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Abstract 
Structural and evolutionary studies on CaMKII oligomerization 

by 
Ethan DeNardo McSpadden 

 
Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 
Professor John Kuriyan, Chair 

 
Calcium-calmodulin-dependent protein kinase II (CaMKII) plays a critical role in animal 

learning and memory (Giese et al. 1998). CaMKII operates as a multi-subunit holoenzyme and 
can detect the frequency of incident Ca2+ pulse trains entering the cell (Chao et al. 2011; De 
Koninck and Schulman 1998). CaMKII holoenzymes become destabilized and appear to 
exchange subunits following catalytic activation, which results in the spread of kinase activity to 
inactive holoenzymes (Stratton et al. 2014; Bhattacharyya et al. 2016).  This phenomenon is not 
fully understood and is under active investigation. 

This work focuses on the structural and biochemical characterization of CaMKII hub 
domain assemblies, which are essential to holoenzyme formation (Shen and Meyer 1998; Kolb et 
al. 1998). The crystal structure of a dodecameric human CaMKII-α hub domain assembly shows 
how the protein may be able to sense the activation state of the CaMKII kinase domain. This 
helps explain why kinase activation destabilizes CaMKII holoenzymes and promotes subunit 
exchange. 

The characterization of CaMKII hub domains from evolutionarily divergent organisms is 
also presented.  Hub domains encoded by three related green algae assemble into 16-, 18-, and 
20-subunit oligomers. These are the largest known CaMKII hub domain assemblies. A crystal 
structure of one, the Chlamydomonas reinhardtii 18-mer, revealed multiple intra-chain hydrogen 
bonds not present in the human isoform.  

When these hydrogen bonds were engineered into the human CaMKII hub domain by 
mutation the protein oligomerized into larger assemblies. A larger CaMKII holoenzyme is 
predicted to be more resistant to deactivation by protein phosphatases and thus may be useful in 
studying the consequences of aberrant CaMKII activity. These hydrogen bonds are also 
predicted to inhibit subunit exchange in human CaMKII by dampening structural fluctuations in 
the hub domain. 

Work is also described on an interfacial mutation in the hub domain that weakens the 
integrity of the CaMKII holoenzyme. CaMKII dimers are present in solution as a result of this 
mutation. Catalytic activation increases the dimer population, demonstrating that the hub domain 
interface weakened by the mutation is further destabilized when CaMKII is active. This suggests 
that dimer release is a central component of activation-triggered subunit exchange between 
CaMKII holoenzymes.
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CHAPTER 1 
Introduction 

 
Calcium-calmodulin-dependent protein kinase II (CaMKII) plays a key role modulating 

the strength of synaptic connections between neurons (Lisman et al. 2012).  It is a Ser/Thr kinase 
and is strongly conserved across the metazoan lineage (Stratton et al. 2013; Tombes et al. 2003). 
Four isoforms, termed CaMKII-α, -β, -γ, and -δ, are encoded in the human genome (Tombes et 
al. 2003). CaMKII-α and -β comprise about 1-2 % total brain protein (Erondu and Kennedy 
1985). In this thesis, “CaMKII” refers to the CaMKII-α isoform unless otherwise noted. 

 
 

CaMKII architecture and activation mechanism 
CaMKII is a basally inactive serine/threonine kinase that functions as a 12 or 14 subunit 

holoenzyme (De Koninck and Schulman 1998; Bhattacharyya et al. 2016). The N-terminal 
kinase domain is followed by a helical pseudo-substrate that blocks real substrate binding to the 
active site (Rosenberg et al. 2005). This pseudo-substrate is referred to as the regulatory 
segment. It contains the calmodulin binding footprint as well as three key autophosphorylation 
sites (Hudmon and Schulman 2002).  An unstructured linker region connects the regulatory 
segment to the C-terminal association or “hub” domain (Chao et al. 2011). Hub domains 
oligomerize into an assembly of 12 or 14 subunits and are required for holoenzyme formation 
(Bhattacharyya et al. 2016; Shen and Meyer 1998; Kolb et al. 1998).  

CaMKII is highly conserved across metazoans. The highest level of sequence 
conservation is in the regulatory segment and kinase, followed by the hub domain. Most of the 
variation between CaMKII isoforms is in the length and sequence of the linker region (Tombes 
et al. 2003; Stratton et al. 2013). 

The kinase domain contains an activation loop, but the loop does not have any 
phosphorylatable residues and is not used to regulate activity (Lin et al. 1987; Bulleit et al. 1988; 
Rosenberg et al. 2005).  CaMKII instead activates when Ca2+-bound calmodulin (Ca2+/CaM) 
binds the regulatory segment and pulls it away from the active site (Hudmon and Schulman 
2002; Rellos et al. 2010). Ca2+/CaM binding is cooperative, with a Hill coefficient of about 1.5 
(Chao et al. 2010). After binding, Thr 286 at the base of the regulatory segment is 
autophosphorylated by an adjacent activated kinase in the holoenzyme (Rich and Schulman 
1998). Phosphorylated Thr 286 prevents the regulatory segment from re-binding and re-
inhibiting the kinase domain, even after Ca2+/CaM dissociates. This results in autonomous, 
Ca2+/CaM-independent kinase activity (Miller and Kennedy 1986). 

The off rate of Ca2+/CaM from the regulatory segment becomes much slower after Thr 
286 is autophosphorylated. This is known as calmodulin trapping (Meyer et al. 1992), and the 
details and consequences of it remain poorly understood. Regardless of the off rate, after 
Ca2+/CaM dissociates two other residues present in the calmodulin binding footprint, Thr 305 
and Thr 306, are autophosphorylated. Phosphorylation of these residues prevents rebinding of 
Ca2+/CaM to the regulatory segment (Hanson and Schulman 1992).  

 
CaMKII frequency detection 
 CaMKII activation is sensitive to the frequency and amplitude of Ca2+ pulse trains that 
enter the synapse during neuronal signaling.  In a landmark study, CaMKII activity was shown to 
be 22 % of maximal when exposed to 10 Hz calcium waves. When the frequency was decreased 
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to 3 Hz, activity decreased to 1 % of maximal. Each pulse lasted 80 ms, mimicking the duration 
in the neuron (De Koninck and Schulman 1998). Multiple kinetic rate constants (Ca2+/CaM on-
rates, autophosphorylation rates, etc.) underlie this frequency dependent activity. Phosphatase 
activity also undoubtedly plays a role, but this has not been extensively characterized 
experimentally.  
 A crystal structure of the CaMKII holoenzyme revealed an autoinhibited state where the 
kinase domains were docked onto the central hub domain assembly, making the regulatory 
segment inaccessible to Ca2+/CaM (Chao et al. 2011). This “compact” autoinhibited state was 
shown to be in equilibrium with a more extended autoinhibited state where the kinases are not 
docked on the hub domain assembly and the regulatory segment is accessible to Ca2+/CaM. The 
length of the unstructured linker region, which varies between different isoforms, sets the 
balance of this equilibrium. Shorter linkers favor the compact state, and longer linkers favor the 
extended state.  
 The crystallized holoenzyme contained a truncated linker, which favored it towards the 
compact conformation seen in the structure. A recent study utilizing electron microscopy 
showed that when a normal linker is present the fraction of CaMKII in a compact conformation 
is small (Myers et al. 2017). 

Interestingly, stochastic simulation shows that this equilibrium between compact and 
extended conformations effects the frequency sensitivity of the kinase. When a long linker is 
present, and the equilibrium is favored toward the extended conformation, substantial 
autonomous activity is gained from Ca2+ pulses in the 1-10 Hz range. In contrast, when a short 
linker is present, and the equilibrium is favored towards the compact conformation, very little 
autonomous activity is gained in the same frequency range (Chao et al. 2011). 
 
 
 
Figure 1.1 (next page). CaMKII architecture and activation mechanism. (A) CaMKII domain 
architecture. (B) Activation of CaMKII by Ca2+/CaM. (C) Details of the activation mechanism. 
The kinase domain is basally autoinhibited by the regulatory segment. Binding of Ca2+/CaM to 
the regulatory segment activates the kinase.  Thr 286 is autophosphorylated by an adjacent 
kinase in the holoenzyme after binding by Ca2+/CaM. This prevents the regulatory segment from 
re-inhibiting the kinase domain, resulting in autonomous activity.  Thr 305 and 306 are 
autophosphorylated after Ca2+/CaM dissociates.  Autophosphorylation of these residues prevents 
Ca2+/CaM from rebinding the regulatory segment. Figure adapted from Stratton et al. 2014. 
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CaMKII subunit exchange 
 It was recently observed that catalytic activation triggers subunit exchange between 
CaMKII holoenzymes. Experimental evidence suggests that activated subunits, having broken 
free from an activated holoenzyme, can incorporate into an inactive holoenzyme and spread 
activity via autophosphorylation (Stratton et al. 2014). The spread of activity in such a manner is 
significant because trans-holoenzyme autophosphorylation occurs only very slowly (Kuret and 
Schulman 1985).   

The details of the subunit exchange mechanism are not fully understood. A model has 
been put forward describing how CaMKII holoenzymes becomes destabilized following 
activation (Bhattacharyya et al. 2016)*. The regulatory segment is in a three-way binding 
competition with the kinase domain, Ca2+/CaM, and a peptide-binding site present on the hub 
domain. When the regulatory segment is unphosphorylated, the hub domain always loses the 
competition because it is the lowest affinity binding partner by multiple orders of magnitude. 
Phosphorylation, however, changes the picture. Once the kinase is activated, phosphorylation of 
Thr 286 prevents the regulatory segment from rebinding the kinase. Subsequent phosphorylation 
of Thr 306 and 306 prevents rebinding to Ca2+/CaM. This leaves the hub domain as the only 
available binding partner. Structural evidence suggests that binding of the regulatory segment to 
the hub domain assembly destabilizes the oligomer, causing the activated holoenzyme to fall 
apart. One thing this model does not explain is how activated subunits spread kinase activity to 
inactive holoenzymes.  

Triggered subunit exchange in CaMKII fits an intriguing postulate regarding the storage 
of memory information at the molecular level. A simple but profound question remains standing 
in biology: How do memories outlast the lifetimes of individual macromolecules? Francis Crick 
proposed a system of multimeric proteins that store memory information in the form of self-
catalyzed chemical modifications (Crick 1984). Before a modified holoenzyme is degraded, a 
modified subunit incorporates itself into a newly synthesized holoenzyme, spreading the 
chemical modification to the nascent subunits. Thus, the memory information, manifested as the 
chemical modification, persists beyond the lifetime of any one protein. John Lisman later 
proposed CaMKII as a protein that could execute this process (Lisman 1994).   

Subunit exchange in CaMKII nicely fits this theoretical system. Chemical modification, 
in the form of phosphorylation, spreads to unmodified holoenzymes after they incorporate 
activated, phosphorylated subunits. The relevance of CaMKII for such a system was questioned 
by studies that showed rapid dephosphorylation of the protein following activation, but these 
experiments used a CaMKII-fluorescent protein fusion construct that cannot properly form 
holoenzymes (Lee et al. 2009). The inability to form holoenzymes prevents rapid re-
phosphorylation between protomers, resulting in rapid inactivation of CaMKII by protein 
phosphatases. 

Ultimately, CaMKII subunit exchange has no known physiological role. The most direct 
way to determine if such a role even exists is to look for a phenotype when the process is 
inhibited or in some way altered. This is a challenge because the multiple other functions of 
CaMKII cannot be disrupted. Work presented in this dissertation suggests possible ways to 
selectively inhibit subunit exchange. 
 
 
 
                                                
* A portion of the work detailed in this dissertation was used in the construction of this model 
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Physiological roles of CaMKII 
CaMKII has been historically studied at the post-synaptic cleft, the downstream half of a 

synaptic junction. Upon activation, CaMKII phosphorylates the GluR1 subunit of the AMPA 
receptor (AMPAR), causing an increase in AMPAR channel conductance (Barria et al. 1997; 
Derkach et al. 1999). CaMKII also phosphorylates the protein stargazin. Phosphorylated 
stargazin increases the AMPAR population at the post-synaptic cleft (Tomita et al. 2005). This 
augmentation of population and channel conductance increases the overall signal flux through 
the synaptic junction during neuronal firing events. This increase in signal flux is known as long-
term potentiation (LTP) and it is considered to be a form of memory storage at the cellular level 
(Lisman et al. 2012). LTP is typically described in a more colloquial terminology as the 
“strengthening” of a synaptic junction. 

No LTP is observed in transgenic mice when Thr 286 is mutated to a non-
phosphorylatable alanine residue. These mice are also spatial learning impaired, as assayed by 
the Morris water maze test (Giese et al. 1998). This demonstrates that CaMKII is critical for 
learning and memory, excluding the speculation regarding subunit exchange.  

A recent clinical study found multiple CaMKII mutations in 24 individuals with 
intellectual disability (Küry et al. 2017). The mutations were found to either increase or decrease 
phosphorylation of Thr 286. They were also found to affect neuronal migration, a key element of 
brain development. The mutations identified were exceedingly rare: 90% of them were not 
present in public genomic databases.  The rarity of these mutations establishes a strong 
correlative link between CaMKII dysfunction and intellectual disability.  

