019). The second major difference is that there are higher amounts of Ca2+ buffering proteins in VTA-DA neurons compared to SNpc-DA neuron (Verma and Ravindranath, 2019). Several recent studies have demonstrated the complexity associated with Ca2+ regulation in this disease due to the prevalence of multiple types/splice variants of voltage gated Ca2+ channels regulating Ca2+ levels in SNpc-DA neurons in mouse models of PD (Benkert et al., 2019; Sgobio et al., 2019; Verma and Ravindranath, 2019). Furthering our understanding on how Ca2+ plays a role in dopamine-containing neurons in the SNpc helps to not only elucidate a potential molecular mechanism of the disease, but also assists in identifying drug targets/pathways to modify using therapeutic agents.
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2.5.1.1.1.1 Schizophrenia
Schizophrenia is characterized as a psychiatric disorder with a wide variety of cognitive symptoms such as hallucinations, disorganized speech, delusion and decreased expressiveness and motivation. Patients with this disorder often have disrupted neuronal communication in a variety of brain areas such as prefrontal and temporal cortices, thalamus, hippocampus and cerebellum (Marder and Cannon, 2019). Dysregulated Ca2+ signaling in this disorder has been inferred through mutations in voltage gated Ca2+ channels (Nanou and Catterall, 2018), and Ca2+ buffering proteins such as CaMKII (Küry et al., 2017). In addition, a recent proteomic study of postmortem brain tissue of schizophrenic patients showed abnormal levels of CaMKII variants in both the cytoplasmic and nuclear fractions compared to healthy control brain samples (Velásquez et al., 2019). Alterations in neuronal Ca2+ signaling patterns also arise in human-induced pluripotent stem cell-derived neurons from schizophrenia patients compared to healthy controls (Grunwald et al., 2019).
2.5.1.1.1.1.1 Bipolar Disorder
Bipolar disorder (BD) is often described as a neuropsychiatric disorder featuring mood instability and disturbances in the sleepwake cycle (Harrison et al., 2018). Genomic studies uncovering “risk genes” associated with BD have found that voltage gated calcium channel variants appear to play a role in the disorder, specifically variants of the CACNA1C gene, which encodes a subunit of the L-type Ca2+ channel CaV1.2 (Bhat et al., 2012; Gershon et al., 2014; Kim et al., 2016). Altered levels of Ca2+ binding proteins in BD patients compared to healthy controls have also been reported (da Rosa et al., 
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2016; Vidal-Domènech et al., 2020), as have mutations affecting proteins in downstream Ca2+ signaling cascades such as CaMKII (Scott et al., 2015; Xy Ling et al., 2020). While the molecular mechanisms of BD are still yet to be precisely uncovered, it will be interesting to see how future therapeutics could be designed targeting pathways and processes where Ca2+ plays a direct role.
2.5.1.1.1.1.1.1 Failure of Egg Activation and Infertility
There are many causes of male and female infertility, but here we focus on those caused by the failure of egg activation and Ca2+ release. In vitro fertilization (IVF) is now a widespread practice for patients who have difficulty conceiving naturally. For many patients, simply mixing a mature egg with sperm in a culture dish results in fertilization and subsequent egg activation and cell division. This procedure fails if the egg does not undergo activation, but it is hard to establish in the clinic which step in the process is problematic. One way around this is to use intracytoplasmic sperm injection (ICSI), where the sperm is directly injected into the ooplasm (Palermo et al., 1992; Palermo et al., 2017). Unfortunately, ~3% of ICSI cases fail fertilization, and for the most part, the fertilizing sperm fails to induce egg activation. The rates of ICSI failure are particularly high when the sperm injected lacks the acrosome and is globozoospermic or round-headed (Wakai et al., 2018). Follow up studies showed that these sperm have low levels of PLCζ (Yoon and Fissore, 2007). Other cases of fertilization failure or reduced rates of fertilization are associated with specific mutations within different domains of PLCζ, and the list of these mutations is steadily growing (Escoffier et al., 2016; Kashir et al., 2012; Yuan et al., 2020). It is worth noting that the majority of egg activation failures can be bypassed artificial activation (parthenogenesis) procedures. Therefore, each case of 
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persistent ICSI fertilization failure should be combined with whole-exome sequencing to establish the precise molecular cause of fertilization failure. These approaches have also yielded insights into the mechanism of mammalian fertilization, and the continued investigation will contribute to uncovering the regulatory mechanism(s) of PLCζ both in the sperm and in the ooplasm.
2.6 Conclusions
We have highlighted the crucial role that Ca2+ plays in two cell types: neurons and oocytes. The importance of Ca2+ in the body is clear from illnesses that result from dysregulation of Ca2+ homeostasis. This points to the need for modern medicine to develop therapeutics that improve the outcomes of patients with diseases and disorders that have been challenging to treat.
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Figure 2.1 Anatomy of a neuron and an oocyte. Approximate Ca2+ concentrations in the extracellular and intracellular spaces of neurons and oocytes are shown in green text. (A) A cartoon representation of a neuron labeled with key structures. At rest (in the absence of a propagating action potential), the extracellular Ca2+ concentration is about 1.2 mM, while cytosolic Ca2+ concentration ranges from 50 to 300 nM. (B) The cellular components and organelles noted in the depicted figure of an oocyte. A human oocyte is ~110 mm and a mouse oocyte is ~80 mm in diameter.





55

[image: ]
Figure 2.2 Ca2+ pumps and channels in neurons and oocytes.
(A) A synaptic connection is represented, showing an axon terminal from one neuron
(left) synapsing on an adjacent neuron’s dendritic spine (right). When zoomed in (bottom), the axon terminal contains vesicles full of neurotransmitters that are released into the synaptic cleft following action potential propagation. Neurotransmitters bind to and open ion channels on the postsynaptic cell allowing Ca2+ ions to enter the dendrite. Different frequencies of Ca2+ oscillations are produced depending on the mode of entry of the Ca2+ ions. Downstream signaling events are initiated by these Ca2+ oscillations, using Ca2+ binding proteins. (B) A schematic representation of the Ca2+ pumps and channels in the ER and PM of an oocyte. Ca2+ release from the ER occurs after the sperm releases PLCζ and this hydrolyzes PIP2 into IP3 and DAG (not shown). IP3 binds to IP3 receptors causing Ca2+ release. PMCA exchangers remove the elevated levels of Ca2+, part of which is taken up into the internal ER stores by the SERCA pump. PM channel such as voltage-gated gated Ca2+ channels and members of the TRP family of ion channels mediate the Ca2+ influx needed to refill the internal stores.
56