 
 

 
Figure 1.2 (next page). A model for subunit exchange in CaMKII. An inactive holoenzyme 
encounters an active, phosphorylated CaMKII dimer, becoming a 14-subunit holoenzyme of 
mixed activation state. Activation/phosphorylation quickly spreads to the remaining subunits. 
The holoenzyme, now fully active, reverts back to a 12-subunit state. An active dimer is released 
in the process, completing and reinitiating the cycle.  
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Synaptic plasticity, kinase activity, and phosphatase action 
 Long term depression (LTD) is the process converse to long term potentiation. LTD is 
the weakening of a synaptic connection, a decrease in the signal flux across the junction during 
neuronal firing. The dichotomy of potentiation and depression is the basis of synaptic plasticity. 
 Entry of a synapse into a potentiated or depressed state is determined by the balance of 
kinase and phosphatase activity. Interestingly, both enzymatic activities are stimulated by Ca2+.  
Which activity dominates is a dramatic example of Ca2+ wave frequency decoding in action. 
High frequency Ca2+ waves cause kinase activity to dominate. CaMKII is activated, AMPAR is 
phosphorylated, and potentiation is achieved. Low frequency Ca2+ waves cause phosphatase 
activity to dominate. The primary phosphatases active at the synapse are PP1, PP2A and 
calcineurin. Calcineurin, like CaMKII, is activated by Ca2+/CaM. Overwhelming phosphatase 
activity suppresses AMPAR phosphorylation, causing synaptic depression (Woolfrey and 
Dell’Acqua 2015).  
 
Motivation for this work 
 This work was driven by the need to understand what happens to the CaMKII 
holoenzyme after the kinase domains are activated. The hub domain assembly holding the 
holoenzyme together clearly become destabilized, but how and why it becomes destabilized is 
unclear. This work shows how the hub domain can sense and respond to the activation state of 
the kinase. It shows how to add intra-chain hydrogen bonds into the hub domain fold that alter 
the oligomerization state of the holoenzyme and may suppress the structural fluctuations induced 
by kinase activation. 
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CHAPTER 2 
 

Crystal Structure of a Dodecameric Human CaMKII-α Hub 
Domain Assembly 

 
 

Summary 
 

This section describes the structure of a dodecameric human CaMKII-α hub domain 
assembly as determined by x-ray crystallography. The structure shows that the human hub 
domain can bind peptides. Peptide binding to the protein as is seen in the structure was 
hypothesized as a way the hub domain could detect the activation state of the kinase (Stratton et 
al. 2014).  The protein expression tag, which was not removed during purification, docks in cis to 
the hub domain. The docked peptide forms an additional β-strand on an otherwise uncapped β-
sheet, analogous to how the regulatory segment is predicted to bind the hub domain following 
enzymatic activation and autophosphorylation.  

The crystal structure also displays a form of hypothesized domain flexibility previously 
unobserved in the human isoform (Bhattacharyya et al. 2016). The curvature of the beta sheet 
varies across the six subunits present in the asymmetric unit. These differences in curvature are 
similar to conformational states accessed during a simulated harmonic structural oscillation of 
the hub domain.  Such changes in curvature underlie how multiple oligomerization states can be 
accommodated and may be important for subunit exchange.  

Simulated metabolite docking to the CaMKII hub domain is also described. The hub 
domain is structurally homologous to ketosteroid isomerase enzymes (Hoelz et al. 2003, Stratton 
et al. 2014), which made us curious to see if it has a potential metabolite binding activity. A 
small molecule that tightly binds the hub domain could potentially inhibit subunit exchange by 
dampening the structural fluctuations required for the process. 
 
 
Introduction 
 

The C-terminal association or "hub" domain of CaMKII is required for formation of the 
holoenzyme (Shen and Meyer 1998; Kolb et al. 1998). Within the assembly, the individual 
domains are arranged as two rings of six or seven subunits, stacked face to face (Hoelz et al. 
2003). The N-terminal kinase domains decorate the periphery of the assembly (Chao et al. 2011).  

The multimeric nature of CaMKII underlies many of the remarkable biochemical 
properties of this kinase.  Autophosphorylation between subunits in a holoenzyme renders the 
kinase constitutively active, even after Ca2+ levels have subsided (Miller and Kennedy 1986). 
This autophosphorylation between subunits also makes CaMKII activity very hard to turn off: If 
a subset of kinase domains in a given holoenzyme are dephosphorylated, they will be quickly re-
phosphorylated by the remaining active kinases (Rich and Schulman 1998).  Overwhelming 
phosphatase action that quickly dephosphorylates the entire holoenzyme is required to shut down 
CaMKII activity.  

The hub domain assembly is a dynamic structure. It is able to accommodate  
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multiple oligomerization states and is also sensitive to the activation state of the kinase domain. 
This latter capability was illuminated by the observation that CaMKII holoenzymes exchange 
subunits following enzymatic activation. Such an exchange process requires selective 
destabilization of the hub domain assembly only after the kinase domains have been activated.  

The structure of the dodecameric hub domain assembly helps explain some of these 
properties. First, it shows how the hub can detect the activation state of the kinase: The protein 
expression tag is seen bound to 6 of the 12 hub domains present in the assembly.  This shows 
that the hub domain has a general peptide binding capability. It demonstrates how the kinase 
regulatory segment is hypothesized to bind to the hub domain following enzymatic activation 
and autophosphorylation.  Binding of the regulatory segment to the hub in such a manner is 
thought to destabilize the assembly, triggering the exchange of subunits (Stratton et al. 2014; 
Bhattacharyya et al 2016).  

A hypothesized domain fold fluctuation (Bhattacharyya et al 2016) is also illustrated in 
this structure.  The β-sheet involved in all the protein-protein interfaces of the assembly is curved 
to different degrees between the protomers present in the crystallographic asymmetric unit. 
These structural differences are thought to be snapshots or "freeze-frames" of a general 
fluctuation in β-sheet curvature. This fluctuation is thought to be important for CaMKII subunit 
exchange. 
   
 
Results and Discussion 
 
Structure description and binding of the expression tag 

The human CaMKII-α hub domain assembly (UniprotKB gene Q9UQM7, residues 345-
475) crystallized in dodecameric form. The asymmetric unit contained a ring of six protomers. 
This ring of subunits sits face to face with a second ring to form the full dodecameric biological 
assembly (Figure 2.1 A-B). The subunits adopt the same fold seen in the tetradecameric CaMKII 
hub domain assembly (PDB 1HKX). The predominant structural feature of each subunit is a 
large α-helix cradled by a highly curved β-sheet. Aside from stoichiometry, the dodecamer 
structure differs from the tetradecamer in multiple important ways.  

In three of the six subunits, the expression tag has docked onto the otherwise uncapped β-
sheet, forming an additional, parallel β-strand. In chain A, unambiguous electron density traces 
the tag from the docking site to the start of the hub domain. This shows that the docking occurs 
in cis (Figure 2.1 C). Peptide docking did not occur symmetrically with respect to the six-fold 
(non-crystallographic) symmetry of the structure. 
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Table 2.1. Data collection and refinement statistics – Dodecameric human CaMKII hub domain 
assembly 
 
PDB code     5IG3 
 
Data collection 
Wavelength (Å)    1.000 

Space group    P43212 
Cell Dimensions     

a, b, c (Å)    89.89, 89.89, 226.58 
α, β, γ (°)    90, 90, 90 

Resolution (Å)    48.63 – 2.75 (2.90 – 2.75) * 
Redundancy    7.9 (7.6)    
Completeness (%)    100 (100) 
Rmerge (%)     8 (112) 
I / σ     14.4 (2.1) 
CC1/2 (%)     94.6 (70.9) 

 
Refinement 

Rwork / Rfree (%)    22 / 27 
No. observed reflections   197032 
No. unique reflections   25096 
No. atoms 
 Protein     6297 
 Ligand/ion    - 
 Water     15 
R.m.s deviations 
 Bond lengths (Å)   0.002 
 Bond angles (°)   0.505  
 

* Values in parenthesis correspond to the highest resolution shell  
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Analysis of the docking interaction 
 In chain A, the first six residues of the polypeptide are disordered and not visible in the 
electron density. The first ordered residues are the last three histidine residues in the hexa-
histidine portion of the tag. The side chain of His 329, the first ordered residue, forms a hydrogen 
bond with the sidechain carbonyl of Asn 406. The next three residues layer onto the β-sheet as a 
parallel strand, forming three hydrogen bonds between backbone atoms (Figure 2.1 D). The 
chain then peels away from the β-sheet and forms a small α-helix. This helix packs three 
hydrophobic residues present in the tag, Leu 335, Leu 338, and Phe 339, against two exposed 
hydrophobic residues of the hub domain, Ile 351 and Pro 417 (Figure 2.1 E). Exiting the α-helix, 
the chain then makes a sharp Gly-Pro turn before connecting to helix α1 of the hub domain 
(Figure 2.1 F). In retrospect, the sequence of the expression tag appears very well suited to form 
such a docking interaction. The Gly-Pro motif facilitates the sharp turn towards the β-sheet, and 
the packing of the hydrophobic residues in the α-helix provides a small energetic payout. 

On chain C, only the segment 331HSSG334 is seen docked onto the β-sheet. Gly 334 forms 
an additional backbone hydrogen bond with the β-sheet not seen in chain A. On chain D, only 
the segment 331HSS333 is seen bound (Figure 2.2 A-B). No peptide is seen docked to chains E 
and F; both contain a fully uncapped β-sheet. 

Neither peptide docked on chains C and D be traced back to the respective N-termini of 
these chains (Figure 2.2 A-B). Inspection of the crystal lattice indicated that peptide binding at 
these sites may have occurred in trans. In both cases, N-termini from protomers in adjacent 
biological assemblies are present in the vicinity and could be donating the docked expression tag 
(Figure 2.2 C-D). Notwithstanding, because docking unambiguously occurred in cis on chain A, 
it likely occurred in cis on chains C and D as well. 
 Molecular modeling demonstrates that the full peptide docking mode seen in chain A can 
only be accommodated at half the subunits of the biological assembly. This is due to simple 
steric hindrance. If a peptide is fully docked at one subunit, the subunit below and to the left of it 
cannot accommodate the same mode of peptide binding. The α-helices formed upon binding 
would clash if peptides docked in such a manner on diagonally adjacent subunits (Figure 2.2-E).  
Although we have posited that binding of the kinase regulatory segment will break the hub 
domain assembly, this structure suggests that any peptide binding will break the oligomer. This 
idea awaits further investigation. 
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Figure 2.1 (next page). Crystal structure of the dodecameric human CaMKII hub domain 
assembly. (A) Top down view of the biological assembly. The protein expression tag, shown in 
dark red, has docked on three of the six protomers in the asymmetric unit. It forms an additional 
β-strand on an otherwise uncapped β-sheet. The docking is most extensive on chain A, where the 
tag can be traced back to the start of the hub domain. On chains C and D, the docked peptide 
cannot be traced back to a particular protomer. A schematic representation of the docking is 
shown to the lower right.  (B) Side view of the expression tag docked on chain A. The tag is 
shown in dark red and the hub domains are shown in blue. Symmetry related protomers, shown 
in grey, form the lower half of the biological assembly. (C) Close-up of the peptide docking on 
chain A. The peptide forms an additional β-strand on the hub domain β-sheet. (D) Hydrogen 
bonds formed between the docked peptide and the β-sheet of chain A. Three are typical of a β-
sheet, and a fourth is formed between the sidechain of His 329 and the backbone carbonyl of Asn 
406. (E) Hydrophobic residues in the expression tag of chain A (Leu 335, Leu 338, Phe 339) 
form a helix and pack against exposed hydrophobic residues (Ile 351, Pro 417) in the hub 
domain. (F) A Gly-Pro turn present between helix α1 and the docked tag of chain A. 
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Figure 2.2 (next page). (A and B) Peptide docking on chains C and D, respectively. In both 
cases, it is unclear what protomer the peptide is connected two. (C) The peptide docked on chain 
C is ~20 Å away from three different N-termini: The N-terminus of the protomer it is docked to 
(blue), the N-terminus of a protomer in the lower half of the biological assembly (grey), and the 
N-terminus of a third protomer in the crystal lattice that is part of a separate biological assembly 
(magenta). (D) A similar situation is seen for the peptide docked on chain D. Here the N-
terminus of the protomer it is docked to (blue) is 14 Å away. The N-terminus of a protomer in 
the lower half of the assembly (grey) is 23 Å away. The N-terminus a protomer from a different 
biological assembly (magenta) is 13 Å away. (E)  Molecular modeling shows that the 
conformation of peptide docking seen on chain A cannot occur on two protomers diagonally 
adjacent from one another, due to steric hindrance.   
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Comparison to the N. vectensis CaMKII hub domain assembly  
 A crystal structure of the CaMKII hub domain assembly from the pre-metazoan 
Nematostella vectensis (PDB 5IG5) also exhibits peptide binding to the uncapped β-sheet 
(Bhattacharyya et al. 2016) (Figure 2.3). However, several differences are present between this 
structure and the human dodecamer. The peptide is docked at full occupancy, on all the subunits 
in the asymmetric unit. The peptide itself is not an expression tag, but rather the C-terminal 
portion of the unstructured linker that connects the kinase domain to the hub. The kinase domain 
was not included in the crystallization construct.  Importantly, docking of the linker on the N. 
vectensis hub appears to physically crack open the domain assembly. This is not observed in the 
human structure.  
 The N. vectensis and dodecameric human structures support a hypothesis explaining how 
human CaMKII holoenzymes can exchange subunits after enzymatic activation. The kinase 
regulatory segment has strong affinity for the kinase domain and for Ca2+/CaM, the activating 
agent.  It also has weaker affinity for the uncapped β-sheet of the hub domain. In the inactive 
state, the regulatory segment is bound to the kinase. Following activation by Ca2+/CaM, 
subsequent autophosphorylation of the regulatory segment prevents rebinding to both the kinase 
and Ca2+/CaM. This leaves the hub domain as the only available binding partner. Binding of the 
regulatory segment to the hub is hypothesized to break the oligomer structure, triggering 
holoenzyme disassembly and the exchange of subunits.  