[image: ]
Figure 2.3 Ca2+ signaling in a dendritic spine and an oocyte. (A) Glutamatergic neurons use Ca2+ signaling to regulate spine growth in the hippocampus, the anatomical location for learning and memory in the brain. As memories are made, this results in synaptic strengthening between neurons in the cellular mechanism of Long-Term Potentiation (LTP). Binding of glutamate along with either L-glycine or D-serine facilitates the entry of Ca2+ through NMDA receptors. PKC and CaMKII also phosphorylate intracellular loops of NMDA receptors, thus increasing conduction through the channel. AMPA receptors open upon glutamate binding and are also enhanced by CaMKII phosphorylation. Calcineurin (CaN), a phosphatase, has an inhibitory effect on spine growth, in the process opposite to LTP, called Long Term Depression (LTD). Calmodulin (CaM) signaling is turned on by Ca2+ binding, and then interacts with a variety of downstream proteins in neurons. Membrane depolarization 
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triggers the L-type Ca2+ channels to open, which leads to Ca2+ influx. (B) A typical pattern of Ca2+ oscillations initiated by fertilization is shown. Mouse
eggs release billions of zinc atoms in brief bursts known as ‘zinc sparks’ from specialized vesicles. Among them are cortical granules (CG), which are specialized secretory vesicles that fuse to plasma membrane upon fertilization. CGs release 12–15 different enzymes that biochemically and structurally modify the oocyte membrane so that additional sperm cannot bind or remain bound to the oocyte, thereby preventing polyspermy (more than one sperm penetrating the egg). The Ca2+ oscillations activate downstream protein kinases, including CaMKII. High MPF activity is essential for MII arrest, which is maintained by the inhibition of the APC/C complex by Emi2. CaMKII phosphorylates Emi2 thereby targeting it for degradation. Emi2 degradation allows for cell cycle resumption.
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3.1 Abstract
Calcium/calmodulin–dependent protein kinase II (CaMKII) plays a central role in Ca2+ signaling throughout the body. In the hippocampus, CaMKII is required for learning and memory. Vertebrate genomes encode four CaMKII homologs: CaMKIIα, CaMKIIβ, CaMKIIγ, and CaMKIIδ. All CaMKII homologs consist of a kinase domain, a regulatory segment, a variable linker region, and a hub domain, which is responsible for oligomerization. The four proteins differ primarily in linker length and composition due to extensive alternative splicing. Here, we report the heterogeneity of CaMKII transcripts in three complex samples of human hippocampus using deep sequencing. We showed that hippocampal cells contain a diverse collection of 70 CaMKII transcripts from all four CaMKII-encoding genes. We characterized the Ca2+/CaM sensitivity of hippocampal CaMKII variants spanning a broad range of linker lengths and compositions. The effect of the variable linker on Ca2+/CaM sensitivity depended on the kinase and hub domains. Moreover, we revealed a previously uncharacterized role for the hub domain as an allosteric regulator of kinase activity, which may provide a pharmacological target for modulating CaMKII activity. Using small-angle x-ray scattering and single-particle cryo–electron microscopy (cryo-EM), we present evidence for extensive interactions between the kinase and the hub domains, even in the presence of a 30- residue linker. Together, these data suggest that Ca2+/CaM sensitivity in CaMKII is homolog dependent and includes substantial contributions from the hub domain. Our sequencing approach, combined with biochemistry, provides insights into understanding the complex pool of endogenous CaMKII homologs.
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3.2 Introduction
Calcium/calmodulin-dependent protein kinase II (CaMKII) is a crucial oligomeric serine and threonine kinase involved in long-term memory formation (1), egg activation in fertilization (2,3), and cardiac pacemaking (4). CaMKII is expressed throughout the human body, which facilitates its role in these disparate functions. Four homologous CaMKIIs are encoded in the human genome: CaMKIIα (encoded by CAMK2A) and CaMKIIβ (encoded by CAMK2B), which are predominantly found in the brain, CaMKIIδ (encoded by CAMK2D), predominant in the heart, and CaMKIIγ (encoded by CAMK2G), found in multiple organ systems, including eggs and sperm (5–7). Each gene product is one CaMKII subunit that consists of a kinase domain, a regulatory segment, a variable linker region, and a hub domain (Fig. 1A). The kinase and hub domains are conserved across the four homologs, with a minimum of 90 and 75% pairwise amino acid identity, respectively. The linker that connects the kinase and hub domains is highly variable in length and composition due to alternative splicing. Herein, we focused on CaMKII in the hippocampus, the primary memory center in the brain (8). CaMKII is the most abundant enzyme in neuronal dendrites and is implicated functionally in memory (1). Transgenic mice deficient in neuronal CaMKIIα or CaMKIIβ have limited long-term memory and display specific learning impairments (9,10). More specifically, mice with mutations at critical phosphorylation sites in CaMKIIα display defects in higher-order memory and adaptive learning (11). The structure and function of both the kinase and hub domains of CaMKII have been well studied. Kinase activity is regulated by the autoinhibitory regulatory segment, which blocks the substrate-binding site in the absence
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of Ca2+ (12). When the local cytoplasmic Ca2+ concentration increases, Ca2+-bound calmodulin (Ca2+/CaM) competitively binds to the regulatory segment and relieves inhibition by exposing the substrate-binding site (Fig. 1B) (13). The regulatory segment also contains three sites of autophosphorylation: Thr286, Thr305, and Thr306 (according to the numbering of residues in CaMKIIα) (14). Phosphorylation at Thr286 results in autonomous activation or sustained activity in the absence of Ca2+ (15). The hub domain oligomerizes the holoenzyme into both dodecameric and tetradecameric assemblies (Fig. 1C) (16–18). The variable linker region has been difficult to study for several reasons. The sequence of the linker is predicted to be disordered. It is likely for this reason that high-resolution structures of the CaMKII holoenzyme including the linker region have not been solved. Indeed, the only atomic resolution structure of a CaMKII holoenzyme is one in which the variable linker is completely deleted (19). In that structure, the regulatory segment makes extensive contacts with the hub domain, thereby completely sequestering the CaM-binding segment from Ca2+/CaM in this compact conformation. This structure, combined with biochemical data, led to the hypothesis that linker length tunes the autoinhibition within the holoenzyme by either stabilizing a compact conformation (short linker forms) or populating an extended conformation in which the CaM-binding segment is more accessible (longer linker forms). The variable linker also varies in composition between the four CaMKIIs. Further complexity is generated by alternative splicing of up to 9 exons (exons 13 to 21) in the regions encoding each linker, generating a total of more than 80 splice variants possibly expressed from four genes (54). The combination of high identity within the conserved kinase and hub domains and 
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high variability in the linker region makes it difficult to specifically identify CaMKII splice variants in cellular experiments. There have been many studies that outline specific roles for exons in the variable linker region, which provide some clues as to why exons may be spliced in or out. Exon 15, which is encoded in all genes with the exception of CaMKIIβ has been documented to encode a nuclear localization sequence (NLS) (20–22). This NLS (KKRK) is a common motif identified as a sufficient sequence to achieve nuclear localization (23). Exon 13, which is found in CaMKIIβ and γ, but not α or δ, encodes a region that mediates an important interaction with F-actin (24,25). In dendritic spines, the interaction between CaMKII and actin is crucial for the maintenance of spine structure during long-term potentiation (26). Perhaps the most extensive form of alternative splicing results in the formation of alpha CaMKII associated protein (alpha KAP) where CaMKIIα is spliced to a form that includes only the hub domain (27). This splice variant plays an important role in membrane anchoring using its hydrophobic N-terminal domain (28). Finally, alternative splicing within the hub might regulate oligomerization (5). Roles for the remaining exons have yet to be delineated. In addition to roles assigned to specific exons, the variable linker region also plays a critical role in CaMKII activation. A standard metric for CaMKII activity is the concentration of Ca2+/CaM required for half-maximal activation (EC50 value) (19,29). CaMKII activation is also cooperative (29). With regard to linker length, a CaMKIIα variant with a 30-residue linker requires substantially less Ca2+/CaM to achieve maximal activity compared to a CaMKIIα variant with a 0-residue linker (19). This general trend also holds in comparing a long-linker CaMKIIβ variant to a short-linker CaMKIIα variant (30). Here, we addressed the gaps in knowledge in three major areas. First, which specific 
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CaMKII splice variants are expressed in human hippocampal cells. Second, how splicing affects CaMKII activation. Third, structural analysis of an autoinhibited CaMKII holoenzyme with a 30-residue linker.
The exon architecture is conserved between CaMKII paralogs
The four CaMKIIs are highly homologous. Using the Neighbor Joining method (52,53), we generated reconstructions of the kinase and hub domain divergence for the four human CaMKII genes rooted with Drosophila melanogaster CaMKII kinase and hub outgroups (Fig. 1D). Because of the clear one-to-one correspondence of exons across genes, we use a common exon numbering system (Fig. 2A). Herein, we implemented a new naming scheme for CaMKII variants based on: (i) gene identity and (ii) incorporated exons. Moving forward, we propose this is the simplest way to efficiently catalog current CaMKII variants and include new variants as they are discovered (54).
Deep sequencing reveals at least 70 CaMKII transcript variants in the human hippocampus 
We performed targeted deep sequencing of hippocampal CaMKII transcripts from three separate human donors (82, 26, and 66 year-old males) without neurological or neuropsychiatric diagnoses. To identify all of the alternatively spliced CaMKII transcripts expressed in a human total RNA sample, these transcripts must be substantially enriched. Similar to previous approaches (5,7,24), we reverse-transcribed human hippocampal RNA to generate cDNA and then used gene-specific primer pairs to amplify variable regions of CaMKII transcripts by PCR (Fig. 2B). Agarose gel separation of PCR amplicons followed by Sanger sequencing of excised  gel bands was inadequate for detailed characterization of alternative CaMKII splicing, because many bands
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contained mixtures of variants (fig. S1). To circumvent this problem, we devised an Illumina next-generation sequencing approach. Given the locations at which CaMKII transcripts are variably spliced and the maximal lengths of variable regions when all optional exons are incorporated, strategic placement of primer pairs facilitates PCR-based construction of Illumina sequencing libraries such that 251-bp paired-end sequencing enabled unambiguous identification of virtually all possible CaMKII transcripts from all four genes (Fig. 2B, blue/green primer pair). Compared to traditional whole-transcriptome Illumina RNA-Seq library preparation, this approach emphasizes the sensitivity of unambiguous variant detection over accuracy in the quantification of relative transcript abundance, due to the greater potential for amplification bias resulting from additional PCR cycles. Therefore, we make no claims with respect to transcript abundance beyond classifying transcripts into several detection level categories based on the number of reads mapped to each transcript. However, spurious detection of transcripts is extremely unlikely, because we applied a stringent similarity cutoff of a minimum of 10 reads mapping to each transcript (see Materials and Methods). We performed this experiment with three separate donor samples of human hippocampal tissue. We detected a large number of distinct transcript variants (Fig. 2C, tables S1 to S16, file S1), including all three possible CaMKIIα variants and more than 15 each of CaMKIIβ, CaMKIIγ, and CaMKIIδ. In addition to variants previously annotated in genomic databases (NCBI Consensus CDS collection, NCBI GenBank, Ensembl), we also identified numerous previously unobserved variants of each gene, which we refer here to as ‘unreported.’  One unreported variant of note was the CaMKIIα transcript that included no optional linker exons (0 aa linker). This is important because the crystal
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structure of the CaMKIIα no-linker variant is the only available high-resolution structure of full-length CaMKII [PDB code: 3SOA (19)], but this variant was previously not known to be biologically relevant. Nearly every identified transcript incorporating optional linker exons contained exons 14 and 18, which are required for the protein to remain in frame when any linker exons are spliced in. Given the constraints on linker exon connectivity imposed by the requirement to remain in frame (54), we observed a large fraction of allowable linker sequences for each homolog. Two notable exceptions that were not detected in our experiment were CaMKIIβ variants incorporating exons 19, 20, or 21 (encoding proline-rich sequences) and CaMKIIγ variants incorporating exon 13 (encoding an F-actin interaction site). We assessed the reproducibility of this experiment with two replicates of sample preparation and sequencing for donor 1, the highest quality tissue and RNA sample (Fig. 2C, tables S1 to S4). For these technical replicates, 99% of the reads mapped to the same collection of variants. Not surprisingly, variants on the edge of detection (cumulatively mapping to 1% of reads) differed between the replicates (tables S2, S6, S10, and S14). However, there was too much variability between the replicates to precisely quantify detection levels of variants and confidently order them based on detection level (see Materials and Methods, tables S17 to S19). Instead we binned variants into several detection-level categories. Expressed variants were also quite consistent across donors, with at least 97.5% of all reads from each donor mapped to a collection of variants detected in all three donors (tables S1 to S16). Most, but not all, variants fell into the same broad   expression category across all donors. Accordingly, we designated variants as ‘consistent’ and ‘inconsistent’ (tables S1, S5, S9, and S13). Large differences in detection levels between donors observed for inconsistent variants may 
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reflect underlying physiological differences between donors. 
The variable linker affects activation of CaMKIIα, but not CaMKIIβ
We focused on the activation properties of CaMKIIα and CaMKIIβ variants because of their well-documented involvement in learning and memory (9,11). First, we determined the EC50 values for Ca2+/CaM activation of all three CaMKIIα variants sequenced from the human hippocampus. For all EC50 measurements, the curve fit is shown for simplicity (Fig. 3), and individual fits with all data points used are shown in fig. S2. For brevity we refer to variants by linker length: α-41 (α14,15,18 in Fig. 2C), α-30 (α14,18), and α-0 (α-no-linker). Consistent with previous experiments comparing α-30 to α-0 (19), we also observed a large right-shift in the EC50 value (from 24 nM to 313 nM, respectively, Fig. 3A). The EC50 values of CaMKIIα-41 (25 nM, Fig. 3A) and CaMKIIα-30 were identical within error estimation. Next, we examined CaMKIIβ variants with the broadest possible range of variable linker lengths: previously annotated and detected variants β-93, β-69, β-68, β-54, β-30, and β-0, as well as the annotated, but undetected, variant β-217 (Fig. 3B). We observed no major differences in EC50 across the entire range of linker lengths, with the EC50 values of all CaMKIIβ variants falling in the narrow range between 14 and 31 nM. This result suggests that the variable linker does not tune activation the same way in different CaMKII homologs. The Hill coefficients (nH) from these measurements of CaMKIIα and CaMKIIβ variants were all quite similar,  ranging from 1.5 to 2.5, which was consistent with previous measurements (19). Note that the cooperativity in CaMKIIβ variants was consistently higher compared to that in CaMKIIα variants but did not    
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correlate with EC50 value differences. We observed a 15-fold difference in the EC50 for Ca2+/CaM between α-0 and β-0 (313 nM vs. 21 nM). The difference in the activation properties of these two variants may be attributed to sequence differences outside of the variable linker: in the kinase domain, the hub domain, or a combination of the two. Indeed, the only CaMKIIβ variant that we tested with an EC50 outside of the narrow range around 20 nM was the novel variant β-93-shorthub, which was slightly right-shifted from the other CaMKIIβ variants (Fig. 3B). The only difference between β-93 (EC50 = 25 nM) and β-93-short-hub (EC50 = 43 nM) is due to the lack of 26 residues in the hub domain, indicating that hub alone may affect activation properties. These results motivated our next experiments.
Hub identity plays a regulatory role in holoenzyme activation
We directly assessed the regulatory contributions of the kinase and hub domains of CaMKIIα and CaMKIIβ (90% and 77% identity, respectively). To do this, we generated two chimeras with 0aa linkers. The first chimera was composed of the CaMKIIα kinase domain and regulatory segment fused to the CaMKIIβ hub domain, and the second chimera was composed of the CaMKIIβ kinase domain and regulatory segment fused to the CaMKIIα hub domain. The EC50 value of the β kinase/α hub chimera was substantially right-shifted compared to that of the α kinase/β hub chimera (Fig. 3C). Both CaMKIIβ-0 and the chimera with the β hub had approximately the same EC50 values (24 nM and 21 nM, respectively). On the other hand, CaMKIIα-0 and the chimera with the α hub were both right-shifted. However, the EC50 value of the chimera was still three-fold  lower than that of wild-type CaMKIIα-0 (102 nM vs. 313 nM). This suggests that the role of the hub domain in determining activation properties is dominant with respect to the
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kinase domain, with no contribution from the kinase in the context of the β hub, but a substantial contribution in the context of the α hub.
Activation properties track with evolutionary divergence
We compared the divergence of the human CaMKII kinase and hub domains using the corresponding domains from the single CaMKII homolog in fly as an outgroup to root the trees (Fig. 1D). The kinase and hub trees have consistent topologies in which the common ancestor of CaMKIIα and CaMKIIδ diverged from the common ancestor of CaMKIIβ and CaMKIIγ. However, whereas the four kinase domains diverged in almost a star topology (the segments separating the α/δ and β/γ ancestors from their common ancestor are much shorter than any other segment), hub divergence was not nearly as uniform. CaMKIIα and CaMKIIδ are much more diverged from each other and from CaMKIIβ/γ. The CaMKIIβ and CaMKIIγ hubs have diverged by far the least, with the fewest substitutions between them. Based on this similarity between CaMKIIβ and CaMKIIγ, and the apparent involvement of the hub domain in activation, we hypothesized that CaMKIIγ-0 would behave similarly to CaMKIIβ-0. We measured the activation of γ-0 and δ-0 (Fig. 3D), which confirmed our hypothesis about γ-0 (EC50 = 28 nM). Consistent with the order in which α, β/γ, and δ split, as well as with the greater degree of divergence between the α and δ hubs, δ-0 required an intermediate amount of Ca2+/CaM for activation (EC50 = 167 nM), which was approximately 7-fold greater than that of β-0, but 2-fold less than that of α-0.
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Insight into the structural mechanism of activity regulation
The difference that we observed in the activation of CaMKIIα-0 compared to that of CaMKIIβ-0 (EC50 = 313 nM and 21 nM, respectively) led us to investigate whether there was a structural explanation. The crystal structure of CaMKIIα-0 shows a compact conformation with a radius of gyration (Rg) of 61 Å, as determined using small angle X-ray scattering (SAXS) (19). We performed SAXS measurements to compare the overall shapes of CaMKIIα-0 and CaMKIIβ-0 in the unactivated conformation (without the addition of Ca2+/CaM). Guinier and pair distribution analyses revealed a substantial difference in the Rg and Dmax values of CaMKIIα-0 [~59 Å and 155 Å, consistent with previous data (19)] compared to those of CaMKIIβ-0 (~66.4 Å and 250 Å) (fig S3). These results showed that CaMKIIα-0 had a more compact conformation than that of CaMKIIβ-0. Our current understanding of the CaMKII holoenzyme state (compact versus extended) has emerged from a combination of negative stain EM, SAXS, and X-ray crystallography, as reviewed previously (31). The central hub is consistently observed as a dodecameric or tetradecameric assembly. The kinase domains have been observed in multiple conformations, including above and below the hub domain plane in EM studies (32), in compact positions docked against the hub in an X-ray crystal structure (19), or in the same plane as the central hub at extended positions, from EM and SAXS modeling (33,34). Another negative stain EM study of a CaMKIIα-30 construct showed the kinases adopting positions at extended distances from the central hub (35). A general challenge for 3D EM reconstructions of CaMKII has been the strong preferred orientation of the sample under both cryo and negative stain conditions. In addition, the average size of   negative stain particles and the linker distances present in CaMKII isoforms have
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motivated careful comparison of negative stain and cryo-conditions when interpreting kinase domain position (32). To revisit questions surrounding the CaMKII holoenzyme conformational state, we analyzed samples of CaMKIIα-30 using single-particle cryo–electron microscopy (cryo-EM). Two-dimensional (2D) class averages of the sample, frozen at 0.5 to 1 mg/ml, showed clearly distinguishable six- and seven-fold versions of the central hub with visible secondary structure elements (Fig. 4A). Of ~800,000 obvious top views, ~500,000 (63%) showed clear six-fold features, whereas 290,000 (36%) showed clear seven-fold features. Obvious side views were visible in the 2D classes, unlike in previous negative stain analyses (Fig. 4B and D) (17,35,36). 2D classes also showed additional, less ordered density, proximal of the hub (presumably from the kinase domains) (Fig. 4C, D). This density was still present when the mask diameter was expanded during 2D classification (Fig. 4E). No additional ordered density, at more extended positions, appeared to be excluded due to masking. In top views of the six- and seven-fold hub assemblies, additional kinase domain density was observed as a strong signal positioned between hub subunits (Fig. 4C) and was observed in side-views above and below the mid plane of the hub (Fig. 4D, E). We generated initial models using Relion, and classified the full particle set, all without any assumptions of symmetry (see Materials and Methods for details). Both six-fold and sevenfold hub domains (without any ordered kinase domains) emerged during 3D classification. Ordered density of the kinase domains appeared in both the six-fold and seven-fold 3D classes. We focused on two representative six-fold final classes. The first class, which we refer to as Class A, was refined to 4.8 Å resolution [as evaluated by gold standard FSC (Fourier Shell Correlation)
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criterion]. In Class A, we observed one ordered kinase domain, which was docked against a six-fold hub in a position with the beta-clip engaged with the hub, as seen in the crystal structure of CaMKIIα-0 (PDB: 3SOA) (Fig. 5A). A second class (Class B) was refined to 6.6 Å resolution. Class B showed one kinase domain interacting with a six-fold hub in a previously unobserved orientation. In Class B, the kinase C-lobe (helices αEF and αG) engaged a loop in the hub domain (W373-P379), and the N-lobe was in a position closer to the hub mid-plane (Fig. 5B). The final reconstruction Class A (six-fold) included 160,000 particles. Final reconstruction Class B (six-fold) included 40,000 particles. In both reconstructions, the EM density (with recognizable secondary structure elements) was unambiguous for positioning the kinase domain. Both Class A and B exhibited preference for top views; however, these data showed angular distributions that enabled 3D reconstruction (fig. S4). Similar docked states as Class A and B were seen with seven-fold hubs. Enforcing D6 symmetry during refinement of the Class A or Class B particles resulted in reconstructions with a recognizable central hub, but loss of recognizable kinase density.
Discussion
We unambiguously identified at least 70 distinctly spliced CaMKII transcripts present in three individual human hippocampal samples using Illumina sequencing. Note that excised hippocampal tissue samples are necessarily comprised of multiple cell types from the hippocampus, including neurons, glia, and interneurons. Therefore, the transcripts that we report here are derived from this mixture of cell types, not from excitatory neurons alone. From our experiment, it is impossible to tell which transcripts are co-expressed specifically in excitatory neurons or any other cell type. Addressing this
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important question requires precise extraction of individual neurons from the hippocampus followed by single-cell transcript sequencing. The alternative, culturing neurons outside of brain tissue, disrupts numerous in vivo cell-cell interactions, including synapses, quite possibly leading to non-physiological changes in CaMKII transcription and splicing. Using the sequences that we obtained, and those that others previously annotated from various tissues, we examined the differences in kinase activity regulation between CaMKII splice variants. We discovered that, whereas CaMKIIα regulation was dependent on the variable linker region, CaMKIIβ regulation was not. Furthermore, we showed a role for the hub domain in the regulation of CaMKII activation by Ca2+/CaM. Our data provide insights into the heterogeneity of CaMKII transcripts in a human tissue and uncover a previously uncharacterized role for the hub domain in regulating CaMKII activity through an allosteric mechanism. This finding opens a window into understanding allosteric control of CaMKII activity through modulation of the hub domain. We sequenced a large number of transcripts from all four CaMKII genes from three separate samples of human hippocampal tissue. Note that CaMKIIα produced a no-linker transcript (CaMKIIα-0) that accounted for 0.5 to 25% of mapped reads. This sequence was previously crystallized to obtain the only full-length atomic resolution structure of CaMKII. Our data demonstrate the potential physiological relevance of the compact conformation observed in that structure (19). The sheer number of variants detected in the hippocampus (70 across the four CaMKII genes) suggests that (i) either splicing is not tightly regulated at every exon, or (ii) there are complex mechanisms of regulation responsible for every transcript that we detected. In either case, certain exons (CaMKIIβ exons 19-21 encoding proline-rich protein sequences and CaMKIIγ exon 13 
73

encoding an F-actin interaction protein sequence) appear to be specifically suppressed in the hippocampus. In terms of the abundance of detected transcripts, systematic PCR bias is unlikely to be solely responsible for the approximately 1000-fold differences between the high- and trace level detection categories of detected variants of CaMKIIβ, CaMKIIγ, and CaMKIIδ (tables S1, S5, S9, and S13). Physiological differences in transcript copy number between variants likely contributed to these differences in detection level. Furthermore, given the overall consistency in variant detection between donors, the few instances of extensive differences in detection level may reflect physiological differences between individuals. We found that agarose gel separation of transcripts followed by Sanger sequencing of individual bands could not resolve CaMKII variants from the hippocampus, because sequencing traces from most bands indicated a mixture of templates present in the sequenced sample. In many cases, careful analysis of the Sanger sequencing trace enabled us to identify at least two distinct splice variants (fig. S1). Therefore, it is difficult to interpret the presence or absence of an expected gel band as indicative of the presence or absence of a particular CaMKII transcript in a sample. Because each Illumina read obtained by our approach reflects a single template molecule, it produces a more robust survey of the CaMKII transcripts. We suggest that this approach should be applied to other tissues to begin to catalog the diversity in CaMKII transcripts. We expect that in other tissues, the identity and relative abundance of transcripts will vary from those we observed in the hippocampus. With this information in hand, we will certainly improve our understanding of the regulation of CaMKII alternative splicing, and ultimately be able to link this regulation to the Ca2+ signaling requirements within each tissue. Our results comparing the EC50 values between 
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CaMKIIα and CaMKIIβ splice variants showed that the regulation of CaMKII activation was homolog-dependent and, specifically, affected by the sequence of the hub domain. Our measurements characterized CaMKII activation at equilibrium Ca2+/CaM concentrations. CaMKII activity is also dependent on the frequency of Ca2+ spikes, which is how Ca2+ is delivered to endogenous CaMKII in postsynaptic neuron (19,30,37). Future experiments will be needed to carefully dissect this kinetic contribution in the activation of different splice variants. The variable linker in CaMKIIα does play a role in regulating CaMKIIα activity, which is consistent with previous work (19). We used cartoon holoenzymes to illustrate the compact and extended autoinhibited states of CaMKII (Fig. 3), which correspond to lower and higher sensitivities to Ca2+/CaM, respectively. For CaMKIIα, these cartoons are based on a crystal structure (PDB: 3SOA) and SAXS measurements, respectively (19). Unexpectedly, the variable linker in CaMKIIβ did not play a role in regulating CaMKIIβ activity. Our SAXS measurements directly comparing CaMKIIα-0 and CaMKIIβ-0 suggest that α-0 adopts a compact conformation, whereas β-0 adopts a more extended conformation as evidenced by its larger Rg and Dmax values (fig. S3). These data corroborate the trend that was previously observed comparing α-0 and α-30 where the more compact conformation requires more Ca2+/CaM for activation (19), which is what we also observed in our experiments. The results from our experiments with CaMKIIα and CaMKIIβ chimeras provide evidence that the hub identity is a determinant of sensitivity to Ca2+/CaM. We observed a large difference in the activation of the CaMKIIβ kinase domain when it was fused to the CaMKIIα hub domain. Substitutions between CaMKIIα and CaMKIIβ hub domain sequences are distributed quite uniformly throughout the domain (Fig. 6A). This 
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led us to hypothesize that there is a dynamic component to this regulation. We turned to single particle cryo-EM to gain a better understanding of the structural mechanism of activity regulation. Our cryo-EM data showed that the kinase domains were in close physical contact with the hub and suggest two specific sources for hub-dependent regulation observed in the chimera experiments. These cryo-EM data reveal two conformations sampled by the kinase domain under frozen hydrated conditions. First, we observed the same docked conformation in single-particle cryo-EM reconstructions using CaMKIIα-30 (Fig. 5A, Class A) that was previously observed in a crystal structure of CaMKIIα-0 (19). The crystal structure shows a compact state of the holoenzyme in which the kinase domain is docked onto the hub domain and the calmodulin binding segment is occluded. The conformation we observed by cryoEM (Class A) suggests that with the holoenzyme in solution, kinase domains may sample a similar compact state, even in the presence of a 30-residue linker. Single amino acid substitutions from CaMKIIα to CaMKIIβ are not found at this docking interface (Fig. 6A), thereby confounding straightforward tests of this interface in hub-dependent regulation. Our cryo-EM analysis also revealed a second, distinct docked state, Class B (Fig. 5B). In this reconstruction, the kinase domain is flipped relative to Class A, with the C-lobe oriented above the N-lobe, relative to the hub. A loop in the hub domain mediating interaction between the kinase and the hub differs in sequence between CaMKIIα and CamKIIβ (Fig. 6B, black box). In Class B, the regulatory segment is accessible for calmodulin binding, but there remains extensive contact between the kinase C-lobe and the hub, which may influence activation. These two cryo-EM reconstructions advance our understanding of holoenzyme architecture because they show that in a holoenzyme with a 30-residue linker, the kinase 
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domains make intimate contact with the hub, to the extent that two distinct cryo-EM reconstructions can be observed with specific docked conformations. Note that in both Class A and Class B reconstructions of CaMKIIα −30, the final model shows only one well-resolved kinase domain per holoenzyme. The final high-resolution maps were generated with masks that only included a single kinase domain and excluded regions for other potential kinase domains. However, we do not interpret these data as suggesting other positions are unoccupied. Rather, the other positions showed lower occupancy, or may be less well ordered, as suggested by maps contoured to show additional noise. In these maps, we observed density, again below and above the hub mid-plane. As previously mentioned, the 2D class averages also showed density above and below the hub mid-plane (Fig. 4D). In these unmasked maps, when adjusting the contour level (Fig. 5C), we observed that although the density was more poorly resolved, the N and C-lobes of the kinase domains can be distinguished and correspond to an equivalent docked position. The position of the unmodeled density is consistent with kinase domain positions along the surface of the hub, and inconsistent with the extended positions proposed from negative stain reconstructions (35). Further sub-classification of Class B can generate classes with more than one site occupied; however, the overall resolution is poorer (Fig. 5D). For these reasons, we present Class A and Class B as representative of kinase-hub interactions, indicative of potential binding modes. The position of the kinase domain in Class A is compatible with the packing of all 12 kinase domains in the same orientation. A docked state with Class A and Class B next to one another is also compatible when occurring at adjacent sites within a ring, suggesting that a kinase domain in a given holoenzyme may engage and interact with the hub in multiple 
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orientations. In future studies, it will be interesting to investigate whether constructs such as the CaMKIIα kinase/β hub chimera show this kinase proximity to the hub. The 30-residue linker in CaMKIIα-30 is predicted to be a disordered segment. This disordered linker endows the kinase domains with many degrees of freedom. Locking the kinase into a docked conformation is likely to be entropically unfavorable and transient, making coincident docking statistically unlikely. The conformational diversity of kinase domain positions and their relative distribution may be a rich area for future exploration, especially as advances in computational methods facilitate better modeling of flexible protein regions. Our cryo-EM analysis showed two 3D reconstructions of CaMKIIα-30 with different docked states in which the kinase domain makes direct contact with the hub. The kinase and hub domains have evolved together, therefore it is not surprising that they have also evolved ways to interact (38). We speculate that these interactions may mediate autoinhibition or calmodulin-dependent activation. Because the interactions that we observed may vary depending on the identity of the CaMKII hub domain, they do not exclude other interactions, which may be uncovered when kinase domains are less likely to interact with the hub (34). With the rich diversity of splice variants described here, a given holoenzyme may have an entire set of regulatory interactions that it can sample. Thoughtful future experiments will be needed to specifically distinguish the role of these dynamic interactions in holoenzyme activation, to more fully elucidate the intricate mechanistic details of a remarkably versatile enzyme.