The structure presented here shows that the human hub domain can bind peptides at the 
uncapped edge of the β-sheet. It suggests how a portion of the regulatory segment might bind the 
protein. The N. vectensis structure then shows how such binding could break the domain 
assembly. 
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Figure 2.3. (A) Peptide docking to the human hub domain and (B) to the N. vectensis hub 
domain.  The binding mode is very similar between the two structures. In both cases the peptide 
binds in cis and forms an additional β-strand on the β-sheet. A major difference is that in the N. 
vectensis structure peptide docking appears to crack the domain ring assembly. The peptide here 
is a portion of the linker that typically connects the hub domain to the kinase domain. The kinase 
domain was not included in the crystallization construct, however. Both structures illustrate how 
the human CaMKII regulatory segment is hypothesized to bind and break the human hub domain 
assembly following enzymatic activation and autophosphorylation.  PDB 5IG3 (human 
dodecameric hub) and 5IG5 (N. vectensis hub). 
______________________________________________________________________________ 
 
 
Comparison to an unrelated protein with the same domain fold 

The CaMKII hub domain structure is classified as an NTF2-like fold (Hoelz et al. 2003). 
This fold is very common and is formed by many proteins of disparate sequence. The ras 
GTPase activating protein SH3 domain binding protein, more mercifully known as G3BP, 
contains an NTF2-like domain unrelated in sequence to the human CaMKII-α hub domain. A 
crystal structure of this domain (PDB 4FCJ) exhibits a mode of peptide binding very similar to 
that seen with the human CaMKII hub domain (Vognsen et al. 2013). 

Prior to the start of the first α-helix, the first seven residues of the chain dock onto the β-
sheet of a symmetry related molecule, forming an additional parallel β-strand (Figure 2.4). Six 
hydrogen bonds are formed between the chains at the docking site, three between backbone 
atoms, two between sidechain and backbone atoms, and one between two sidechains.  

The sequence of the docked peptide is unrelated to the sequence of the docked tag in 
dodecameric CaMKII hub domain structure. This supports the idea that NTF2-like domains have 
a general peptide biding capability that is not strongly constrained by sequence. It is also 
interesting to note that the peptide docked in trans in the G3BP protein structure. This suggests 
binding may have occurred in trans on chains C and D of the CaMKII structure, where the 
connectivity of the bound peptides was unclear.  

In the context of the human CaMKII holoenzyme, hypothetical trans binding of the 
regulatory segment to the hub domain is possible but would be complicated by the ensuing 
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tangle of kinase domains. Trans- binding could help explain how subunit exchange can occur 
between active and inactive holoenzymes. Regulatory segment binding from an activated 
protomer to the hub domain assembly of an inactivated holoenzyme might break the assembly, 
causing it to fall apart or to allow incorporation of activated subunits.  

Trans- interactions between holoenzymes could also potentially make the protein capable 
of forming large supramolecular aggregates, especially at the post-synaptic cleft where it is 
present at high concentrations (Chen et al. 2005). 

 
 

 
 
 
 
Figure 2.4. Peptide docking in an unrelated NTF2-like protein. (A) The N-terminus of the G3BP 
protein (dark red) docks onto the β-sheet of another protomer in the crystal lattice (blue). (B) Top 
view of the same interaction. Peptide docking occurs reciprocally between the two protomers. 
PDB 4FCJ. 
______________________________________________________________________________ 
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Comparison to the tetradecameric human CaMKII-α hub domain assembly 
Molecular modeling shows that the hub domain tetradecamer (Hoelz et al. 2003; PDB 

1HKX) can accommodate the peptide docking seen in the dodecamer structure. However, no 
docking is seen in this structure. The N-terminus preceding helix α1 is not long enough to reach 
the docking site, but it appears possible if such an extension were present.  

A subtle but intriguing difference is present between the individual protomer structures of 
the two assemblies. The curvature of the β-sheet varies greatly between the protomers of the 
dodecameric structure. In contrast, no variation is seen between the protomers of the 
tetradecameric structure.   

The hub domain β-sheet has been predicted by computational simulation to undergo 
fluctuations in curvature (Figure 2.5 B). This curvature fluctuation results in a changing distance 
between the β4-β5 turn and the C-terminal end of helix α1. This prediction was seeded by the 
structure of the CaMKII hub domain from the premetazoan Salpingoeca rosetta, which 
crystallized as an open spiral (PDB 5IG0). Such a fluctuation in the human isoform may 
facilitate subunit exchange between holoenzymes (Bhattacharyya et al. 2016).  

In the tetradecameric structure, the β4-β5 turn is found at the same point relative to helix 
α1 in all the subunits (Figure 2.5 C). By contrast, the turn is captured at multiple different points 
relative to helix α1 in the subunits of the dodecameric structure, meaning the β-sheet is curved to 
varying degrees between the subunits (Figure 2.5 D).  

The β-sheet is on average less curved in the dodecameric structure. This makes each 
protomer wider, resulting in ring closure with only six subunits.  
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Figure 2.5. (A) Comparison of the dodecameric hub domain assembly (left side, in blue; PDB 
5IG3) to the tetradecameric hub domain assembly (right side, in grey; PDB 1HKX). (B) 
Schematic of a hypothesized CaMKII hub domain structural fluctuation. The curvature of the β-
sheet increases and decreases, moving the β4-β5 turn closer and further away from helix α1. (C) 
Structural alignment on helix α1of the 14 protomers present in the asymmetric unit of the 
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tetradecameric structure. The curvature of the β-sheet varies to a small degree between 
protomers, as illustrated by the positioning of the β4-β5 turn. Positional variation is denoted with 
the red double arrow. (D) Structural alignment on helix α1 of the six protomers present in the 
asymmetric unit of the dodecameric structure. The curvature of the β-sheet varies a considerable 
degree between protomers. Positional variation is again denoted with the red double arrow.  (E) 
Structural alignment on helix α1 of the dodecameric protomers with one representative 
tetradecameric protomer. The protomers of the dodecameric hub domain assembly appear to be 
frozen at different points along the fluctuation illustrated in (B). 
______________________________________________________________________________ 

 
 
Another difference between the structures is the behavior of the C-termini. In the 

tetradecameric structure, the C-terminal residues, starting at Ser 470, peel away from the β-sheet, 
turn 180°, and point into a positively charged pocket between helix α1 and the β-sheet (Figure 
2.6). Ser 474, the last residue with visible electron density, partially occupies this pocket. The 
last four residues of the construct, 475VLPH478-C, are disordered. Given the positioning of Ser 
474, the general location of the disordered tail is unclear. But, because the cavity is clearly not 
deep enough to accommodate all four residues, the tail must loop back out. 

The C-terminal residues 476LPH478 were omitted from the crystallization construct of the 
dodecameric structure. The C-terminal tail also turns towards the positively charged pocket but 
becomes disordered before entering the pocket to the degree seen in the tetradecameric structure. 
The last ordered residue is Pro 473 or Ala 472, depending on the subunit.  

Because the cavity is positioned between helix α1 and the β-sheet, occupation of it would 
appear to be the perfect way to block the fluctuation of β-sheet curvature. The truncation and the 
more extensive disorder of the dodecameric tails prevents meaningful occupation of the pockets, 
possibly allowing the β-sheet to oscillate freely. In contrast, the pockets of the tetradecameric 
structure are occupied by a more ordered tail and a present but invisible LPH motif, which 
possibly results in a suppression of the fluctuation. The impetus to sequester the hydrophobic 
475VLP477 motif from the solvent in the tetradecameric structure might hold the β-sheet in a more 
curved configuration. 

Of note, there appears to be no obvious correlation between peptide docking and the 
curvature of the β-sheet in the dodecameric structure. The distortions induced by peptide binding 
are presumably accommodated by distortions distributed throughout the ring. 
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Figure 2.6. Additional electron density is present for the C-termini in the tetradecameric 
structure (grey with orange tip, single protomer shown).  Each terminus enters a positively 
charged pocket present between the α-helices and β-sheet of each protomer. However, the chain 
must loop back out because the final four residues of the construct, which are disordered, cannot 
be accommodated inside the pocket. Possible paths of chain exit from the pocket are shown by 
the dashed orange arrows. The additional structuring and steric bulk may dampen the β-sheet 
curvature fluctuation. The C-termini of the dodecameric structure (blue with red tip, single 
protomer shown) are more disordered and cannot be traced into the pocket. They are also three 
residues shorter than the C-termini of the tetradecameric structure. The absence of these residues 
and the additional disorder present may allow for more variability in the curvature of the β-sheet. 
The schematic to the right shows the relative location of the pocket within the hub domain 
assembly.  
______________________________________________________________________________ 
 
 
Virtual metabolite docking to the CaMKII hub domain 

The cavity present between helix α1 and the β-sheet has long been speculated to have a 
function beyond the docking of the C-terminus. It is lined by three arginine residues that are 
generally well conserved across CaMKII isoforms. This cavity is the enzyme active site in 
ketosteroid isomerase enzymes, which also utilize the NTF2-like fold but are unrelated in 
sequence to CaMKII (Kim et al. 1997).  

We simulated metabolite docking to the pocket to gain insight on its potential 
significance. Many of the top binding compounds contained fused ring systems (Figure 2.7, left 
panel), reminiscent of the steroid substrates of ketosteroid isomerases. We are pursuing the 
implications of such binding, in studies that are outside the scope of this thesis. Small molecule 
binding to the hub domain may dampen the structural oscillations required for subunit exchange. 
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Figure 2.7. Erythrodiol (left panel) and fumarine (right panel) docked to the human CaMKII-α 
hub domain. Docked compounds are rendered in light orange and the protein is rendered in blue. 
______________________________________________________________________________ 
 
 
Materials and Methods 
 
Preparation of the protein for crystallization 

Human CaMKII-α hub domain (UniprotKB gene Q9UQM7, residues 345-475) with an 
N-terminal 6His-prescission protease tag was inserted into a pSKB2 vector with kanamycin 
resistance. BL-21 DE3 E. coli transformed with the vector were cultured in TB media 
supplemented with phosphates. Protein expression was induced at OD600 = 0.6-0.8 by addition of 
1 mM IPTG. Expression proceeded for ~18 hours while shaking at 18°C. All subsequent 
purification steps were performed at 4°C and all columns were made by GE healthcare 
(Piscataway, NJ). Cells were pelleted, resuspended in buffer A (25 mM tris, 150 mM KCl, 50 
mM imidazole, 0.5 mM DTT, 10% Glycerol, pH 8.5 at 4°C), and lysed using a cell disrupter. 
The soluble lysate was passed over a 5 mL Ni-NTA column and washed with buffer A. Bound 
protein was eluted in 0.76 M imidazole. A HiPrep 26/10 desalting column was then used to 
buffer exchange the protein into buffer A with only 10 mM imidazole. The protein was then 
concentrated and run over a superose-6 gel filtration column equilibrated with 25 mM tris, 150 
mM KCl, 2 mM DTT, 1 mM TCEP, pH 8.0 at 4°C. Fraction purity was assessed by SDS-PAGE; 
sufficiently pure fractions were pooled and concentrated. 

For unknown reasons, the protein began to precipitate during the final concentration step. 
In response to this, the protein was diluted into 20 mL of solubilization buffer (4 M urea, 25 mM 
tris, 150 mM KCl, 1 mM TCEP, 5% glycerol, pH 8.0 at 4°C). By visual inspection this 
immediately resolubilized the protein. The protein was then dialyzed into a final buffer of 25 
mM tris, 150 mM KCl, 1.7 mM urea, 1 mM DTT, 0.5 mM TCEP, 5% glycerol, pH 8.0 at 4°C.   
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Following these resolubilization steps, the protein was successfully concentrated to ~20 
mg/mL. The protein was then flash frozen in liquid nitrogen for storage prior to crystallization 
trials. 
 
Crystallization, data collection, phasing and refinement 

The crystallization construct was human CaMKII-α hub domain (UniprotKB gene 
Q9UQM7, residues 345-475) with an N-terminal his6-prescission protease tag  
(GSSHHHHHHSSGLEVLFQGPHM). 

Crystals were grown by sitting drop vapor diffusion. Drops were equilibrated against 500 
µL of a 35 % (v/v) MPD, 100 mM HEPES pH 7.3 at 22 ºC well solution. The set drops 
contained 1 µL protein solution and 1 µL well solution. The protein solution was 20 mg/mL 
crystallization construct at 90-95 % purity (as judged by SDS-PAGE) in 25 mM Tris pH 8.0 at 4 
ºC, 150 mM KCl, 5 % (v/v) glycerol, 1.7 mM Urea, 1 mM DTT and 0.5 mM TCEP. 

Trays were held at 4 ºC for 24 hours and then moved to 20 ºC; crystals appeared after ~3 
days and were subsequently harvested. 35 % MPD, 30 % glycerol, 100 mM HEPES pH 7.3 at 22 
ºC was used as the crystal cryoprotectant. 

X-ray diffraction data was collected at the Advanced Light Source, beamline 8.2.1, at 
wavelength 1.0 Å and temperature 100 K.  The structure was solved in Phaser by molecular 
replacement, using a dimer of CaMKII hub domain subunits (PDB 1HKX) as the search model. 
Phenix (Adams et al. 2010) was used for structure refinement and coot (Emsley et al. 2010) was 
used for model building. 
 
Virtual metabolite docking  
 A library of human metabolites at pH 7.0 state was downloaded from the ZINC12 
database (Irwin et al. 2012; http://zinc.docking.org/catalogs/hmdb). This library was curated and 
provided to the ZINC database by the human metabolome database (Wishart et al. 2013; 
http://www.hmdb.ca/). Virtual docking was done using Autodock Vina (Trott and Olson 2010; 
http://vina.scripps.edu/). Determination of appropriate search space coordinates and dimensions 
was done using Autodock Tools (Morris et al. 2009; http://autodock.scripps.edu/resources/adt).  
 A custom script was used to split the metabolite library into individual .mol2 files, one 
per molecule. These files were then converted into .pdbqt format using Open Babel (O’Boyle et 
al. 2011; http://openbabel.org/wiki/Main_Page). Custom shell scripts were used to automate the 
docking protocol and rank the results based on relative free energy of binding.  
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CHAPTER 3 
 

Oligomerization states of evolutionarily divergent CaMKII-
hub domain isoforms 

 
 
Summary 
 

The discovery of three closed-ring CaMKII hub domain assemblies encoded by three 
different species of green algae is described.  The oligomerization states of these proteins were 
assayed by native protein mass spectrometry, and all three form larger assemblies than any other 
previously characterized CaMKII hub domain.  The heat capacity of these proteins as a function 
of temperature is presented as well. The results of these experiments suggest that ring 
disassembly and protomer unfolding often occur in concert.  This section also includes the 
discovery of a bacterially encoded closed-ring CaMKII hub domain assembly, as well the 
determination of the oligomerization states of the C.  elegans CaMKII hub domain. 

 
 
Introduction 
 

Past characterization of evolutionarily divergent CaMKII isoforms has revealed 
surprising diversity with respect to oligomerization state. CaMKII from the pre-metazoan 
choanoflagellate Salpingoeca rosetta does not form closed-ring holoenzymes but rather 
concentration dependent oligomers (Bhattacharyya et al. 2016). When the kinase domain is 
removed, the S. rosetta hub domain in isolation crystallizes in an open spiral configuration (PDB 
5IG0).  

CaMKII has been informally classified as a metazoan kinase (Stratton et al. 2013), 
meaning the gene is only found within the metazoan/pre-metazoan lineage. Interestingly, genes 
with high sequence identity to the human CaMKII hub domain are present in the genomes of 
organisms far outside the metazoan lineage.  They are present in three closely related green 
algae, Chlamydomonas reinhardtii, Volvox carteri f. nagarensis, and Gonium pectorale. They 
are also present in multiple species of bacteria. Interestingly, none of these algal or bacterial 
genes contained a kinase domain in the open reading frame, thus obscuring the biological role of 
the gene product. 
 These green algae and bacterial isoforms are about 50 % identical in sequence to the 
human CaMKII-α hub domain, meaning they are essentially guaranteed to have highly similar 
tertiary structures. We were interested to see if these isoforms had any differences in quaternary 
structure/preferred oligomerization state. Any isoform adopting a novel oligomerization state 
would be of great use in forwarding our understanding of human CaMKII. Characterization of a 
previously unobserved oligomerization state could inform on the structural features dictating 
such quaternary structure. This information could then be applied towards altering the preferred 
oligomerization states of human CaMKII. A human CaMKII holoenzyme adopting a novel 
oligomerization state has potential use in understanding the regulation and dysregulation of 
CaMKII signaling. It could inform on the balance between kinase and phosphatase activity at the 
synapse, and also could be used to test hypothesized scaffolding roles played by the protein. 
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 The quaternary structures of the green algae CaMKII hub domains differ drastically from 
the human CaMKII hub domain, providing a wealth of information on the structural properties 
governing CaMKII oligomerization state. 
 
 
Results and Discussion 
 
Oligomerization states of CaMKII hub domains encoded by green algae 

Predicted CaMKII hub domains from three related green algae, Chlamydomonas 
reinhardtii (UniprotKB A8IHL6), Volvox carteri f.  nagarensis (UniprotKB D8U3T0), and 
Gonium pectorale (UniprotKB A0A150GVZ6), were individually expressed in E.  coli and 
purified to homogeneity.  Relative to each other, these three isoforms share ~80% sequence 
identity, and all are roughly 50% identical to the human CaMKII-α hub domain.   

Native protein mass spectrometry was used to determine the molecular weight of any 
oligomers formed by the purified proteins.  The Chlamydomonas CaMKII hub domain formed an 
oligomer of 309,100 ± 400 Daltons, corresponding to a complex of 18 subunits.  No other 
oligomeric states were observed (Figure 3.1 A).  The oligomerization state was found to be 
concentration independent: Spectra were collected at 8 µM and 400 µM protomer concentration, 
and no differences in oligomerization state were observed.   

The Volvox CaMKII hub domain formed oligomers of 275,596 ± 16 and 308,508 ± 131 
Daltons, corresponding to complexes of 18 and 20 subunits (Figure 3.1 B).  No major 
differences were seen in spectra collected at 14 µM and 1.4 µM protomer concentration, 
indicating the observed oligomerization states were concentration independent.  At 14 µM, the 
relative population of 18-mer to 20-mer was ~ 8:1. 

The Gonium CaMKII hub domain formed oligomers of 275,440 ± 110 and 309,860 ± 418 
Daltons, corresponding to complexes of 16 and 18 subunits, respectively (Figure 3.1 C).  The 
mass spectrum was collected at 250 µM protomer concentration.  At this concentration, the 
relative population of 16-mer to 18-mer was ~ 5:2. 

 
 

 
Figure 3.1 (next page). (A) Electro-spray ionization mass spectrum (ESI-MS) of the 
Chlamydomonas CaMKII hub domain. A single species was detected with a molecular weight of 
309,100 Da, corresponding to an 18-mer. (B) ESI-MS of the Volvox CaMKII hub domain. Two 
species were detected with molecular weights of 275,596 and 308,508 Da, corresponding to 18-
mers and 20-mers, respectively. (C) ESI-MS of the Gonium CaMKII hub domain. Two species 
were detected with molecular weights of 275,440 and 309,860 Da, corresponding to 16-mers and 
18-mers, respectively.  
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Oligomerization states of the C. elegans CaMKII hub domain  
 Extensive research has been done using C.  elegans CaMKII due the superior 
biochemical tractability of this isoform relative to human (Chao et al. 2010; Rosenberg et al. 
2006).  This historical precedent motivated characterization of the C. elegans CaMKII hub 
domain by mass spectrometry.   

The C. elegans hub (UniprotKB O62305-2; residues 96-230) is 53 % identical to the 
human CaMKII-α hub domain and was expressed and purified in the same manner as the green 
algae isoforms.  A single species with molecular weight of 223,202 Da was detected by mass 
spectrometry, corresponding to a tetradecamer (14-mer) (Figure 3.2). This is in contrast to the 
human hub, which forms 12- and 14-subunit hub assemblies.  The mass spectrum was collected 
at 2 µM subunit concentration.   
 
 

 
 
Figure 3.2. ESI-MS of the C. elegans CaMKII hub domain. A single species was detected with a 
molecular weight of 223,202 Da, corresponding to a 14-mer. 
______________________________________________________________________________ 
 
 
Oligomerization states of a bacterially-encoded CaMKII hub domain  

Genes predicted to code for CaMKII hub domain proteins have been identified in 
numerous bacterial genomes.  The biological roles of these proteins are unknown.  Assuming 
they can oligomerize into a defined state, they may act as scaffolds for supramolecular 
assemblies, analogous to the role played by the human hub domain assembly in holding kinase 
domains together in high local concentration. 
 The predicted CaMKII hub domain from the bacterium Pirellula sp.  SH-Sr6A 
(UniprotKB AMV33243.1) was expressed and purified in the same manner as the green algae 
isoforms.  This protein is 52 % identical in sequence to the human CaMKII-α hub domain. By 
mass spectrometry it was observed to form oligomers of 207,866 ± 266 and 60,144 ± 498 
Daltons, corresponding to complexes of 14 and 4 subunits (Figure 3.3).  The mass spectrum was 
collected at 91 µM subunit concentration.   
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Figure 3.3. ESI-MS of a bacterially encoded CaMKII hub domain. Two species were detected 
with molecular weights of 207,866 ± 266 and 60,144 ± 498 Da, corresponding to tetradecamers 
(14-mers) and tetramers (4-mers).  
______________________________________________________________________________ 
 
 
Thermal stability of the green algae CaMKII hub domains 
 The unexpectedly large size of the green algae CaMKII hub domain assemblies prompted 
us to probe the biophysical properties of these proteins.  Of note, neither temperature nor 
chemical melt circular dichroism (CD) can be used to monitor unfolding and disassembly of 
oligomeric CaMKII hub domains.  Both techniques have been attempted for the human isoform 
and neither revealed a distinct folded-to-unfolded transition.  The multimeric nature of the 
protein likely generates an ensemble of partially-folded intermediates, resulting in an averaged, 
unusable CD signal that increases linearly with respect to temperature or denaturant. 

Differential Scanning Calorimetry (DSC) was successfully employed to determine the 
thermal stability of the three green algae hub isoforms.  DSC monitors the heat capacity of a 
sample with respect to temperature.  Heat capacity is defined as the amount of heat (energy) 
needed to raise the temperature of a sample by one degree Celsius.  In an ideal situation, the heat 
capacity of a protein remains constant as long as the protein remains folded.  When the 
temperature characteristic of a particular structural transition, such as unfolding, is reached, the 
heat capacity increases dramatically before dropping back to a constant value as the transition is 
completed.  Because of this, a spike in heat capacity should be seen at the temperature Tm 
characteristic of any structural transition.   

The Chlamydomonas and Volvox CaMKII hub domains behaved similarly in the DSC 
experiment.  A single transition was seen for the Chlamydomonas isoform at 72 °C.  The change 
in enthalpy through the transition, defined as the area under the curve, was ~250 kJ/mol (Figure 
3.4 A).  
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A single transition was seen for the Volvox isoform at 73 °C. The change in enthalpy 
through the Volvox transition was ~200 kJ/mol.  (Figure 3.4 B).  The single transition seen for 
Chlamydomonas and Volvox was surprising, as one could expect at least two observable 
transitions: One for opening and disassembly of the oligomeric ring, and a second for the 
unfolding of subunits.  The presence of only a single transition suggests that these two processes 
occur in close concert. 

The Gonium CaMKII hub domain behaved more as expected, exhibiting two transitions, 
the first at  60 °C and the second at 73 °C.  The change in enthalpy was ~100 kJ/mol through the 
first transition and ~125 kJ/mol through the second (Figure 3.4 C).  It is reasonable to postulate 
that the first transition was ring disassembly and the second transition was subunit unfolding.  
Notably, the enthalpies of the two Gonium transitions roughly sum to enthalpy of the single 
transition seen for Chlamydomonas and Volvox. 

It is not clear why Gonium behaves differently than the other two green plant isoforms.  
A homology model of the Gonium hub based on the crystal structure of the Chlamydomonas hub 
(described in the next chapter) did not show any major differences at the subunit interfaces 
between the two isoforms.  The 80 % sequence identity between all three isoforms makes it 
difficult to identify particular residues or motifs as causative for certain differences in behavior. 

 
 

 
Figure 3.4. (next page) (A) Heat capacity of the Chlamydomonas CaMKII hub domain as a 
function of temperature. A single transition was seen at 72 °C. The change in enthalpy through 
the transition was ~250 kJ/mol. (B) Heat capacity of the Volvox CaMKII hub domain as a 
function of temperature. A single transition was seen at 73 °C. The change in enthalpy through 
the transition was ~200 kJ/mol. (C) Heat capacity of the Gonium CaMKII hub domain as a 
function of temperature. Two transitions were seen, the first at 60 °C and the second at 73 °C. 
The change in enthalpy was 100 kJ/mol through the first transition and 125 kJ/mol through the 
second. 
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Materials and Methods 
 
Protein purification 

All hub domain isoforms were expressed and purified using a procedure similar to that 
published in Stratton et al. 2014. Briefly, hub domain isoforms were cloned into pSKB2 vectors 
encoding a kanamycin resistance. An N-terminal hexahistidine tag with a Prescission protease 
cleavage sequence was included in the open reading frame to facilitate purification.  