Materials and Methods

Initial amplification of transcript variable regions
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Two human total RNA samples and one human cDNA sample were purchased from BioChain. The samples were derived from complete hippocampi of three human donors (donor 1: 82 year old male; donor 2: 26 year old male; donor 3: 66 year old male) without neurological or psychiatric diagnoses. BioChain advised that the tissue from donor 2 did not pass all internal histological quality controls, although the RNA derived from that tissue did pass all RNA quality controls. We detected many fewer low-expression variants (less than 1% of mapped reads) of CaMKIIβ, γ, and δ in the sample from donor 2, compared to donors 1 and 3. However, robustly expressed variants were highly consistent between all three donors (tables S1 to S16). This is consistent with nonspecific partial degradation of RNA in the donor 2 sample. Whereas low copy number transcripts fell below the threshold of detection due to partial degradation across all mRNAs, robustly expressed transcripts remained detectable, despite losing a fraction of their initial copy number. cDNA was reverse-transcribed from donor 1 and donor 2 RNA samples using the ProtoScript II first strand cDNA synthesis kit (NEB #E6560) with oligo dT priming. Variable regions of transcripts were PCR-amplified for 35 cycles with high-specificity primer pairs designed to minimize cross-hybridization between CaMKII genes (file S2) with either Phusion polymerase (NEB #M0530) or KAPA HiFi polymerase (Roche). This yielded a mixed population of variable-length amplicons reflecting the splice variants of the targeted gene present in the starting sample.
Construction of Illumina sequencing libraries
Illumina sequencing libraries were prepared from the initial variable-length amplicon pools with an adapted PCR-based construction protocol (39). First, gene-specific primers with overhangs containing Illumina-specified sequences (Fig. 2B, file S2) were used to
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subamplify transcript variable regions. Second, generic primers annealing to the overhangs introduced in the first reaction were used to incorporate annealing sites for Illumina sequencing primers, NEBNext library indices (NEB #E7335 single-index set, #E7600 dualindex set), and P5/P7 flow cell annealing sequences. The resulting amplicons were agarose gel-purified with size selection based on the theoretical minimal (no linker exons spliced in) and maximal (all linker exons spliced in) lengths of the variable region inserts.
Analysis of Illumina sequencing
Illumina reads were grouped by sequence similarity, producing clusters with >90% sequence identity and two or fewer base pair insertions/deletions. The consensus sequence of each cluster was aligned to exon sequences from the corresponding CaMKII gene obtained from the reference human genome (GRCh38.p12, Ensembl release 95) to map exon order in the transcript represented by the cluster. More than 90% of clustered reads from each Illumina library were unambiguously mapped with reference exons of the corresponding gene, with all splice junctions matching those observed in previously annotated splice variants. We refer to these as mapped reads. Python2 code implementing read clustering is available at: github.com/romansloutsky/illumina_read_clustering. Two technical replicates of libraries were prepared from the donor 1 tissue sample, starting with the initial reverse transcription step, and sequenced. One replicate each of donors 2 and 3 was sequenced. For each gene, different collections of splice variants were detected in each of the four cDNA samples, so calculating the correlation between replicates across all detected variants was not possible. Instead, for each gene, we calculated  pairwise Pearson correlation in variant detection levels (fraction of mapped reads which
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mapped to that variant) and Spearman rank-based correlation between replicates over only those variants that were detected in all four replicates (table S19). Whereas the Pearson correlation between replicates and donors was more than 90% for most pairwise comparisons, it was dominated by the magnitude of differences between the strongest- and weakest-detected variants. When the highest detected variants differ between samples, the Pearson correlation decreases. Technical replicates are no better correlated than biological replicates, indicating substantial variability between library preps and sequencing reactions. This is not unexpected, given the 93 total cycles of PCR amplification, as well as the known run-to-run variability in flow cell clustering efficiency when sequencing mixtures of inserts of different lengths. Spearman correlation generally tracks with Pearson correlation, but is less skewed by the magnitude of highest detected variants. On the whole, Spearman correlation indicates a limited ability to accurately order variants according to detection level. We believe the highest resolution of detection level quantification possible from these sequencing experiments is the categorization of variants into several detection level ranges. We used ‘high’ (approximately 20% or more of mapped reads), ‘medium’ (between about 20% and 5%), ‘low’ (approximately between 5% and 1%), and ‘trace’ (below 1%) categories. We then classified transcripts as consistent (in the same detection level category) or inconsistent (in different detection level categories) between donors. Allowing for observed variation between technical replicates and considering ‘trace’ detection (typically fewer than 50, but always more than 5, reads) in some replicates consistent with no detection in others, the overwhelming majority of variants were detected at a consistent level between all three individuals (table S9). We believe that the remaining inconsistent variants reflect 
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physiological differences between individuals.
Plasmid construction
cDNAs encoding full-length CaMKII variants were subcloned into a pET vector containing N-terminal 6xHis followed by a SUMO tag. CaMKII chimeras were constructed as follows. The cDNAs encoding the kinase/regulatory segment and hub domains of CaMKIIα and CaMKIIβ were amplified from full-length constructs. The kinase domain includes the regulatory segment of its corresponding kinase. Each domain was amplified with a 20-bp overhang that was the corresponding CaMKII gene. The chimeras were assembled using Gibson assembly.
Protein expression and purification
All CaMKII variants used for this study were recombinantly expressed and purified as previously described (40). Plasmids encoding CaMKII variants were co-transformed with lambda phosphatase into Rosetta 2(DE3)pLysS competent cells (Millipore). Expression was induced overnight with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, GoldBio) and cultures were grown overnight at 18 °C. Cell pellets were resuspended in Buffer A [25 mM Tris-HCl (pH 8.5), 150 mM KCl, 50 mM Imidazole, 10% glycerol, Sigma] with 25 mM magnesium chloride, containing a cocktail of protease inhibitors and DNase (0.2 mM AEBSF, 5.0 μM Leupeptin, 1 µg/mL Pepstatin, 1 µg/mL Aprotinin, 0.1 mg/mL Trypsin Inhibitor, 0.5 mM Benzamidine, 1 µg/mL DNAse) (Sigma) and lysed. All subsequent purification steps were performed with an ÄKTA pure chromatography system at 4°C. Clarified cell lysate was loaded onto a 5-mL HisTrap FF NiNTA  Sepharose column (GE), and eluted with a combination of 50% Buffer A and 50% Buffer B ([25 mM Tris-HCl (pH 8.5), 150 mM KCl, 1M imidazole, 10% glycerol) for a final
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concentration of 0.5 M imidazole. The protein was desalted of residual imidazole with a HiPrep 26/10 Desalting column, and His SUMO tags were cleaved with Ulp1 protease overnight at 4°C in Buffer C [25 mM Tris-HCl (pH 8.5), 150 mM KCl, 2 mM TCEP (GoldBio), 50 mM Imidazole, 10% glycerol]. Cleaved tags were separated by a subtractive NiNTA step. Next, an anion exchange step was performed with a 5-mL HiTrap Q-FF and protein was eluted with a KCl gradient. Eluted proteins were concentrated and further purified in gel filtration buffer [25 mM Tris-HCl (pH 8.0), 150 mM KCl, 1 mM TCEP, 10% glycerol] using a Superose 6 Increase 10/300 size exclusion column. Pure fractions were then concentrated, aliquoted, flash-frozen in liquid nitrogen, and stored at −80°C until further use. All columns were purchased from GE. Calmodulin (Gallus gallus) was recombinantly expressed from a pET-15b vector (a generous gift from Angus Nairn, Yale School of Medicine) in BL21(DE3) cells (Millipore) and purified as previously described (41). To quantify the calmodulin concentration for making stocks to use in the kinase assays, we used circular dichroism on a Jasco J-1500 Spectrophotometer to make a measurement in triplicate for our purified sample scanning a wavelength spectrum between 250 and 215 nm to measure the characteristic wavelength of 222 nm as previously described (42). We calculated the calmodulin concentration as follows:
[calmodulin](nM) = 1000 × (CDsample222nm − CDblank222nm) 
                                                    Θ × l × number of amino acids 

where the circular dichroism at 222 nm (CD222nm) is expressed in mdeg, Θ is the molar ellipticity, and l is the path length in cm.
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Coupled kinase assays
Kinase activity was monitored under previously described conditions (29,43) with a Synergy H1 microplate reader (Biotek). Each well of the test plate contained master mix composed of the following (all concentrations listed as final, working concentrations): 5 mM Tris (pH 7.5, Fisher Scientific), 150 mM KCl (Sigma), 10X Tris/MgCl2 buffer 50 mM/10 mM respectively (Fisher Scientific), 0.2 mM CaCl2 (Sigma), 1 mM phosphoenolpyruvate (Alfa Aesar), nicotinamide adenine dinucleotide (0.2 mg/ml, Sigma), pyruvate kinase (55.7 U/ml, Sigma), lactate dehydrogenase (78 U/ml, Millipore Sigma), 0.5 mM ATP (Sigma), 0.3 mM syntide (LifeTein). The final pH in each well of the reaction was ~ 7.5 to 8, and the final enzyme concentration was 13.3 nM. The addition of calmodulin (concentrations ranging from 0.4 nM to 2 μM) to the reaction was used to initiate CaMKII activity, after which absorbance was measured at 15-s intervals for 10 min. The change in absorbance over time was fitted with a straight line (y = mx + c) to obtain a slope (m) proportional to the kinetic rate of the reaction. For each time series, slopes were fitted to a sliding window of 5 points (1 min 15 s) and the maximum observed slope was used to represent the kinetic rate of that reaction. Kinetic rates across a series of calmodulin concentrations were fitted with the following equation:

Y=Ymin +  (Ymax-Ymin) xnH
					xnH + EC50nH

to obtain EC50 (defined as the calmodulin concentration needed to reach the half-maximal reaction velocity) and cooperativity values (Hill coefficients, nH). 95% confidence intervals for fit parameters (EC50 and nH) were determined using the following bootstrap procedure. 10,000 replicate calmodulin concentration series were 
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generated by randomly selecting one observed kinetic rate at each measured calmodulin concentration from the set of replicates for that variant. Each generated concentration series was fit with the equation described earlier. Parameter values at the 2.5th and 97.5th quantiles of the 10,000 fits were taken as the boundaries of the 95% confidence interval.
Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) data were collected at the mail-in high-throughput SIBYLS beamline 12.3.1 at the Advanced Light Source (ALS) using a Pilatus3 2M pixel array detector (Dectris). Samples (20 μl) were loaded in a 1.5-mm thick chamber by an automated Tecan Freedom Evo liquid handling robot (44). Incident X-rays were tuned to a wavelength of 11keV/1.27Å, samples were exposed for 10 s, and data collected every 0.1 or 0.33 s. SAXS data were collected for CaMKIIα-0 at concentrations of 1, 3, and 7.2 mg/ml, whereas those for CaMKIIβ-0 were collected at concentrations of 3, 7, and 11.5 mg/ml. Frames were chosen using SAXS Frameslice (https://bl1231.als.lbl.gov/ran). Data were then scaled and merged using the low q region from the lowest concentration datasets. Rg and Dmax values were determined using both Scatter 3.0 and primus (ATSAS 3.0).

Cryo-electron microscopy data collection and analysis
C-flat Holey Carbon grids with gold support (CF-1.2/1.3-3Au-50, EMS) were made hydrophilic by glow-discharging at 30 mA for 30 s using PELCO easiGlow (Ted Pella). Purified CaMKII (3 μl) at 0.5 to 5 mg/ml was applied to these grids at ~96% relative humidity, blotted for 5 s, and plunge-frozen into liquid ethane using Cryoplunge 3 (Gatan). Frozen hydrated samples were imaged on an FEI Talos Arctica at 200 kV with a K2 Summit direct detection camera in super-resolution mode with a total exposure dose 
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of approximately 52 electrons. Thirty-five frames per movie were collected at a magnification corresponding to 0.455 Å per pixel using SerialEM (45). Micrographs (6510) were collected at defocus values ranging from −0.5 to −2.5 μm. Movie frames were motion-corrected and dose-weighted by MotionCor2 (46), sampled to 0.91 Å per pixel, and contrast transfer function (CTF) parameters were estimated by CTFFIND4 (47). Particle picking was performed with crYOLO giving 1,500,734 initial particles. Initial ab-initio models were generated in Relion (48). After successive rounds of 2D and 3D classification, 290,980 particles were selected. Additional rounds of 3D classification led to the reconstructions of 4.8 Å from 160,211 particles (reconstruction Class A), of 6.6 Å from 40,329 particles (reconstruction Class B, fig. S4). Maps used for figures were filtered according to local resolution with b-factor sharpening within Relion. Models were fit into the map using Chimera (49) and Coot (50) and rigid body refined with PHENIX (51).
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Figure 3.1 CAMKII sequence divergence and structural organization. (A) Each subunit of CaMKII consists of a kinase domain, a regulatory segment, a variable linker region, and a hub domain. The regulatory segment houses the CaM-binding region as well as a regulatory autophosphorylation site, Thr286. (B) The regulatory segment acts as an autoinhibitory domain by blocking the substrate-binding pocket. In the presence of Ca2+, Ca2+/CaM binds to the regulatory segment, exposing the substrate-binding pocket and activating the enzyme. (C) The hub domain oligomerizes CaMKII into two stacked hexameric rings. Shown is a cartoon of an active structure with Ca2+/CaM bound to the regulatory segment. (D) Neighbor Joining reconstructions of kinase and hub domain divergence for the four human CaMKII genes, rooted with D. melanogaster CaMKII.









Figure 3.2 Illumina sequencing reveals a heterogeneous population of CaMKII variants in the human hippocampus.
(A) Human CaMKII genes are encoded by 24 exons with clear one-to-one correspondence across genes. Exons 1 to 10 encode the catalytic kinase domain, exons 11 and 12 encode the regulatory segment, exons 13 to 21 encode the variable-length linker,
95

96

and exons 22 to 24 encode the association (hub) domain. Missing linker exons indicate that the exon is not encoded in the corresponding gene. Constitutively incorporated kinase, regulatory segment, and hub exons (gray) are spliced into every transcript. CaMKIIδ encodes two versions of kinase exon 6, with one or the other, but not both, incorporated into transcripts. Several exons contain alternative splice sites, enabling omission of a fraction of the exon (indicated by hatching). CaMKIIβ encodes three nearly identical proline-rich linker exons (19 to 21), which are homologous to CaMKIIγ exon 19. (B) Illumina library construction is illustrated with CaMKIIβ. Initial PCR amplification of a region encompassing all alternative splice sites (including the linker and hub exon 23) was performed with primers designed for specificity for the target CaMKII gene, to the exclusion of the other three genes (orange and red arrows). Initial amplicons served as templates for the amplification of library inserts in a second PCR reaction with a different primer pair (green and blue arrows). The resulting inserts were fully spanned by paired-end 251-bp reads for nearly all splice variants. For CaMKIIβ, this was true as long as exons 19, 20, and 21 were not incorporated. These exons are shown as semi-transparent because they were not incorporated in any detected hippocampal splice variant. (C) Summary of CaMKIIα and CaMKIIβ transcript variants for two replicates of donor 1 (r1, r2), donor 2, and donor 3 as detected by Illumina sequencing. All detected variants, including all previously annotated variants, are shown for CaMKIIα. For CaMKIIβ, the top eight read-mapping variants are shown above the black line and the remaining previously annotated variants are shown below the line. Variants are marked as ‘unreported’ if they have not been previously annotated or ‘undetected’ if we did not detect the transcript in our experiments. Underlined 
97

percentages indicate inconsistency between libraries. Variants highlighted in blue are those that were used in activity measurements.



























98




Figure 3.3 The hub domain plays a crucial role in Ca2+/CaM sensitivity.
(A to D) CaMKII activity against a peptide substrate (syntide) was measured as a function of Ca2+/CaM concentration. To simplify comparisons, fitted curves were 
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normalized by the corresponding Vmax fit parameter and data points are not shown (see fig. S3). The EC50 value for each fit is indicated by a single box, whereas dashed gray lines in (B) to (D) indicate reference EC50 values for CaMKIIα-30 and CaMKIIα-0 (B) or CaMKIIβ-0 and CaMKIIα-0 (C and D), as labeled on the x-axis. Activity measurements and EC50 and nH (Hill coefficient) fit parameters are shown for all three CaMKIIα splice variants (A), eight selected CaMKIIβ variants (B), chimeras of CaMKIIα/β with no linker (C), and CaMKIIγ and CaMKIIδ with no linker (D). EC50 and Hill coefficient (nH) fit parameters with 95% confidence intervals (see Materials and Methods) are listed for each tested variant, N=3 titrations for each protein sample. Cartoon representations of CaMKII holoenzymes in their autoinhibited states are shown in (A). For (C) and (D), each domain is labeled according to the CaMKII gene.
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Figure 3.4 2D classes of single-particle cryo-EM analysis of CaMKII-30.
(A) Six- and seven-fold symmetric top views for CaMKII holoenzymes were observed in cryo-EM 2D classes. (B) Example of a clearly visible side view in the 2D classes. (C) Density for a single kinase domain (blue arrow) docked onto a dodecameric central hub seen in a top view. (D) Density for multiple kinase domains (blue arrows) above the hub midplace is visible in side views. (E) Density for kinase domains remained when the 
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mask diameter was increased to 300 Å. No additional ordered density was visible at extended positions.
















Figure 3.5 Two kinase domain arrangements observed by cryo-EM.
(A) In reconstruction Class A, a single kinase domain was resolved between two hub domain subunits. A kinase domain from the CaMKIIα-0 holoenzyme crystal structure (PDB: 3SOA) was fitted into the additional density. (B) In a second reconstruction, Class B, a kinase domain was visible interacting with a hub subunit with the kinase C-lobe making contact with a loop at the top of the hub domain. The CaMKIIα kinase domain (PDB: 3SOA) was docked into the additional density, and the CaMKII hub domain (PDB: 5IG3) was docked into the hub density. (C) Unmasked maps of Class A are shown below in gray, where adjusted contour levels reveal EM density for additional kinase domains. (D) Sub-classification of Class B particles results in the 3D model shown in pink where EM density for two docked kinases is evident
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Figure 3.6 Allosteric contributions from the hub domain regulate CaMKII activation.
(A) The 32 positions that differ between the CaMKIIα and CaMKIIβ hubs are represented by spheres at the Cα position on the structure of CaMKIIα hub (PDB: 3SOA). The hub is shown in cyan, the regulatory segment is in orange, and the kinase domain is in green. (B) Sequence alignment of the hub domains of human CaMKIIs, colored by degree of conservation (dark to light corresponds to from most to least 
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conserved). For convenience, all hub sequences start at residue 1. Residues in the CaMKIIα hub that differ in the CaMKIIβ hub are highlighted by red boxes. The loop mediating kinase docking in the Class B cryo-EM reconstruction is shown in the black box.
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chapter 4
 BIOCHEMICAL AND BIOPHYSICAL CHARACTERIZATION OF ANCESTRALLY RESURRECTED CaMKII SEQUENCES
As written by Dziedzic Noelle, Sloutsky Roman, Flaherty Daniel, Ozden Can, Malyszka Kelly, Arsenault Mark, and Stratton Margaret M. 
Manuscript in preparation

Contributions: I cloned, grew and prepped the ancestral proteins, did all the kinase assays presented in these figures and did some of the mass photometry. Roman generated the ancestral CaMKII protein sequences using his expertise in computational biology, and also created the primer sequences and informed the cloning strategies to make the different proteins. Dan trained me to use the mass photometer and collected preliminary MP data. Can did the DSC analysis. Kelly helped with cloning and prepping in the early stages of making the abdg ancestors. Mark collected the DSC data.
4.1 Abstract
Understanding the molecular mechanism of memory requires a close study of proteins involved in this intricate and complex biological process. Ca2+/calmodulin-dependent protein kinase II (CaMKII) is one such protein in learning and memory that has been shown over the years to play an essential role. CaMKII is encoded by four genes in vertebrates: CAMKIIA (alpha), CAMKIIB (beta) CAMKIIG (gamma) and CAMKIID (delta). A single CaMKII subunit consists of a kinase domain, regulatory segment, variable linker region and association (hub) domain. CaMKII commonly assembles as a  dodecamer or tetradecamer. Previous research has elucidated the possibility
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of kinase activity being allosterically regulated by dynamics of the hub domain, known to be involved in oligomerization of the holoenzyme. More specifically, differences between CaMKII alpha and beta proteins show that the identity of the hub domain can tune the sensitivity of the protein for calcium-bound calmodulin (Ca2+/CaM), with alpha requiring substantially more Ca2+/CaM than beta for activation in the absence of a variable linker region. To dissect the molecular identity of residues that could be responsible in the hub domain for regulating activity, we constructed three categories of ancestrally-derived CaMKII proteins as a means to study co-variation of hub residues in a rationally designed way. Using biochemical and biophysical methods, we found an overall trend of all tested ancestral CaMKIIs to be more stable compared to extant CaMKII and oligomerization states of these proteins were identical to previously reported extant ones (12-mer). Additionally, we identify residues in both the hub and kinase domain that potentially control Ca2+/CaM sensitivity in CaMKII and CaMKII. Our studies lay the groundwork for uncovering the trajectory of CaMKII evolution over the time scale of millions of years. 
4.2 Introduction 
Ca2+/calmodulin-dependent protein kinase II (CaMKII) is a serine/threonine kinase that plays a role in many cellular signaling pathways in the body. Each enzyme subunit consists of a kinase domain, regulatory segment, variable linker region and hub domain. Typically, twelve or 14 of these subunits need to oligomerize to form a fully functional holoenzyme (1, 2). In vertebrates, four different genes can encode CaMKII proteins: α, β,  γ, δ. Each gene can be alternatively spliced to produce multiple CaMKII protein variants. Between the CaMKII proteins, the kinase domain is nearly identical (~95% sequence
107