Transformed BL-21 DE3 E. coli were cultured in TB media supplemented with 
phosphates. Protein expression was induced at ~22°C, OD600 = 0.6-0.8 by addition of 1 mM 
IPTG. Expression proceeded for ~18 hours while shaking at 18°C. All subsequent purification 
steps were performed at 4°C and all columns were made by GE healthcare. Cells were pelleted, 
resuspended in buffer A (25 mM tris, 150 mM KCl, 50 mM imidazole, 0.5 mM DTT, 10% 
Glycerol, pH 8.5 at 4°C) supplemented with DNase and common protease inhibitors, and lysed 
using a cell disrupter. The soluble lysate was passed over a 5 mL Ni-NTA column and washed 
with buffer A. Bound protein was eluted in 0.76 M imidazole. A HiPrep 26/10 desalting column 
was then used to buffer exchange the protein into buffer C (buffer A but with 10 mM imidazole 
and 1 mM DTT). In some cases, Prescission protease was added overnight to remove the 
expression tag.  

Proteins were run over either a superdex-200 or a superose-6 gel filtration column as the 
final purification step. The column was equilibrated with 25 mM tris, 150 mM KCl, 1 mM DTT, 
1 mM TCEP, 5% glycerol, pH 8.0 at 4°C 
 
Native protein electrospray ionization mass spectrometry (ESI-MS) sample preparation and 
data acquisition 

Purified CaMKII hub domain isoforms were buffer exchanged into 1 M ammonium 
acetate pH 6.9 at 22 °C and diluted to concentration noted in the results section. PD-25 columns 
(GE healthcare) were used to perform the buffer exchange. 

Mass spectra were acquired using a SYNAPT G2-Si mass spectrometer (Waters, Milford; 
MA, USA). Borosilicate capillaries were pulled to a tip i.d. of ~ 1.5 µm with a P-87 
Flaming/Brown micropipetter puller (Sutter Instruments, Novato, CA, USA). Nanoelectrospray 
ionization was initiated by applying ~1 – 1.5 kV relative to instrument ground on a 0.127 mm 
platinum wire (Sigma, St. Louis, MO, USA) that was inserted in to the borosilicate tips and was 
in contact with the sample solutions. The instrument was calibrated with cesium iodide (CsI) 
clusters formed from 20 mg/mL CsI in 70:30 Milli-Q water: 2-propanol solution.  

Protein complexes were kept intact or dissociated based on the voltage applied on the 
collision cell which contains argon gas. 2 V was used for the non-dissociation condition, and the 
voltage was increase until protein complex fragmentations were observed for the dissociation 
condition. The raw data was smoothed with Savitsky-Golay smoothing algorithm (smooth 
window of mass-to-charge ratio 50 – 100) in Waters MassLynx software. 

 
Differential Scanning Calorimetry (DSC) 

Hub domain heat capacity as a function of temperature was determined using a TA 
Instruments Nano differential scanning calorimeter (New Castle, DE).  CaMKII hub domain 
isoforms were buffer exchanged into 10 mM NH4OAc using a PD-25 column (GE healthcare). 
Roughly 700 µL of protein solution (at 0.3-0.5 mg/mL) was placed into the sample cell and 
roughly 700 µL of buffer blank was placed in the reference cell.  Differential scanning 
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calorimetry determines the difference in energy input required to raise the temperature of a 
sample relative to a reference at a constant rate. This yields the heat capacity of the sample as a 
function of temperature. In this case the “sample” is protein in buffer and the “reference” is a 
buffer blank.  Large increases in heat capacity are typically indicative of a transition event such 
as protein unfolding. 
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CHAPTER 4 
 

Crystal structure of the CaMKII hub domain assembly from the 
green algae Chlamydomonas reinhardtii 

 
 
Summary 
 
 The crystal structure of the 18-subunit Chlamydomonas CaMKII hub domain assembly is 
presented. This protein is one of the green algae isoforms introduced in Chapter 3. Additional 
hydrogen bonds are present in the structure that are not found in the human CaMKII-α hub 
domain. These hydrogen bond likely play a role in keeping the β-sheet in a tight wrap around 
helix α1, resulting in the novel oligomerization state. Multiple biochemical experiments are also 
included that were done to probe the similarities and differences between the human and 
Chlamydomonas isoforms.  
 
 
Introduction 
 

Chlamydomonas reinhardtii is a very interesting organism that has both plant- and 
animal-like characteristics. Animal-like proteins encoded in the Chlamydomonas genome include 
guanylate cyclase catalytic domains (Winger et al. 2008), pyridoxal-dependent decarboxylases, 
and voltage gated Na+/Ca2+ ion channels (Merchant et al. 2007, supplemental material). 

Calcium signaling, often in relation to flagellar motion, is also studied in 
Chlamydomonas. Human calmodulin-1 is 89 % identical to Chlamydomonas calmodulin. 
Multiple calcium-dependent protein kinases are present in the genome (Liang and Pan 2013), 
although none are related in sequence to CaMKII. The CaMKII kinase regulatory segment, the 
most conserved portion of CaMKII across metazoans, is also not present in the Chlamydomonas 
genome. Only the CaMKII hub domain is unambiguously present in the alga. 

The crystal structure of the Chlamydomonas CaMKII hub domain assembly validates the 
result of the mass spectrometry experiment, showing unambiguously that this protein 
oligomerizes as a closed-ring 18-subunit complex. This quaternary structure is very fortuitous 
and useful to the study of human CaMKII. It provides an example of a CaMKII hub domain that 
forms a closed ring that is not a dodecamer or tetradecamer. Comparison of this structure to the 
human structures informs on the features determining the oligomerization states of each.  
 
 
Results and Discussion 
 
Description of the structure 

The three-dimensional structure of the Chlamydomonas CaMKII hub domain assembly 
was determined by x-ray crystallography to 3.0 Å resolution.  The assembly is a closed double 
ring with 18 subunits and 9-fold rotational symmetry, in agreement with the mass spectrometry 
result.  The relative arrangement of subunits is the same as that of human CaMKII. The assembly 
is composed of two rings of nine subunits, stacked face to face.  Each subunit from the upper 
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ring pairs with a subunit from the lower ring to form a vertical, symmetric dimer (Figure 4.1 A).  
A two-fold axis of symmetry running parallel through each vertical dimer interface intersects and 
is perpendicular to the axis of nine-fold rotational symmetry running through the central pore of 
the full assembly.   

As would be predicted by sequence identity, the tertiary structure of each protomer is 
highly similar to that of the human CaMKII hub domain (Figure 4.2 A).  However, subtle and 
important differences are present that allow for the drastic change in oligomerization 
stoichiometry.  The predominant structural feature of each protomer is a large N-terminal α-helix 
(helix α1) cradled by a large β-sheet.  This β-sheet has a higher degree of curvature relative to the 
human isoform (Figure 4.2 B).  As a result, it forms a deeper trough and is wrapped much 
tighter around helix α1 (Figure 4.2 A-C). 

Two other helices, α2 and α4, are positioned forward and to the right of the end of helix 
α1.  Comparing to the human isoform, a shift of the β-sheet toward the N-terminus of helix α1 
allows helices α2 and α4 to tuck inwards, closer to the geometric center of each protomer 
(Figure 4.2 D). 

The interface between protomers in each ring is formed by helix α4 contacting a portion 
of the β-sheet of the adjacent subunit.  The tighter wrapping of the β-sheet around helix α1 and 
the repositioning of helix α2 and α4 does not change the interface geometry, but rather reduces 
the lateral width of each protomer and causes them to pack together in a wider arc.  This 
necessitates the use of more subunits, in this case 9, for ring closure.  Careful inspection of the 
structure led to the identification of several residues and interactions that likely facilitate the 
increased curvature of the β-sheet and the more compact domain structure. 
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Table 4.1. Data collection and refinement statistics – Chlamydomonas CaMKII hub domain 
assembly 
 
Data collection 
Wavelength (Å)    1.115830  

Space group    P41212   
Cell Dimensions     

a, b, c (Å)    126.46, 126.46, 372.44    
α, β, γ (°)    90, 90, 90  

Resolution (Å)    49.04-3.00 (3.08-3.00) * 
Redundancy    7.3 (7.6)    
Completeness (%)    100 (100) 
Rmerge (%)    20.3 (163) 
I / σ     10.0 (1.4) 
CC1/2 (%)     99 (57) 

 
Refinement 

Rwork / Rfree (%)    22 / 26  
No. observed reflections   448058 
No. unique reflections   61612  
No. atoms 
 Protein     9273 
 Ligand/ion    - 
 Water     11 
R.m.s deviations 
 Bond lengths (Å)   0.012   
 Bond angles (°)   1.324  
 

*Values in parenthesis correspond to the highest resolution shell 
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Figure 4.1. The Chlamydomonas CaMKII hub domain assembly. (A) The Chlamydomonas 
CaMKII hub domain assembles as an 18-mer. The protomers are arranged as two stacked rings 
of nine. The upper edge of the β-sheet of each protomer is colored in orange to help delineate the 
subunits. A vertical dimer of protomers (Stratton et al. 2014) is also highlighted in teal for 
clarity. (B) The dodecameric human CaMKII hub domain assembly is presented for reference. 
The β-sheet edges are rendered in pink and a vertical dimer is highlighted in purple. The docked 
peptide (chapter 2) has been omitted for clarity. 
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Figure 4.2. Comparison of the Chlamydomonas and human hub domain structures. (A) 
Chlamydomonas domain structure. The β-sheet is highly curved and tightly wrapped around 
helix α1. The top strand of the β-sheet is rendered in orange. Perspective is denoted by the inset. 
(B) Human domain structure. The β-sheet is not as curved relative to Chlamydomonas, and it is 
not wrapped as tightly around helix α1. The top strand of the β-sheet is rendered in maroon. Note 
that the docked peptide (described in chapter 2) has been omitted for clarity. (C) Structural 
alignment of a human (grey) and Chlamydomonas (green) protomer on helix α1. The change in 
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β-sheet curvature is best illustrated by the change in the position of the β4-β5 turn, denoted with 
the red arrow. (D) Same structural alignment as (C) but viewed from the new perspective 
denoted by the inset. Relative to human, the Chlamydomonas β-sheet is shifted towards the N-
terminus of helix α1. This allows helices α2 and α4 to shift toward the center of the protomer. 
Relative changes in position are again denoted by red arrows. 
______________________________________________________________________________ 
 
 
Intra-chain hydrogen bonds 

Several intra-chain hydrogen bonds in the Chlamydomonas CaMKII hub domain are not 
present in the human isoform.  The first is between helix α1 and the β-sheet: The amide nitrogen 
of Gln 34, in the middle of the helix, donates a hydrogen bond to the backbone carbonyl of Asn 
96, on the upper edge of the β-sheet (Figure 4.3).  The glutamine is replaced by a glutamate in 
the human isoform, and thus cannot form this bond.  In the structure of the tetradecameric human 
CaMKII hub domain assembly (PDB 1HKX), the carbonyl is too far away to accept a hydrogen 
bond even if the glutamate was replaced with glutamine.  This bond in the Chlamydomonas 
isoform likely plays a role in keeping the β-sheet in a tighter wrap around helix α1 relative to the 
human isoform. 

 
 

 
 
 
Figure 4.3. A hydrogen bond is formed between the amide nitrogen of Gln 34 and the backbone 
carbonyl of Asn 96. This bond is hypothesized to contribute to the increased curvature of the β-
sheet and keep it in a tighter wrap around helix α1. This interaction cannot be formed in the 
human structure, as the glutamine is replaced by a glutamate residue. 
______________________________________________________________________________ 

 
 
The remaining additional hydrogen bonds are present in the space between helix α1 and 

the β-sheet.  Two of these bonds involves arginine residues from a three-arginine “pocket” 
conserved between Chlamydomonas and human CaMKII-α (Figure 4.4 A).  The first of these 
hydrogen bonds is between the amide carbonyl of Asn 96 and the δ nitrogen of conserved Arg 
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117 (Figure 4.4 B).  Asparagine is replaced by threonine in the human isoform and does not 
form a hydrogen bond with the arginine.  Because the asparagine and arginine are on adjacent 
strands of the β-sheet, the hydrogen bond between them may help in maintaining the increased 
curvature and trough depth of the β-sheet relative to human, which in turn results in a tighter 
wrapping around helix α1. 

The second hydrogen bond in this space is formed by the τ nitrogen of His 147 and the ω 
nitrogen of conserved Arg 136 (Figure 4.4 C).  This hydrogen bond may also contribute to 
maintaining the increased curvature of the β-sheet, as again the residues involved are on adjacent 
strands of the sheet.  The histidine is replaced by an isoleucine in the human isoform. 

A third hydrogen bond in this space may be formed between the amide nitrogen of Asn 
33, in helix α1 and the hydroxyl oxygen of conserved Tyr 115, in the β-sheet (Figure 4.4 D).  
The geometry of the bond as the structure is modeled is sub-optimal, but thermal fluctuations 
may allow for formation of a stronger bond with better geometry.   

The amide carbonyl of Asn 33 unambiguously forms a hydrogen bond with the indole 
nitrogen of conserved Trp 138 (Figure 4.4 D).  In the human isoform the asparagine is replaced 
by a threonine, which also forms a hydrogen bond with the conserved tryptophan but cannot 
simultaneously interact with the conserved tyrosine. 

 
 



 41 

 
 
 
Figure 4.4. Additional intra-chain hydrogen bonds. (A) A three-arginine pocket present between 
helix α1 and the β-sheet. These three residues are conserved between Chlamydomonas and 
human CaMKII-α. Two of them, Arg 117 and 136, are involved in hydrogen bonds not present in 
the human isoform. (B) Hydrogen bond between Asn 96 and Arg 117. This hydrogen bond is 
hypothesized to contribute to the increased curvature of the β-sheet. A threonine residue is 
present at this location in the human isoform and it is not positioned to form a hydrogen bond 
with the conserved arginine residue. (C) Hydrogen bond between His 147 and Arg 136. This 
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bond is also hypothesized to contribute to the increased curvature of the β-sheet. His 147 is 
replaced by an isoleucine in the human isoform. (D) Asn 33 forms a hydrogen bond with Trp 
138. It also appears able to hydrogen bond with Tyr 115. These bonds may contribute to the 
tighter wrap of the β-sheet around helix α1. Asn 33 is replaced by a threonine in the human 
isoform that forms a hydrogen bond with the tryptophan but cannot simultaneously interact with 
the tyrosine. 
______________________________________________________________________________ 
 
 
Subunit exchange 
 We were curious to see if Chlamydomonas CaMKII hub domain assemblies exchanged 
protomers on a reasonable timescale.  In human CaMKII-α, when the kinase domain and 
regulatory segment are absent, hub domain subunits do not interconvert between complexes over 
a time range of 60-90 minutes (Stratton et al. 2014).   

The bulk FRET assay described in Stratton et al. 2014 was used to test for subunit 
exchange.  A cysteine mutation for fluorophore labeling was placed at the apex of the domain 
fold, near the central pore of the domain assembly.  This labeling site location was chosen to 
produce a FRET signal between any donor and acceptor labeled subunits within the same 9-
membered ring, regardless of their relative positioning. 

 Protein labeled with donor fluorophore was mixed with protein labeled with acceptor 
fluorophore, and FRET was then monitored with respect to time. An attempt to label the WT 
protein using the native cysteine residues was not successful, indicating that the labeling of the 
mutant necessarily occurred at the intended site. 

No interconversion of subunits was seen after 100 minutes of incubation (Figure 4.5 A).  
Fluorophore labeling was sufficient, and a protein doubly-labeled with donor and acceptor 
fluorophores validated the labeling sites as FRET competent (Figure 4.5 B).  This experiment 
showed that the Chlamydomonas CaMKII hub domain assembly is largely stable and static in 
composition, at least on the timescale observed.  In this regard it is the same as the human 
CaMKII-α hub domain assembly, which requires the full structure to show subunit exchange.   
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Figure 4.5. (A) No subunit interconversion is observed between Chlamydomonas CaMKII hub 
domain assemblies, as assayed by FRET. (B) A doubly labeled control gave a strong FRET 
signal (red traces), validating the site of fluorophore attachment. 
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Ca2+ sensitivity of a chimeric human-Chlamydomonas CaMKII holoenzyme 
 We were interested to see what would happen if the hub domain from the human 
CaMKII-α holoenzyme were to be replaced by the Chlamydomonas CaMKII hub domain.  How 
would the enzymatic properties, such as activation by Ca2+/CaM, be affected? 
 To form the chimera, residues 7-344 of human CaMKII-α (UniprotKB Q9UQM7-1) were 
fused to residues 2-134 of the Chlamydomonas CaMKII-hub (UniprotKB A8IHL6).  The 
chimeric holoenzyme was then expressed and purified according to published protocols (Chao et 
al. 2010).  Purification yields were low relative to other CaMKII holoenzyme constructs, but 
enough homogenous and highly pure protein was obtained for Ca2+/CaM activation assays. 

Activation of the chimera by Ca2+/CaM produced an EC50 of 66 ± 4 nM and a Hill 
coefficient of 2.5 ± 0.3 (Figure 4.6).  Like human CaMKII-α, the chimera was highly sensitive 
to Ca2+/CaM levels.  Importantly, the chimera was not basally active at low Ca2+/CaM 
concentrations, indicating full autoinhibition of the kinase domains.  Activation of wild-type 
human CaMKII-α by Ca2+/CaM yields an EC50 value of 12 nM and a Hill coefficient of 1.5 ± 0.2 
(Chao et al. 2011).   

The increased Hill coefficient of the chimera suggests that it forms a larger holoenzyme 
than human WT.  And while is not known with complete certainty that it forms an 18-mer like 
the Chlamydomonas CaMKII hub domain, it is a safe assumption. The presence of the kinase 
domain can affect the oligomerization state of the protein in some cases, but unpublished data 
suggests that the chimera exists as an 18-mer as predicted.  
 In a more physiological context, the chimera should also be more resistant to phosphatase 
activity. Autophosphorylation occurs rapidly between subunits. More kinases per holoenzyme 
means stronger phosphatase action is required to stop re-autophosphorylation and reactivation. 
Increased phosphatase resistance will result in much stronger downstream signaling. This makes 
the chimera an attractive construct to study the consequences of aberrant CaMKII activity. 
 Preliminary evidence exists suggesting that this chimera does not undergo activation 
triggered subunit exchange. If this result holds, a transgenic experiment where CaMKII-α is 
replaced by this chimera would be an excellent starting point in determining if triggered CaMKII 
subunit exchange is physiologically relevant.  
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Figure 4.6. Ca2+/CaM sensitivity of a chimeric holoenzyme. The hub domain of human 
CaMKII-α was replaced by the Chlamydomonas hub. Enzymatic activation is highly cooperative 
with respect to calmodulin concentration. The Hill coefficient of activation is higher for the 
chimera. Hill = 2.5 for the chimera versus 1.5 for WT. This is likely due to a larger 
oligomerization state. EC50 = 66 nM for the chimera and 12 nM for WT. WT values are taken 
from Chao et al. 2011. 
______________________________________________________________________________ 
 
 
Peptide Binding to the Chlamydomonas CaMKII hub domain 
 The hub domain of human CaMKII-α is able to weakly bind a peptide of the kinase 
domain regulatory segment (Bhattacharyya et al. 2016).  The predicted biding site is the 
uncapped edge of the β-sheet at the lateral interface between hub domain subunits.  In the 
Chlamydomonas structure, the β-sheet is partially capped by glutamine 34, described above.  
Nevertheless, we were motivated to see if it could bind peptides.   
 The peptide binding assay described in Bhattacharyya et al. 2016 was employed. By 
fluorescence polarization, the Chlamydomonas hub domain was shown to bind a peptide of the 
human CaMKII-α regulatory segment with a KD of 21 ± 4 µM (Figure 4.7).  The affinity of the 
same peptide to the human hub domain is about 90 µM (Bhattacharyya et al. 2016).  
 Binding of the human regulatory segment to the Chlamydomonas hub is not a 
biologically relevant interaction. The green algae hub domains likely have a general peptide 
binding capability that is not highly sequence specific.   
 



 46 

 
 
 
Figure 4.7. Peptide binding to the Chlamydomonas CaMKII hub domain. A peptide of the 
human CaMKII-α regulatory segment binds the protein with a KD of 21 µM, as assayed by 
fluorescence polarization. 
______________________________________________________________________________ 
 
 
Concluding remarks 
 Closed ring CaMKII hub domain assemblies are unambiguously present in green algae 
and bacteria. They are likely present in many other non-metazoan lineages. Asking what their 
native biological roles are is beyond the scope of this work. Interestingly, RNA sequencing 
shows that the Chlamydomonas CaMKII hub domain is most highly expressed under conditions 
of cell stress, such as iron or copper starvation, H2O2 treatment, or anaerobic culture (Phytozome 
search, https://phytozome.jgi.doe.gov/pz/portal.html; Goodstein et al. 2012). 
 This work demonstrates the value of genome sequences in making discoveries. Before 
the characterization of the green algae hub domains, the only known closed-ring CaMKII hub 
domain assemblies contained 12 or 14 subunits. This discovery showed that it was possible to 
take the same general NTF2-like fold and build a much larger ring assembly. The insights gained 
from the Chlamydomonas structure have now been used to manipulate the preferred 
oligomerization states of the human CaMKII hub domain. This is discussed in the next chapter. 
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Materials and Methods 
 
Crystallization, structure determination and refinement of the Chlamydomonas CaMKII hub 
domain assembly 

The Chlamydomonas hub domain was expressed and purified as described in chapter 3. 
Crystals were grown by the sitting drop vapor diffusion method. Drops were equilibrated against 
45 µL of 0.15 M DL-Malic acid (pH7.0), 20% (w/v) polyethylene glycol 3350. The set drops 
contained 100 nL protein solution and 100 nL well solution. The protein solution was 15 mg/mL 
protein in 16 mM tris, 96 mM KCl, 6.4 mM imidazole, 0.64 mM DTT, 6.4% glycerol pH 8.5 at 
4°C. 

Trays were held at 20 °C and crystals were harvested after ~6 months. Crystals were 
cryoprotected in the well solution supplemented with 25% (v/v) glycerol. Diffraction data was 
collected at the Advanced Light Source beamline 8.3.1 at 100 °K and wavelength 1.115830 Å 

Reflection data from a crystal grown in the conditions described above was applied to an 
older model of the Chlamydomonas hub domain to generate new electron density map 
coefficients. This older model was originally phased by molecular replacement in Phenix 
(Adams et al. 2010). Two subunits from the tetradecameric human CaMKII-α hub domain 
assembly (PDB 1HKX) were used as the search model.  The new model with the new data was 
then refined in coot (Emsley et al. 2010). 

 
 
Purification of the chimeric Human-Chlamydomonas CaMKII holoenzyme 
 The Human-Chlamydomonas chimera was cloned using restriction free cloning (Bond 
and Naus 2012) in a pSMT3 vector. An N-terminal hexahistidine-SUMO tag was included in the 
open reading to facilitate expression and purification. A C-terminal avitag was included in the 
open reading frame but was not utilized during the purification or subsequent experiments. The 
protein was co-expressed in BL-21 DE3 E. coli cells with lysozyme and lamda phosphatase, in 
accordance with the procedure used for other CaMKII holoenzymes (Stratton et al. 2014).  
 The purification proceeded as stated in chapter 3 for the divergent hub domain isoforms, 
with the following differences. The hexahistine-SUMO tag was cleaved overnight by addition of 
ULP1 protease. Following cleavage, the protein was bound to an anion exchange column 
equilibrated with buffer C, washed, and then eluted in high KCl. It was then run over a 
superpose-6 size exclusion column as the final purification step. The column was equilibrated 
with 25 mM tris, 150 mM KCl, 1 mM TCEP, 10% glycerol, pH 8.0 at 4°C. Fraction purity was 
assessed by SDS-PAGE; sufficiently pure fractions were pooled, concentrated, and flash frozen 
in liquid nitrogen for storage at -80°C. 
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Subunit interconversion assay 
 The Chlamydomonas CaMKII hub domain with the cysteine mutation was purified as 
described for the wild-type protein (chapter 3). Alexa fluor C5 maleimide dyes (Life 
Technologies, Carlsbad CA) were used to label the protein. Labeling was done as previously 
described (Stratton et al. 2014).  
 2.4 µM Alexa-488 (donor) labeled hub was incubated with 2.4 µM alexa-594 (acceptor) 
labeled hub in 25 mM tris, 150 mM KCl, 1 mM TCEP, pH 8.0 at 25 °C. At each time point 25 
µL of this incubation was diluted 6-fold and transferred into a low-volume cuvette. A Horiba 
Fluoromax 3 fluorimeter was used to monitor for FRET. 493 nm excitation wavelength was 
used, and the emission spectrum was scanned from 505-700 nm in 1 nm increments with a 0.1 
second integration time. Excitation and emission slits were both at 2 mm. 
 
Ca2+/CaM sensitivity assay 

The kinase activity assay was performed as previously described (Chao et al. 2010). 
Syntide (n-PLARTLSVAGLPGKK-c) was used as the peptide substrate. Reactions were 
initiated by addition of the chimeric holoenzyme to 10 nM. The decrease in absorbance at 340 
nm was monitored for 300 seconds at room temperature. Mathematica was used for kinetic 
analysis. 
 