identity), and the hub (or association domain) is also quite similar (~80% sequence identity). The greatest variability among CaMKIIs exists within the linker region, with variable linker length and amino acid composition (3, 4). Within the human hippocampus alone, (a brain region which is important in learning and memory) ~70 CaMKII splice variant transcripts were detected, indicating the potential for a wealth of CaMKII protein diversity in the brain (5). Given the diversity of calcium signaling events within cell types, we were interested in further understanding how CaMKII activity is regulated, since it is such a crucial mediator of transducing Ca2+ pulses into downstream signaling events, particularly within neurons. Even with ~80% identity in sequence, the hub domains in CaMKIIα and CaMKIIβ play different roles in regulating kinase activity (5), as measured by the sensitivity to calcium-bound calmodulin, which is typically the initial activating signal that CaMKII receives at the post-synaptic density, where it is concentrated within a neuron (6, 7). Pharmacological evidence has also shed light on utilizing binding to the hub domain to regulate enzyme activity (8). An important question emerged from recent research, which aimed to understand whether or not we could uncover the molecular mechanism by which the hub was acting to mediate kinase activity. This requires identification of residues within the hub domain and mutating them from one identity to another to modify enzyme activity. In doing so, a CaMKII protein should be either more or less sensitive to calcium-bound calmodulin. In comparing the alpha and beta hub domain, there are a total of 32 residue substitutions with the majority of replacements being conservative (Figure 4.1). Preliminary examination of the location of these residues showed the majority of them were buried, and none were present at any obvious location at the hub/kinase interface, which made identifying candidate residues challenging (5). As a means of comparing protein sequences in a way that could uncover important functionality of individual or groups of residues which co-varied with each other, we chose to use the method of Ancestral Protein Sequence Reconstruction, which is a way to computationally predict ancient protein sequences on the basis of extant ones as a means of understanding the evolution of protein functionality (9). This method has been used previously as a means of understanding allosteric mechanisms of enzyme regulation, and understanding kinase diversification (10, 11). 
We focus on understanding the relationship between CaMKII structure and function by biophysically and biochemically characterizing the ancestrally derived proteins to understand how properties of this protein evolved over time to inform allosteric domain interactions. 
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4.3 Results
Ancestral CaMKII Sequence Generation
Using methods in computational biology, extant CaMKII sequences for all four genes were subjected to a multiple alignment. Then, a phylogenetic tree was inferred, which was used to reconstruct the ancestral CaMKII sequences. From this data, CaMKII was identified as the most closely related extant sequence to the common ancestor of all four genes, followed by CaMKII, then CaMKII and CaMKII were quite similar in evolutionary time, and the most recently derived protein sequences. With these results, three main branch points of CaMKIIs were derived for this study. In order from oldest to most recent, the first group of ancestral CaMKIIs is named “abdg” because this ancestral group is common to all four genes (alpha, beta, delta, gamma). The second oldest ancestral CaMKII protein group is called “abg” because these proteins were common to only three extant sequences (alpha, beta, gamma). Finally, the most recently evolved CaMKII ancestral group is referred to as “bg” because this is the common ancestor that gave rise to beta and gamma extant sequences (Figure 4.2). There were 4 different protein sequences for abdg, 8 different protein sequences for abg and 4 protein sequences used for the bg CaMKIIs in this study (Please note: at the time of this dissertation, not all proteins were able to be generated in time for the assays). These numbers were derived from how many ambiguous positions were detected during the generation of these ancestral sequences, with two ambiguous positions for abdg and bg, and three ambiguous positions for the abg CaMKII protein sequences. In these ambiguous positions, there were two possibilities for residue identity, thus 22=4, 23=8.
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Ancestral CaMKII Protein Stability
We used Differential Scanning Calorimetry (DSC) to assess the thermal stability of the ancestrally resurrected CaMKII variants and compared to the most closely related extant sequence. The melting temperature was measured for the extant CaMKII no linker protein, in addition to 3 out of 4 of the ancestral CaMKII proteins belonging to the abdg group, and for all 8 of the abg CaMKII proteins. The maximum temperature of unfolding for the extant CaMKII sequence was 60.28C. All of the ancestral CaMKII proteins tested were more stable than the extant sequence. For the abdg proteins tested, the apparent Tm are reported as follows, abdg2: 66.70C, abdg3: 67.57C, abdg4: 67.25C (Figure 4.3). For the abg proteins, the apparent Tm values were also consistently higher compared to the extant CaMKII sequence, with apparent Tm values of abg1: 67.65C, abg2: 68.17C, abg3: 67.49C, abg4: 66.83C, abg5: 68.20C, abg6: 67.25C, abg7: 67.87C, abg8: 67.24C (Figure 4.4). 
Oligomerization states 
We evaluated oligomerization states of ancestral CaMKIIs to determine if changes in the hub domain had any effect on how many subunits come together to form a holoenzyme using Mass Photometry. We measured three abdg proteins: abdg1, abdg2 and abdg3. Each holoenzyme was dodecameric (12-mer, shown as a MW of ~600 kDa). A smaller population was also consistently detected, resulting in a size between that of a CaMKII monomer (~50 kDa) and dimer (~100 kDa) (Figures 4.5, 4.6, 4.7, 4.8), and for abdg1 at different concentrations ranging from 100-200 nM, a third population consisting of what essentially appears as two holoenzymes interacting at ~1200 kDa. 
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EC50 measurements & Ca2+/CaM Sensitivity
Coupled kinase assays measured Ca2+/CaM sensitivity, or how easily activatable the different ancestral variants were. All proteins were tested in triplicate. For the abdg proteins, there was an interesting amount of variability between the variants (Figure 4.9). The most easily activatable abdg protein was abdg1(EC50= 62 nM Ca2+/CaM). Abdg2 (which differed from the abdg1 sequence by a single hub residue, N378S) was slightly more difficult to activate (EC50= 82 nM). Abdg3 (which differed from abdg1 by a single kinase domain residue, N130M) was the most difficult to activate (EC50= 118 nM) and abdg4 (which differed from abdg1 in two separate positions, a combinatorial change at both the kinase domain and hub domain with both N378S and N130M) reported a comparable activation profile aompared to Abdg1 and 2 (EC50 =76 nM). 

Table 1: EC50 values of CaMKIIs in the abg category.
	CaMKII Variant
	EC50
	Residue Change (compared to abg1)

	abg1
	98 nM
	N/A

	abg2
	103 nM
	S418A (hub)

	abg3
	86 nM
	S378N (hub)

	abg4
	82 nM
	N378S/S418A (hub)

	abg5
	84 nM
	A443S (hub)

	abg6
	99 nM
	S418A/A443S (hub)

	abg7
	99 nM
	S378N/A443S (hub)