Peptide binding assay 

The fluorescence polarization peptide binding assay was performed as previously 
described for the human hub domain (Bhattacharyya et al. 2016). An N-terminal BODIPY 
labeled fragment of the human CaMKII-α regulatory segment (296RRKLKGAILTTMLATR311) 
was used as the peptide bait.  Fluorescence polarization was initiated by addition of 5 µL of 5 
nM labeled peptide in 25 mM tris pH 8.0 to 55 µL of varying Chlamydomonas CaMKII hub 
concentrations in 25 mM tris, 150 mM KCl, 5% glycerol, 1 mM DTT, 1 mM TCEP, 0.02% 
Triton X-100, 0.02% Tween-20, pH 8.0 at 22 °C. After mixing 50 µL of each solution was 
transferred to a 384 well low volume flat bottom black plate (Corning; catalog #3820). 
Fluorescence polarization was read in a Synergy H4 hybrid microplate reader using a 485/20 nm 
excitation filter and a 528/20 emission filter. Triplicate samples were read for each CaMKII hub 
concentration. 
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CHAPTER 5 
 

Alteration of the preferred oligomerization states of the human 
CaMKII-α hub domain 

 
 
Summary 
 

In this section, the structural insights gained from the Chlamydomonas structure are 
applied to the human isoform. A series of mutations are introduced to the human hub that form 
the additional hydrogen bonds present in the Chlamydomonas structure. These mutations alter 
the preferred oligomerization states of the human hub. The ability to change the preferred 
oligomerization state of CaMKII in such a manner should allow for a gentle disruption of the 
balance between CaMKII kinase and phosphatase activity at the synapse.  

 
 

Introduction 
 

The multimeric nature of CaMKII is foundational to its function. In this chapter, the 
Chlamydomonas structure is leveraged to alter the preferred oligomerization states of the human 
CaMKII-α hub domain. Six minimally invasive mutations cause the hub domain in isolation to 
oligomerize as a tetradecamer (14 subunits) or a hexadecamer (16 subunits). This is in contrast to 
the WT hub domain in isolation, which oligomerizes as a dodecamer (12 subunits) or 
tetradecamer (14 subunits). These mutations also shift the preferred oligomerization states of the 
holoenzyme towards larger species (data not shown).   
 With a larger holoenzyme in hand, straightforward questions can be asked: Has the 
sensitivity to Ca2+ pulse train frequency changed? Has the cooperativity of activation by 
Ca2+/CaM changed? The chimeric construct described in the previous chapter suggests that the 
cooperativity of activation will increase. 
 The enzymatic activity of larger CaMKII holoenzymes formed as a result of these 
mutations is predicted to more resistant to phosphatase action.  A larger holoenzyme has more 
subunits that must be dephosphorylated in quick succession to prevent rapid re-phosphorylation 
of Thr 286 and a re-conferral of autonomous activity.   

A way to test the effect of these mutations on phosphatase resistance would be to repeat 
the experiment of Urakubo and coworkers (Urakubo et al. 2014). In this experiment, CaMKII 
was incubated with PP1, a phosphatase that acts on CaMKII at the synapse, and a fragment of 
the NMDA receptor, a well validated CaMKII binding partner also present at the synapse. After 
an initial calcium pulse, phosphorylation of Thr 286 was monitored with respect to time. 
Remarkably, Thr 286 phosphorylation levels were still at 80% of maximum after 8 hours of 
incubation. Replication of this experiment with a larger holoenzyme is predicted to result in 
higher and more persistent Thr 286 phosphorylation. 

The chimeric holoenzyme discussed in the last chapter is also predicted to be resistant to 
phosphatase activity. The mutations described here partially distill the effect of that domain 
swap, presenting an attractive way to study CaMKII phosphatase resistance in vivo.  
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Study of this concept in vivo is partially motivated by a recent clinical study that 
established a strong correlation between rare CaMKII mutations and cognitive disability (Küry et 
al. 2017). Many of the mutations identified in the study caused either an increase or decrease in 
phosphorylation of Thr 286. 
 
 
Results and Discussion 
 
Design of mutations 
 The Chlamydomonas hub structure contained several intra-chain hydrogen bonds not 
present in the human hub.  Interestingly, these hydrogen bonds all involved either the 
polypeptide backbone or residues conserved between human and Chlamydomonas.  We 
hypothesized that these hydrogen bonds were responsible for the change in preferred 
oligomerization state relative to the human isoform.  To test this hypothesis, and to see if the 
preferred oligomerization states of human protein could be altered, the mutations requisite for 
hydrogen bond formation were introduced into the human hub: Thr354Asn, Glu355Gln, 
Thr412Asn, and Ile464His.   

Two additional Chlamydomonas mutations, not involved in hydrogen bond formation, 
were introduced as well: Ile414Met and Phe467Met.  We hypothesized that the methionine 
residues facilitated the more compact Chlamydomonas domain fold and should be used to 
replace the bulky, wild-type residues present at these positions in the human isoform.  It is 
important to note that none of the residue sidechains at the six sites of mutation are involved in 
the protein-protein interfaces between subunits of the domain assembly.   
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Observed oligomerization states 
The six-mutant CaMKII hub domain was expressed and purified in the same manner as 

wild-type human CaMKII-α hub (Stratton et al. 2014).  The preferred oligomerization states 
were then assayed by native mass spectrometry.  The mutations caused the human hub to 
assemble only as 14-mers and 16-mers.  No 12-mers were observed.  The relative population of 
14-mer to 16-mer was roughly 7:1. This stands in contrast to wild-type human hub, which forms 
roughly equal populations of 12-mers and 14-mers and has never been observed to form a 16-
mer. 

Although the mutations did not cause the human hub to assemble as an 18-mer like 
Chlamydomonas, they did affect the oligomerization state as predicted, causing it to shift 
towards formation of higher order species.  The mutations appear to have decreased the average 
width of each subunit, requiring more subunits to form a closed-ring assembly.  The effect of 
these residues on the oligomerization state of human CaMKII hub domain suggests that they 
exert the same effect on the Chlamydomonas CaMKII hub domain. 

 
 

 
 
 
Figure 5.1. (A) Oligomerization states of a mutant human CaMKII-α hub domain. Only 14-mers 
and 16-mers are formed. The mutations present are designed to recapitulate the intra-chain 
hydrogen bonds seen in the Chlamydomonas CaMKII hub domain. (B) Oligomerization stats of 
the WT human CaMKII-α hub domain. Only 12-mers and 14-mers are formed, in roughly equal 
proportions.  Note: 14-mer m/z values differ between mutant and WT because the expression tag 
was not cleaved prior to collection of the WT spectrum. 
______________________________________________________________________________ 
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Crystal structure of the human CaMKII hub domain mutant 
A crystal structure of the mutant CaMKII hub domain in tetradecameric form was 

determined to 2.1 Å resolution.  Many of the hydrogen bonds between the engineered mutations 
and the evolutionarily conserved residues were formed as hypothesized, recapitulating the 
interactions seen in the wild-type Chlamydomonas structure.  They are seen in many of the 
protomers present in the asymmetric unit, but not all. Formation of these hydrogen bonds likely 
caused the shift towards larger assemblies observed in the mutant protein. 

 
 

 
 
 
Figure 5.2. (A) Crystal structure of the mutant human CaMKII-α hub domain. The protein 
crystallized in tetradecameric form. The overall structure is generally the same as the WT 
tetradecamer (PDB 1HKX), shown in (B) as a reference. 
______________________________________________________________________________ 
 
 

In some protomers, mutant glutamine 355 appears positioned to form a hydrogen bond 
with backbone carbonyl of residue 412. However, as the structure is modeled it is 3.6 Å away, 
just outside the range of bond formation. Alignment of the mutant and wild-type structures on 
helix α1 shows that the carbonyl of the mutant is closer to the helix, indicating that the β-sheet is 
slightly more curved in the mutant structure (Figure 5.2-A).  In the hexadecameric form of the 
mutant observed by mass spectrometry, the subunits are presumably more compact, and this 
hydrogen bond is likely formed. 

The amide carbonyl of mutant asparagine 412 forms a hydrogen bond with either the δ or 
ω nitrogen of conserved arginine 433 (Figure 5.2-B).  The far (τ) nitrogen of mutant histidine 
464 forms a hydrogen bond with the ω nitrogen of conserved arginine 453 (Figure 5.3-A).  The 
amide carbonyl of mutant asparagine 354 forms a hydrogen bond with the indole nitrogen of 
conserved tryptophan 455.  The amide nitrogen of this asparagine appears able to form a 
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hydrogen bond with the hydroxyl group of conserved tyrosine 431, but as in the Chlamydomonas 
structure the geometry of the bond is not optimal. The axis of the hydrogen bond is at a right 
angle to the C-O bond of the tyrosine sidechain. Thermal fluctuations could potentially change 
this geometry, leading to a stronger bond. (Figure 5.3-B; human numbering; UniprotKB 
Q9UQM7). In all cases these interactions recapitulate what is seen in the Chlamydomonas 
structure. 
 
 
 
Table 5.1. Data collection and refinement statistics – Mutant human CaMKII hub domain 
assembly 
 
Data collection 
Wavelength (Å)    1.115830  

Space group    C 1 2 1   
Cell Dimensions     

a, b, c (Å)    162.99, 121.34, 56.24    
α, β, γ (°)    90.00, 108.15, 90.00  

Resolution (Å)    47.76-2.10 (2.15-2.10) * 
Redundancy    3.1 (3.1)    
Completeness (%)    100 (97) 
Rmerge (%)    4 (83) 
I / σ     13.0 (1.3) 
CC1/2 (%)      99.9 (64.0) 

 
Refinement 

Rwork / Rfree (%)    21.6 / 25.3  
No. observed reflections   187247 
No. unique reflections   13211  
No. atoms 
 Protein     7338 
 Ligand/ion    18 
 Water     111 
R.m.s deviations 
 Bond lengths (Å)   0.009   
 Bond angles (°)   0.991  
 

*Values in parenthesis correspond to the highest resolution shell 
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Figure 5.3. (A) Left panel: Interaction between mutant Gln 355 and backbone carbonyl 412 
(blue structure). The glutamine is positioned to form a hydrogen bond with the carbonyl, but is 
just outside the distance range at 3.6 Å. The WT structure (PDB 1HKX, shown in grey) is 
aligned on helix α1 for reference. Note that the backbone carbonyl of the mutant structure is 
closer to the helix, indicating that the β-sheet is slightly more curved relative to WT. Right panel: 
The glutamine sidechain-backbone carbonyl hydrogen bond in the Chlamydomonas CaMKII hub 
domain. (B) Left panel: Hydrogen bond between mutant Asn 412 and conserved Arg 433 (blue 
structure). The WT structure (in grey) is again aligned on helix α1 for reference. The WT 
threonine residue is not positioned to form this hydrogen bond. Right panel: The asparagine-
conserved arginine hydrogen bond in the Chlamydomonas structure. 
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Figure 5.4. (A) Left panel: Hydrogen bond between mutant His 464 and conserved Arg 453 
(blue structure). Isoleucine is the WT residue at position 464 (grey structure). Right panel: The 
histidine-conserved arginine hydrogen bond in the Chlamydomonas structure. (B) Left panel: 
Hydrogen bonds between mutant Asn 354 and conserved residues Trp 455 and Tyr 431. In the 
WT structure (shown in grey) Thr 354 forms a hydrogen bond with the tryptophan but cannot 
simultaneously interact with the tyrosine. Right panel: Hydrogen bonds formed between Asn 33, 
Trp 138, and Tyr 115 in the Chlamydomonas CaMKII hub domain. 
______________________________________________________________________________ 
 
 

The crystal structure of the mutant human CaMKII hub domain assembly complements 
the mass spectrometry results. The mutations were hypothesized to shift domain oligomerization 
towards higher order species by recreating the hydrogen bonds in the Chlamydomonas structure. 
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The mass spectrometry showed that the mutations caused such a shift, and the crystal structure 
showed that they formed the hypothesized hydrogen bonds. The β-sheet is also slightly more 
curved in the human mutant relative to WT (Figure 5.2-A and Figure 5.4). This sets up a clear 
relationship between these particular hydrogen bonds, β-sheet curvature, and oligomerization 
state.  

 
 

 
 
 
Figure 5.5. Structural alignment on helix α1 of the protomers present in the mutant hub 
asymmetric unit (7 total, colored in blue) with the protomers present in the tetradecameric WT 
hub asymmetric unit (14 total, colored in grey). Although they are both 14-subunit assemblies, 
the β-sheets of the mutant protomers are on average slightly more curved relative to WT. This is 
best illustrated by the relative positioning of the β4-β5 turn. In the mutant structure, this turn is 
on average closer to the α4-β3 loop, denoted by the red arrow.  
______________________________________________________________________________ 
 
 
Additional potential uses of the human CaMKII hub domain mutant 
 This crystal structure of the human CaMKII hub domain mutant is the highest resolution 
structure of any human CaMKII hub domain assembly to date.  Quality diffraction data can be 
easily reproduced. This is in contrast to the wild-type human CaMKII-α hub domain, where 
obtaining usable diffraction is difficult and the crystals suffer from low reproducibility. Because 
the mutant crystallizes so readily, it can be used as a platform to screen for small molecule or 
peptide binding to the protein.  
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Materials and Methods 
 
Cloning 

All mutations were generated using standard PCR techniques. 
 
Protein purification and mass spectrometry 
 The mutant protein was expressed and purified as described for other hub domain 
isoforms (chapter 3). The expression tag was removed by protease treatment during the 
purification. Native protein electrospray ionization mass spectrometry was also performed as 
described in chapter 3.  
 