(Figure 4.10-Figure 4.11).  In addition to the ambiguous positions in the hub domain, there was a single residue change present in the kinase domain for each abg protein, N130M. 
The only bg variant tested was bg1, at an EC50 of 73 nM (Figure 4.12) which was right shifted relative to the reported EC50 values of both extant beta and gamma no linker sequences, which were ~ 20nM (5). Overall, there was a total of 19 substitutions required to make bg1 from a CaMKII no linker extant sequence, distributed between the kinase domain (11 residues) and the hub domain (8 residues). 
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4.4 Discussion 
In this study, we were able to recombinantly express and purify CaMKII proteins designed using computational biology and protein ancestral reconstruction. Using this method comes with some caveats, such as the challenge of precisely dating the timeframe for these ancestral sequences. In the literature, there is variation of how old the extant sequences are from one another, and depends on the method used to compare sequence differences. CaMKIIs have been reported anywhere from a ~1.2 billion year -old age difference between all the CaMKII sequences (1) to several billions of years (12). Another study estimates the common ancestral gene that eventually gave rise to CaMKIIα and CaMKIIβ evolved from a common ancestor ~ 1 billion years ago (13). A common theory for the history of some vertebrate genes is the 1-2-4 rule which can be summarized to be that two separate rounds of genome duplication occurred, where the first duplication went from one to two genomes, followed by a second round of duplication which went from two to four genomes (14). This theory is often used to characterize gene paralogs, which is a term that has been used to previously describe the relationship between CaMKII paralogs (4).
From our analysis, three main branch points in CaMKII evolution occurred, with the most recently evolved ancestor bg, being common to extant beta and gamma sequences (Figure 4.2). Additionally, we found that the extant delta no linker sequence was most similar to the abdg/abg ancestors, so it was used as a backbone in the early stages of cloning to generate the constructs for protein expression. 
The goal of this study was to use ancestral reconstruction to identify individual residues or a stretch of residues within the hub domain, or a combination of kinase and hub domain residues that could be mutated and studied in a CaMKII protein to understand the complicated crosstalk that occurs between protein domains to orchestrate activity regulation.
The CaMKII association domain, or hub domain, is an interesting target to study how allosteric mechanisms may contribute to regulation of kinase activity. A crystal structure was solved for the hub domain that showed it formed a tetradecameric organization of two stacked rings of seven hub domains each, which was a surprising result considering that the holoenzyme is often described as a dodecameric complex (15). Even larger oligomerization states of 16-20 subunits have been characterized for multiple species of  green algae (16). The hub is considered to have ancient origins by itself, as bacteria and plants have been found to contain genes encoding “CaMKII-like” hub domains (16). This would imply that even though CaMKII is commonly characterized as a metazoan protein, perhaps the other domains that are known to form a holoenzyme as we know CaMKII today (such as kinase domain and variable linker) evolved later as cellular machinery to decode calcium signals in increasingly complex physiological environments. 
From this study, two sites of interest for mutagenesis emerged, both in the hub domain and in the kinase domain. Specifically, from the data found in the coupled kinase assays for the abdg group, there was a shift from and EC50 of 62 nM Ca2+/CaM (abdg1) to 118 nM (abdg3, differing from abdg1 by N130M) (Figure 4.9). This same change in the kinase domain was carried throughout all of the abg ancestral proteins. In the extant CaMKII alpha and beta sequences, there is also a methionine at this position in the kinase domain. In the extant kinase domain structure, M130 is located as the first residue of an alpha helix following a loop. Methionine is an energetically favorable residue to be part 
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of the helix, however if it is mutated to an N, this might affect activity because of the potential to influence folding of the helix, since asparagine is not as favorable a residue to be positioned in this secondary structure. A second location of interest is within the hub domain, at residue position 378. In the extant hub domains (both alpha and beta), this residue is a serine. In the ancestral CaMKIIs, this was an ambiguous position with identities of either an asparagine or serine residue. From the initial kinase activity data, this single residue change differentiates abdg1 from abdg2 (N378S), and shifts the Ca2+/CaM EC50 from 62 nM to 82 nM (Figure 4.9). In the extant hub domain structure, this residue is part of a loop in the hub domain, it is within a disordered region that is not well resolved. It will be interesting to see how the M130N and S378N mutations in CaMKII and CaMKII extant sequences affect Ca2+/CaM sensitivity. 
The single bg ancestor characterized in this study showed an interesting trend compared to its extant relatives. The extant CaMKII no linker and CaMKII no linker reported EC50 values of 20 nM and 28 nM CaM, respectively (5). However, bg1 reported an EC50 of 73 nM. A closer look at the differences between this ancestor and CaMKII and CaMKII may be a worthwhile place to start in considering other residue positions to mutate. Future data coming from the last three bg proteins may help to better inform this decision. Additionally, obtaining holoenzyme structures of at least one protein for each of the ancestral classes could also guide a hypothesis for how CaMKII regulates allosteric communication between its domains. To better understand activation mechanisms of the ancestral CaMKIIs, this requires dissecting previously characterized traits of how CaMKIIs function within organisms that evolved earlier. While it is known that vertebrates have four separate CaMKII genes, more ancient organisms (invertebrates) 
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such as Drosophila melanogaster, express CaMKII from a single gene, but at least four known splice variants have been identified (17). The sequence for CaMKIIa in rats was found to share 77% sequence identity with the canonical Drosophila CaMKII variant (18). Even though the number of CaMKIIs are much fewer, there is a conserved calcium- bound calmodulin binding site, and CaMKII from Drosophila has also been demonstrated to undergo autophosphorylation, in addition to maintaining activity in the absence of Ca2+/CaM following phosphorylation of Thr 287 (Thr 286 in extant CaMKII) (19). Surprisingly, this finding suggested regulatory mechanisms of this enzyme were conserved prior to the divergence of invertebrates from vertebrates. 
In choanoflagellates, an even simpler, single cellular organism classified as a microbial eukaryote, a single CaMKII has been identified. The kinase and hub domains are 52% and 41% identical in sequence to human CaMKII, respectively (20). Similarly to Drosophila, choanoflagellate CaMKII also has a residue comparable to Thr 286, however it lacks two key Thr residues 305/306 which are present in both extant sequences and in Drosophila (20). These residues serve as inhibitory sites for autophosphorylation. When the structures of extant CaMKII and choanoflagellate hub domains were compared, it was found that there were some similarities, but specifically there was a ring-opened spiral assembly for the choanoflagellate hub not seen in the extant hub, which formed a closed ring (20). Using coupled kinase assays to determine the Ca2+/CaM sensitivity of these sequences and comparing the values to those obtained for the ancestral sequences may be useful in seeing how differences in hub sequence and structure may play a role in allosteric regulation of kinase activity.
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Another consideration when comparing properties of the ancestral CaMKIIs is to think about the origin of a synapse, or connection made between two neurons that facilitates communication between these cells. As we know a synapse today, it may be simplified to consist of one cell having a presynaptic terminal, with a site of rapid vesicle release (such as those that contain neurotransmitters), and the cell it communicates with will contain a post synaptic terminal with receptors awaiting to bind neurotransmitters. This binding event can cause a change in conformation of the receptor which often allow ions to flow though (such as Ca2+), and in doing so, this triggers a series of downstream cellular signaling events. Working backwards in evolutionary time, starting with the first organized structure thought to evolve into what would eventually be a modern synapse is referred to as a protosynapse, and involves proteins with roles in helping a single-cellular organism to sense and respond to its environment. Through proteomic/genomic studies, it is thought that many synaptic proteins originated before cells became specialized enough to form synapses with each other (21). A good example of this is the postsynaptic protein Homer, a known target of phosphorylation by CaMKII (22, 23). To better understand or characterize properties of the ancestral CaMKII proteins compared to the extant sequences, further protein-protein interaction assays such as pull-downs with neuronal lysate might be helpful in seeing differences in potential interacting partners and how that can help inform the cellular environment that these proteins might have lived in.
There is certainly the possibility that our hypothesis could be proven wrong, with a feasible outcome being that CaMKII simply requires all of the residue changes simultaneously for optimal function. If our quest to identify key residue positions in the different CaMKII hub domains affecting allosteric control over the kinase domain
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ends up proving to be unsuccessful, then we need to consider other factors. One possible avenue to explore is post-translational modifications (PTM) of different CaMKII splice variants within different domains. For instance, the variable linker region has a variety of lengths and compositions among splice variants, and whether or not particular residues in the variable linker region have PTM’s in cells such as neurons is currently unknown. CaMKII splice variant divergence might not necessarily have involved the core activity of the molecule, but rather the diversity of proteins that the splice variants are interacting with in the cell. Exploring critical protein-protein interactions of CaMKII and its binding  partners, and how these proteins evolved over time as cellular environments grew increasingly complex could shed light on activity regulation. For example, CaMKII is well known to be localized in excitatory synapses in its role in Long Term Potentiation (LTP), a molecular mechanism of memory (25). The glutamate receptor N-methyl-D-aspartate (NMDA) is a known partner that can activate CaMKII in the absence of Ca2+/CaM and T286 phosphorylation (26). Understanding the evolution of this interaction as one example could help inform the evolution of activity regulation. Interestingly, the c-terminal domain of the NMDA receptor (where there are residues that CaMKII can phosphorylate) has been classified as one of the most divergent regions of the whole receptor (27).  
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4.5 Materials and Methods
Plasmid construction
cDNAs encoding full-length CaMKII variants were subcloned into a pET vector containing N-terminal 6xHis followed by a SUMO tag. For both the abdg and abg groups of CaMKII proteins used in this study, an extant delta no linker CaMKII sequence was used as template, with rounds of Gibson assembly followed by mutagenesis of individual residue positions. For each of the ancestrally resurrected proteins within a group (differentiated by ambiguous amino acid residue positions), site-directed mutagenesis was used to generate them. To make the bg ancestor, an extant beta no linker CaMKII sequence was used as a backbone with rounds of Gibson assembly followed by mutagenesis of individual residue positions. 
Protein expression and purification
All CaMKII variants used for this study were recombinantly expressed and purified as previously described (5). Plasmids encoding CaMKII variants were co-transformed with lambda phosphatase into Rosetta 2(DE3)pLysS competent cells (Millipore). Expression was induced overnight with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG, GoldBio) and cultures were grown overnight at 18 °C. All ABDG and ABG variants were induced with 12L of cell culture, while the BG variants all required 24L to receive enough protein for downsteam assays. Cell pellets were resuspended in Buffer A [25 mM Tris-HCl (pH 8.5), 150 mM KCl, 50 mM Imidazole, 10% glycerol, Sigma] with 25 mM magnesium chloride, containing a cocktail of protease inhibitors and DNase (0.2 mM AEBSF, 5.0 μM Leupeptin, 1 µg/mL Pepstatin, 1 µg/mL Aprotinin, 0.1 mg/mL Trypsin Inhibitor, 0.5 mM Benzamidine, 1 µg/mL DNAse) (Sigma) and lysed.
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All subsequent purification steps were performed with an ÄKTA pure chromatography system at 4°C. Clarified cell lysate was loaded onto a 5-mL HisTrap FF NiNTA Sepharose column (GE), and eluted with a combination of 50% Buffer A and 50% Buffer B ([25 mM Tris-HCl (pH 8.5), 150 mM KCl, 1M imidazole, 10% glycerol) for a final concentration of 0.5 M imidazole. The protein was desalted of residual imidazole with a HiPrep 26/10 Desalting column, and His SUMO tags were cleaved with Ulp1 protease overnight at 4°C  in Buffer C [25 mM Tris-HCl (pH 8.5), 150 mM KCl, 2 mM TCEP (GoldBio), 50 mM Imidazole, 10% glycerol]. Cleaved tags were separated by a subtractive NiNTA step. Next, an anion exchange step was performed with a 5-mL HiTrap Q-FF and protein was eluted with a KCl gradient. Eluted proteins were concentrated and further purified in gel filtration buffer [25 mM Tris-HCl (pH 8.0), 150 mM KCl, 1 mM TCEP, 10% glycerol] using a Superose 6 Increase 10/300 size exclusion column. Pure fractions were then concentrated, aliquoted, flash-frozen in liquid nitrogen, and stored at −80°C until further use. All columns were purchased from Cytiva. Calmodulin (Gallus gallus) was recombinantly expressed from a pET-15b vector (a generous gift from Angus Nairn, Yale School of Medicine) in BL21(DE3) cells (Millipore) and purified as previously described (41). To quantify the calmodulin concentration for making stocks to use in the kinase assays, we used circular dichroism on a Jasco J-1500 Spectrophotometer to make a measurement in triplicate for our purified sample scanning a wavelength spectrum between 250 and 215 nm to measure the characteristic wavelength of 222 nm as previously described (42).
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We calculated the calmodulin concentration as follows:
[calmodulin](nM) = 1000 × (CDsample222nm − CDblank222nm) 
                                                    Θ × l × number of amino acids 

where the circular dichroism at 222 nm (CD222nm) is expressed in mdeg, Θ is the molar ellipticity, and l is the path length in cm.
Differential Scanning Calorimetry
All protein samples were diluted to 0.5 mg/ml in DSC buffer (25 mM Tris pH 8, 150 mM KCl, 1mM TCEP, and 10% glycerol). DSC measurements were performed on a MicroCal Automated PEAQ-DSC instrument (Malvern Panalytical, Northampton, MA). After a 5-min prescan equilibration step, samples were scanned from 10 to 120C at a scan rate of  90C/hr with no feedback. Data were analyzed using the MicroCal PEAQ-DSC software, and baseline-subtracted data were fit to a non-two-state fitting model to obtain apparent Tm values.
Mass Photometry
All MP experiments were carried out using a OneMP mass photometer (Refyn LTD, Oxford, UK) at room temperature and used Acquire MP software for data collection. Coverslips (catalog #630-2105) were cleaned by rinsing with a series of H2O, ethanol and isopropanol (high performance liquid chromatography (HPLC) grade), and then dried under a clean stream of nitrogen. Gaskets (catalog #CW-50R-1.0) were cleaned using H2O and ethanol, and then dried under nitrogen. The gasket was then sealed onto the center of the glass coverslip. The coverslips were stored in a sterile container until used. Ten microliters of buffer (25 mM Tris pH 8.0, 150 mM KCl, 1mM TCEP) was added to the coverslip and focused. Images were collected in an area of 3 x 10 micrometer
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at a frame rate of 1 kHz. Protein stock solutions (~2.5 uM) were diluted to 200 nM (25 mM Tris pH 8.0, 150 mM KCl, 1mM TCEP) right before the experiment. Proteins were further diluted to achieve the following concentrations in the measurements: 150 nM, 125 nM and 100 nM. Two to three replicates were performed at each concentration. Data analysis was done as previously described (24).
Coupled kinase assays
Kinase activity was monitored under previously described conditions (29,43) with a Synergy H1 microplate reader (Biotek). Each well of the test plate contained master mix composed of the following (all concentrations listed as final, working concentrations): 5 mM Tris (pH 7.5, Fisher Scientific), 150 mM KCl (Sigma), 10X Tris/MgCl2 buffer 50  mM/10 mM respectively (Fisher Scientific), 0.2 mM CaCl2 (Sigma), 1 mM phosphoenolpyruvate (Alfa Aesar), nicotinamide adenine dinucleotide (0.2 mg/ml, Sigma), pyruvate kinase (55.7 U/ml, Sigma), lactate dehydrogenase (78 U/ml, Millipore Sigma), 0.5 mM ATP (Sigma), 0.3 mM syntide (LifeTein). The final pH in each well of the reaction was ~ 7.5 to 8, and the final enzyme concentration was 13.3 nM. The addition of calmodulin (concentrations ranging from 0.4 nM to 2 μM) to the reaction was used to initiate CaMKII activity, after which absorbance was measured at 15-s intervals for 10 min. The change in absorbance over time was fitted with a straight line (y = mx + c) to obtain a slope (m) proportional to the kinetic rate of the reaction. For each time series, slopes were fitted to a sliding window of 5 points (1 min 15 s) and the maximum observed slope was used to represent the kinetic rate of that reaction. Kinetic rates across a series of calmodulin concentrations were fitted with the following equation:
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Y=Ymin +  (Ymax-Ymin) xnH
					xnH + EC50nH

to obtain EC50 (defined as the calmodulin concentration needed to reach the half-maximal reaction velocity) and cooperativity values (Hill coefficients, nH). 
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Figure 4.1: 32 amino acid substitutions between CaMKIIa and CaMKIIb hub. The left panel shows a model of the CaMKIIa hub (in cyan) with blue spheres representing residue positions that differ between CaMKII alpha and beta hub domains, with the sequences aligned in the panel to the right. The red boxes indicate the positioning in the alignment where the residues vary. Figure adapted from (5).
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Figure 4.2: Three main classifications of CaMKII ancestral proteins. Working back from evolutionary time, the oldest ancestral category of CaMKII proteins studied was based on sequences that eventually gave rise to CaMKII proteins of the four genes expressed in vertebrates, and is thus called “abdg” for alpha, beta, gamma, delta (purple dot). The second oldest group are sequences that eventually gave rise to “abg” or alpha, beta, gamma sequences (gold dot). Finally, the most recent classification of ancestral CaMKII proteins is derived from the common ancestor of beta and gamma sequences, thus named, “bg” (orange dot). 
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Figure 4.3: Differential scanning calorimetry of CaMKII ancestral sequences from the abdg group. The extant CaMKII sequence is most closely related to these sequences, and is used for comparison. Traces are shown for the Tm values generated for each protein tested.
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Figure 4.4: Differential scanning calorimetry data for ancestral CaMKII protein sequences derived from the second oldest ancestral category, abg. The extant CaMKII sequence is most closely related to these sequences, and is used for comparison. Each trace represents a Tm value obtained for the abg proteins tested. 












4.5 Preliminary Mass Photometry data for abdg1. The oligomerization state for this protein shows a centrally located 12-mer population from the preliminary tests, with a smaller population between the size of a monomer/dimer (between 50-100 kDa) to the left, and a population close to ~1200 kDa featured to the right, the size of two holoenzymes. Each concentration indicates a single replicate.
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4.6 Preliminary Mass Photometry data for an abdg1 triplicate. Similarly to the single replicate data in Figure 4.5, three populations here were detected at the 200 nM concentration in all replicates for a triplicate dataset.  The oligomerization state for this protein shows a centrally located 12-mer population from the preliminary tests, with a smaller population between the size of a monomer/dimer (between 50-100 kDa) to the left, and a population close to ~1200 kDa featured to the right, the size of two holoenzymes. 
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4.7 Preliminary Mass Photometry data for abdg2. Four replicates were collected at 100 nM for abdg2. The average oligomerization state consists of ~ 12 subunits, while another, smaller population of a size between a monomer and dimer (50-100 kDa) was also detected.
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4.8 Preliminary Mass Photometry results for abdg3. Three different concentrations were tested for abdg3. The average oligomerization state consists of ~ 12 subunits, while another, smaller population of a size between a monomer and dimer (50-100 kDa) was also detected.
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Figure 4.9: Coupled kinase assay to determine Ca2+/CaM sensitivity of abdg proteins. CaMKII activity against a peptide substrate (syntide) was measured as a function of Ca2+/CaM concentration. Each of the individual abdg CaMKII proteins were tested in triplicate and fitted to an average EC50 value.
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Figure 4.10: Coupled kinase assay to determine Ca2+/CaM sensitivity of abg proteins, abg1-abg4. CaMKII activity against a peptide substrate (syntide) was measured as a function of Ca2+/CaM concentration. Each of the individual abg CaMKII proteins were tested in triplicate and fitted to an average EC50 value.
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Figure 4.11: Coupled kinase assay to determine Ca2+/CaM sensitivity of abg proteins, abg5-abg7. CaMKII activity against a peptide substrate (syntide) was measured as a function of Ca2+/CaM concentration. Each of the individual abg CaMKII proteins were tested in triplicate and fitted to an average EC50 value.
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Figure 4.12: Coupled kinase assay to determine Ca2+/CaM sensitivity of bg1. CaMKII activity against a peptide substrate (syntide) was measured as a function of Ca2+/CaM concentration. The single bg CaMKII protein was tested in triplicate and fitted to an average EC50 value. Each color of a data series represents an individual replicate.
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chapter 5
 LESSONS I’VE LEARNED AND FUTURE PERSPECTIVES

5.1 Overview
In this chapter I will comment on lessons I’ve learned and provide some insights into future directions for the two main projects I have contributed to in the lab, presented in chapters 3 and 4 of this thesis. 

5.2 Differences between CaMKIIα and CaMKIIβ 
In the third chapter, we published insightful findings highlighting ways in which the two main types of CaMKII splice variants that are predominant in the brain are different from each other. While it was previously known that the variable linker plays an important role in tuning Ca2+/CaM sensitivity for CaMKIIα splice variants, it was interesting to learn that a CaMKIIβ splice variant with a long linker (and intermediate sized linkers) were just as sensitive as a beta variant without a linker entirely. Further studies using protein chimeras showed in the absence of a variable linker, the identity of the hub was important in driving kinase activity. Additional structural data will help to inform and guide further hypotheses into how these different proteins function. While we have a published crystal structure of CaMKIIα-0 (PDB 3SOA), there is not one currently available for a CaMKIIβ-0 holoenzyme, or for any of the chimeras (alpha kinase with beta hub, or beta kinase with alpha hub). We did however show with SAXS that there is a larger radius of gyration for inactive CaMKIIβ-0 compared to CaMKIIα-0. Also from this study, multiple CaMKII splice variant transcripts were detected in the human hippocampus for all 4 genes. However, we do not know all of the CaMKII splice variant proteins that are found in the brain. Future studies will require cellular based assays to detect CaMKII at the protein level, likely a mix of biochemical assays such as pulldowns combined with mass spectrometry. What makes this question challenging but also interesting is the fact that the brain is not only comprised of neurons, which would be the typical cell we think of in the brain, but there are multiple neuron subtypes which can differ in morphology but also in the major neurotransmitter systems(for example: glutamatergic, excitatory neurons which we usually consider for CaMKII) versus inhibitory neurons. Also in the brain are non-neuronal supportive cells (glial cells) that play a variety of roles. If a single cell proteomics approach becomes feasible it would be interesting to understand why or how certain CaMKII subtypes are localized in different cells of the brain.

5.3 Ancestral CaMKIIs and protein function
In the fourth chapter of this thesis, we sought to further gain some insight into the allosteric mechanism of activity regulation that the hub domain exerts over the kinase domain. Two residue positions came up as interesting sites for mutagenesis in the extant alpha and beta no linker sequences, specifically M130 in the kinase domain and N378 in the hub domain. Additionally, it will be interesting to see how the data turn out when the other three bg ancestral CaMKII’s are tested in a kinase assay to see whether or not they are also more difficult to activate compared to extant beta no linker like bg1 was. Crystal structures of at least a single protein in each ancestral category would be interesting to have to determine whether or not the changes in the ambiguous positions are affecting Ca2+/CaM sensitivity with structural insights to support a mechanism. We currently don’t 
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know if the protein is folding or coming together exactly the same as the extant holoenzymes, or whether or not protein dynamics could be affected following these ambiguous residue substitutions. A last note regarding the CaMKII proteins in this project was that surprisingly, all abdg and abg proteins expressed really nicely, and with a 12L culture it gave more than enough yield of protein for many assays, but the bg ancestor expressed really poorly and needed 24L at least. I anticipate that the other bg ancestors will likely need 24L during the growth as well. 















APPENDIX
MOUSE BRAIN TISSUE HOMOGENIZATION PROTOCOL

Day 1: brain homogenization and overnight incubation of hub with mouse brain lysate

**keep beads on ice and all associated buffers

First will be pre-incubating brain lysate protein with CaMKII hub, 4mg/ml of lysate (adjust with Bradford assay), 200ul of extract (this comes to 0.8mg of protein)**
 (adapted from this paper: https://onlinelibrary.wiley.com/doi/epdf/10.1111/jnc.12101 “Differential association of postsynaptic signaling complexes in striatum and hippocampus”) Colbran lab
Homogenize flash frozen mouse brain tissue in an epi tube using a VDW VDI 12 homogenizer in 500ul isotonic homogenization buffer: 50 mM Tris-HCl pH 7.5, 150 mM KCl, 1mM DTT, and protease/phosphatase inhibitors (we will use Thermosci Halt Protease and phosphatase inhibitor cocktail (100X stock, dilute down to 1X), 200nM CaCl2
Incubate with rocking at 4C for 30 min

Centrifuge 9,000 g for 10 min

Use Bradford Assay to adjust final, total protein concentration to 4mg/ml in brain homogenization buffer
Add 200ul of brain lysate and 1.3ul of beta hub protein in an epi tube and incubate overnight at 4C, in tube rotator in the deli case 
Notes: total homogenate adjusted to the following concentration range: 0.84-1mg/ml using Bradford assay
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Day 2: Bead/Protein incubation, pull down and sample prep for mass spec
Beads/CaMKII/lysate: pull down at 4C for 4 hours
Pipette up and down to mix the bead suspension from the bottle, add 12.5ul of bead suspension to an epi tube (this is enough for greater than or equal to 10 microgram of protein)
Wash beads with 1ml of cold 1x PBS, 3 times. For each wash, hold tube to magnetic stand to collect beads before pipetting out liquid waste
Then, wash beads in 700ul of brain homogenization buffer 
Add brain lysate/CaMKII hub which has been mixing overnight to the tube with the beads and gently pipette up and down
Incubate at 4C for 4 hours
Washes/elution
Treat tubes for mass spec with acetonitrile: 500ul of 100% acetonitrile, incubate 30 min at rt (vortex) let air dry after aspirating off liquid
Day 2: Elution of Hub/Protein complexes and sample prep for mass spec
Note: we might need to make some modifications to buffers based on our protein 
**Alfandari Lab Protocol from Mai Read:
Prepare: FLAG Peptide (10 mg/ml)
 Dilute FLAG Peptide to 1 mg/mL in PBS.
Prepare: 10 - 20 ml of 50mM Ammonium bicarbonate
Prepare: 0.5M DTT
Prepare: 0.55M iodoacetamide
1. After rotating the beads with cell lysate overnight, aspirate the supernatant using
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a magnetic separation rack.
2. Wash beads with 1 mL cell lysis buffer. Invert the tube and magnetize beads and
remove the supernatant.
3. Repeat step 2 two more times.
4. Wash beads with 200 ul of T/C PBS. Magnetize beads and remove the
Supernatant.
5. Spin the tube in a microfuge for a short period of time.
6. Magnetize beads and remove the supernatant.
7. Add 20 ul of Flag peptide into each tube. Vortex gently (set the vortex to
“continuous” mode and rest your arm on the base, hold the tube gently touching
the rubber platform to vortex) and set the timer for 5 minutes at room
Temperature.
8. Magnetize beads and transfer the supernatant to a new tube.
9. Repeat step 7 and 8 two more times. (you will have a total of 60ul in each tube.)
G-50 Columns: Vortex the bottom of the column. Twist off the bottom closure and
loosen the cap one-quarter turn.
10. Transfer the column to a 1.5 ml tube, centrifuge (1500G) for 1 minute, and
discard the liquid flow.
11. Add 400 ul of Ammonium Bicarb. Into the column, centrifuge for 1 minute, and
discard the liquid flow.
12. Repeat step 11 two more times.
13.Transfer the column into a new tube (already treated with 100% acetonitrile).
14.Transfer 50 ul of protein from step 9 carefully to the center of the column.
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15.Centrifuge for 1 minute, and discard the column.
16.Add 0.5 ul of DTT (0.5M) and incubate at 56c for 30 minutes.
17.Add 1.35 ul of iodoacetamide (0.55M) and incubate for 15 minutes in the dark at room temperature.
18.Add 1 ul of trypsin (do we have trypsin gold? In the -80, pink tape, might say BirA) and incubate at 37c for 3 hours.
19. SpeedVac. for 1 hr.
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Figure A.1: Pulldown assay results for CaMKII and CaMKII hub domains. The figure to the left represents the number of hits from a pulldown assay using mouse brain lysate incubated with either FLAG-tagged CaMKIIa or CaMKIIb hub recombinantly expressed protein. Highlighted in yellow are the hits that overlapped between both alpha and beta. To the right is an outline describing the hits which were detected. 
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