Crystallization, structure determination and refinement 
 Crystals of the mutant hub were grown by the sitting drop vapor diffusion method. 100 
nL of protein solution (17 mg/mL mutant hub in 25 mM Tris, 150 mM KCl, 10% (v/v) glycerol, 
2 mM DTT, 1 mM TCEP, pH 8.0 at 4 °C) was mixed with 100 nL of well solution (235 mM 
K3•Citrate, 15% (w/v) PEG 3350, pH 8.0 at 20 °C) and allowed to equilibrate against 45 µL of 
well solution. Single crystals appeared overnight, grew to full size within one week, and were 
frozen eight days after the conditions were set. Frozen crystals were cryo-protected in 20% (w/v) 
PEG 3350, 20% (v/v) glycerol, 235 mM K3•Citrate pH 8.0 at 20 °C. 
 Diffraction data was collected at the Advanced Light Source beamline 8.3.1 at 100 °K 
and wavelength 1.115830 Å. Phasing was done by molecular replacement in Phenix (Adams et 
al. 2010). Subunits from the human tetradecameric CaMKII hub domain assembly (PDB 1HKX) 
were used as the search model. Model refinement was performed in coot (Emsley et al. 2010). 
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Chapter 6 
 

Destabilization of the human CaMKII-α hub domain assembly and 
holoenzyme 

 
Summary 
 
 In this section a point mutation is described that destabilizes one of the two protein-
protein interfaces formed between CaMKII hub domains. The mutation generates a stable 
population of CaMKII dimers in solution. The dimers are detected by analytical gel filtration and 
native protein mass spectrometry. Kinase activity increases the fractional dimer population. This 
suggests that catalytic activity weakens the same interface destabilized by the point mutation. 
These dimers may be the species exchanged between CaMKII holoenzymes following enzymatic 
activation. 
 
 
Introduction 
 

The CaMKII hub domain assembly is traditionally described as two rings of protomers 
stacked face to face. The substructure formed by two protomers in contact from opposite rings, 
when viewed in isolation, is homologous to the dimers formed by other NTF2-like proteins 
unrelated in sequence.  The interface formed is symmetrical and buries 2200 Å of surface area. It 
is predicted to be more stable relative to the interface between protomers of the same ring, which 
only buries 1100 Å of surface area.  Because of this, the hub domain assembly may be better 
thought of as a collection of dimers arranged side-by-side in a ring. These dimeric building 
blocks are referred to as "vertical dimers" (Hoelz et al. 2003; Stratton et al. 2014). 

After activation triggered subunit exchange was observed between CaMKII 
holoenzymes, this vertical dimer was predicted to be the basal unit of exchange (Stratton et al. 
2014).  This prediction was based on several considerations: (1) The structural homology of the 
vertical dimer to known NTF2-like protein dimers. (2) The apparently weak interface formed 
between vertical dimers in the hub domain assembly. (3) The uncapped β-sheet present in each 
hub domain is directly adjacent to the interface between vertical dimers. Kinase regulatory 
segment binding to this site provided a plausible way to weaken this interface in an activation-
dependent manner. (4) The number of subunits present in CaMKII holoenzymes is always a 
multiple of two.  

To see if CaMKII could form isolated dimers, we introduced a point mutation that 
weakened the predicted dimer-dimer interface. Phenylalanine 397 in helix α4, which packs 
against the β-sheet of the adjacent subunit, was mutated to alanine. This mutation reduced the 
buried hydrophobic surface area at the interface, presumably lessening the energetic benefit of 
oligomerization.  

The mutation resulted in the formation of free CaMKII dimers detectable by analytical 
gel filtration and mass spectrometry.  Activation of the kinase increased the relative population 
of free dimers.  This suggested that enzymatic activation weakened the same interface as the 
Phe397Ala mutation, the interface between vertical dimers in the hub domain assembly.  

 



 59 

Results and Discussion 
 
Effect of a destabilizing mutation on the CaMKII hub domain assembly 

The Phe397Ala mutation was first made in a truncated construct encoding only the 
CaMKII-α hub domain. In the absence of mutation, this construct oligomerizes in the same 
manner as the full-length holoenzyme, as a dodecamer or tetradecamer.  

The mutant construct was expressed and purified to homogeneity according to published 
procedures. Analytical gel filtration chromatography suggested that dodecamers/tetradecamers 
and dimers were both present in solution (Figure 6.1). Two peaks were observed in the 
chromatogram. A larger peak eluted first at 15.6 mL, roughly corresponding to the molecular 
weight of a hub domain dodecamer. A smaller peak eluted second at 18.3 mL, corresponding to 
the molecular weight of a hub domain dimer. Dimers are not seen for the WT protein. The 
empirical relationship between molecular weight and elution volume described in Bhattacharyya 
et al. 2016 was used to determine oligomerization state.  
 
 
 

 
 
 
Figure 6.1. Purple trace: Gel filtration profile of the F397A hub domain. Two peaks are seen, 
one corresponding to a dodecamer/tetradecamer and another corresponding to a dimer. Grey 
trace: Gel filtration profile of the WT hub domain, from Bhattacharyya et al. 2016 and used with 
permission. Only one peak is seen, corresponding to a dodecamer/tetradecamer. Traces were 
normalized to have approximately the same area under the curve. 
______________________________________________________________________________ 
 
 
To corroborate the gel filtration results, native protein mass spectrometry was employed. The 
mass spectrum demonstrated unambiguously that the mutant hub domain existed solely as a 
tetradecamer or dimer. Observation of these species was highly dependent on the ionization 
buffer used, but under the correct conditions both tetradecamers and dimers were seen 
simultaneously (Figure 6.2). Using collision induced decay, the dimeric species seen in the 
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spectrum could be split into monomers matching the mass of the CaMKII hub domain, further 
validating the presence of CaMKII hub domain dimers (Figure 6.3).  
 
 

 
 
 
Figure 6.2. Native protein mass spectra of the F379A mutant hub domain when ionized under 
different buffer conditions. Top panel: Protein ionized in 1 M NH4OAc. Only tetradecamers are 
seen. Middle panel: Protein ionized in 25 mM Tris, 1 mM TCEP, pH 8.0. Only dimers are seen. 
Bottom panel: Protein ionized in 250 mM NH4OAc, 25 mM Tris, 1 mM TCEP, pH 8.0. 
Tetradecamers and dimers are seen. 
______________________________________________________________________________ 
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Figure 6.3. Collision induced decay (CID) of a F397A mutant CaMKII hub domain dimer. Top 
panel: 10+ charge state dimer peak. Middle panel: Isolation of the 10+ dimer. Bottom panel: 
Bombardment with an inert gas splits the 10+ dimer into 6+ and 4+ monomers, as well as 7+ and 
3+ monomers. Note the conservation of charge.  
______________________________________________________________________________ 
 
 

Because of the position of the weakening mutation, it is highly likely that the observed 
dimers are the hypothesized vertical dimers structurally homologous to those formed by other 
NTF2-like proteins. The absence of monomers is also important because it shows that 
dimerization is spontaneous and energetically very favorable. 

It is clear that the hub domain assembly can then be thought of as an assembly of dimers. 
This is ultimately a semantic distinction, but one that provides insight when considering subunit 
exchange between CaMKII holoenzymes. 
  It is curious that in terms of full domain assembly formation the mutant only forms 
tetradecamers. The wild-type hub domain forms dodecamers and tetradecamer in roughly equal 
proportions, as assayed by the same mass spectrometry technique (Bhattacharyya et al. 2016). It 
suggests that a chemical steric strain leading to dodecamer formation has been removed by the 
mutation. 
 
Effect of a destabilizing mutation on the CaMKII holoenzyme 

The same Phe397Ala mutation was made in the human CaMKII-α holoenzyme 
(UniprotKB Q9UQM7-1; residues 7-475). Its effect on oligomerization state was then analyzed 
by analytical gel filtration chromatography. Unfortunately, usable mass spectra of the human 
CaMKII holoenzyme cannot be obtained. 

Analytical gel filtration showed that the mutant holoenzyme, like the mutant hub domain, 
exists as a dodecamer and a dimer in solution. Two peaks were seen in the chromatogram, one at 
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13.7 mL, corresponding to a dodecamer/tetradecamer, and one at 16.5 mL, corresponding to a 
dimer. Only one peak, corresponding to a dodecamer/tetradecamer, is seen in the WT CaMKII 
holoenzyme control experiment (Figure 6.4-A). 

The relative population of CaMKII dimers to total protein was much higher in the 
holoenzyme mutant then the hub domain mutant. The cause of this is unclear. The presence of 
the kinase domains may create a steric or entropic barrier to holoenzyme formation. 

In a second experiment, CaMKII was partially activated by incubation with ATP•Mg2+ 
prior to injection onto the size exclusion column. Kinase activity is sub-maximal when only 
ATP•Mg2+ is present, but it is enough to autophosphorylate Thr 305 and 306 in the calmodulin 
binding footprint of the regulatory segment.  Full activation of the kinase also requires 
Ca2+/CaM, but the presence of calmodulin severely convolutes the chromatogram for unknown 
reasons and thus was omitted from the experiment. 

Activation of the holoenzyme by ATP•Mg2+ increased the fraction of dimers present in 
solution by roughly 20 % (Figure 6.4-B). The effects of mutation and kinase activation on the 
dimer fraction are additive. This shows that activation, like the phenylalanine mutation, also 
weakens the interface between vertical dimers in the holoenzyme. The increase in dimer 
population upon activation, as well as the absence of monomers in solution, supports the 
hypothesis that dimers are the basal unit exchanged between CaMKII holoenzymes following 
activation.  

 
 

 
Figure 6.4 (next page). (A) Blue trace: Gel filtration profile of the F397A CaMKII 
holoenzyme. Two peaks are seen, one corresponding to a dodecamer/tetradecamer and another 
corresponding to a dimer. Grey trace: Gel filtration profile of the WT holoenzyme, collected by 
Moitrayee Bhattacharyya and used with permission. Only one peak is seen, corresponding to a 
dodecamer/tetradecamer. (B) Blue trace: Gel filtration profile of the F397A CaMKII 
holoenzyme, unactivated (same as in frame A). Red trace: Gel filtration profile of the F397A 
holoenzyme after a pre-incubation with ATP•Mg2+. The dodecamer/tetradecamer fraction 
decreases and the dimer fraction increases relative to the unactivated sample. All traces were 
normalized to have approximately the same area under the curve. 
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______________________________________________________________________________ 
 
 

The mutant dodecamers/tetradecamers rapidly release dimers into solution. A large dimer 
fraction is seen when protein collected from the dodecamer/tetradecamer peak is re-injected onto 
the gel filtration column (Figure 6.5-A). In contrast, mutant dimers do not rapidly re-form 
dodecamers/tetradecamers. No dodecamer/tetradecamer peak is seen when protein collected 
form the dimer peak is re-injected onto the column (Figure 6.5-B).  It is likely that the 
concentration of CaMKII dimers must be very high before dodecamers/tetradecamers are formed 
at an appreciable rate.  
 
 

 
 
 
Figure 6.5. (A) Blue trace: F397A CaMKII holoenzyme, parent injection. Orange trace: 
Reinjection of collected fractions from the dodecamer/tetradecamer peak. The protein quickly 
reformed a substantial dimer population. (B) Blue trace: F397A CaMKII holoenzyme, parent 
injection. Orange trace: Reinjection of collected fractions from the dimer peak. The protein did 
not re-form dodecamers/tetradecamers. All traces were normalized to have approximately the 
same area under the curve. 
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Materials and Methods 
 
Cloning and protein purification 
 All mutations were generated using standard PCR techniques. Both mutant proteins were 
purified as described for other CaMKII holoenzyme and hub domain variants (chapters 3, 4). 
 
Mass spectrometry 

Native protein electrospray ionization mass spectrometry was performed as described in 
chapter 3. Gas phase ionization of the protein in a buffer of 25 mM tris, 250 mM ammonium 
acetate, 1 mM TCEP, pH 8.0 was required for simultaneous detection of the dimeric and 
tetradecameric species. Only the tetradecameric species was observed when the protein was 
ionized in 1 M ammonium acetate, and only the dimeric species was observed when the protein 
was ionized in 25 mM tris, 1 mM TCEP, pH 8.0.  
 
Analytical gel filtration chromatography 
 100 µL samples were loaded onto a superose-6 10/300 column (GE healthcare).  

The mutant hub domain was loaded at a concentration of 5 µM (protomer basis) and the 
column was equilibrated with 25 mM Tris, 150 mM KCl, 10% (v/v) glycerol, 1 mM TCEP, pH 
8.0 at 20 °C.  
 The mutant holoenzyme was loaded at a concentration of 3 µM (protomer basis) and the 
column was equilibrated with 25 mM tris, 150 mM KCl, 2 mM DTT, 1 mM TCEP, pH 8.0 at 20 
°C. Reinjections of holoenzyme peak fractions were at necessarily lower concentrations.  
 For the enzymatic activation experiment the mutant holoenzyme was incubated in the 
presence of 250 µM ATP and 8 mM Mg2+ (as MgCl2) at 37 °C for 45 minutes prior to injection 
onto the size exclusion column.  
 Wild-type protein control experiments were done using conditions similar to the mutant 
protein experiments.  
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