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Abstract 

Myosins are molecular motor proteins involved in cell movement, vesicle and organelle 

transport by moving along the cytoskeletal actin filaments.  They include a myosin heavy chain 

and at least one myosin light chain (LC). The latter are typically bilobal proteins like calmodulin, 

where each lobe comprises a pair of EF-hand Ca2+-binding motifs. The LCs bind to ~25-residue 

IQ motifs that loosely conform to an IQXXXRGXXXR consensus sequence, and impart rigidity 

that is crucial for myosin function.    

The highly motile amoeba Dictyostelium discoideum expresses seven class I myosins, 

two of which (MyoD and MyoB) recruit the specific LCs MlcD and MlcB, with MlcB being the 

first observed single-lobe LC. However, the LCs for the remaining D. discoideum class I myosins 

are unknown. Identifying and characterizing these LCs is one focus of this thesis, with an overall 

goal of understanding their role in myosin function and regulation.     

Nuclear magnetic resonance spectroscopy, site-directed mutagenesis, and computational 

modeling were used to determine the solution structure of apo-MlcB and identify the MyoB IQ 

motif-binding site.  Apo-MlcB differs from the typical closed conformation of an EF-hand Ca2+-

binding protein in the apo-state as helix 1 in its structure is splayed from the remaining helices. 

The MyoB IQ motif-binding surface is not altered by Ca2+, involves residues from helices 1 and 

4, and from residues in the N-terminal canonical EF-hand Ca2+-binding loop, and represents a 

unique mode of IQ recognition by a myosin LC. 

Calmodulin was identified as the LC for MyoA and MyoE while another single-lobe LC, 

MlcC, bound to two of three IQ motifs in MyoC. The solution structure of MlcC was more 

similar to the C-terminal lobe of apo-calmodulin than to apo-MlcB. Chemical shift perturbation 

studies suggest that like apo-CaM, MlcC undergoes a global MyoC IQ motif-induced 

conformational change. Computational modeling of the MlcC-MyoC IQ complex indicates that 

this is a feasible mode of IQ recognition.  The structures of MlcB and MlcC, with their different 
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modes of IQ motif binding, provide novel insights into IQ motif binding specificity and begin to 

illustrate their role in myosin function and regulation.     
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Chapter 1 

General Introduction 

 Molecular Motors and the Cell 1.1

The cell is the basic unit of life and represents a complex but well-ordered system. The 

eukaryotic cell contains several self-contained organelles responsible for a wide range of 

functions. These include but are not limited to the nucleus which stores the genetic information, 

the protein synthesizing ribosomes, the energy-generating mitochondria, and the lysosomes which 

are involved in degradation. Communication and exchange of products between these organelles 

is crucial to the overall functioning of the cell and to processes such as cell division and cell 

movement.  

Three types of molecular motors facilitate movement in the cell - the myosins, kinesins 

and dyenins. These proteins use the chemical energy associated with ATP to power their 

movement along the cell’s cytoskeleton, which is comprised of microtubules and actin filaments 

arranged so that all areas of the cell are accessible (Figure 1.1) (1, 2). Kinesins and dyneins move 

along the microtubules while myosins are the only molecular motors that travel along the actin 

filaments. Both the microtubules and actin filaments are polarized with their growing ends 

referred to as the plus end and the other end designated as the minus end. The arrangement of 

these polar networks is cell-specific and is important for efficient intracellular transport. A typical 

arrangement includes a radial distribution of microtubules in which the minus ends are anchored 

at the microtubule-organizing centre near the nucleus and the growing plus ends extend out from 

the cell’s interior toward the periphery.  The actin filaments are more randomly oriented forming 

dense networks near the cell’s periphery where access by microtubules is limited (2).  
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Figure 1.1 The directional and coordinated movement of molecular motors in the cell.  

The arrangement of the cytoskeleton network is shown with actin filaments (red) populating the 

peripheral region of the cell while the microtubules (green) provide access to the cell’s interior. 

The insets show the direction of movement of the molecular motors on their respective tracks. (A) 

Most myosin classes, including Myosin Va (brown), move toward the plus-end of the actin 

filaments at the cell’s periphery while the class VI myosins (light blue) move toward the minus-

end of the actin filament away from the cell periphery. (B) Kinesins (orange) move away from 

the cell interior towards the plus-end of the microtubule while dyneins (dark blue) move toward 

the minus-end of the microtubule at the cell interior. The arrows indicate potential routes for 

coordinated movement between two different motor proteins. This figure is adapted from Ross, 

J.L et al. (1). 
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Most kinesins move from the cell interior toward the cell periphery along the 

microtubules while dyenins move in the opposite direction toward the cell interior. Similarly, 

most myosins move toward the faster growing plus or barbed end of actin filaments usually 

oriented toward the cell periphery while a select group of myosins have been shown to move 

toward the minus or pointed end (2). In addition to the bidirectional movement of motor proteins 

on the microtubule and actin-based networks, interplay of transport on these two networks has 

also been observed, where cargo switching occurs between the microtubules and actin filaments 

(reviewed in (3)).  The complexity presented by the cell’s intracellular transport mechanism 

requires a thorough examination of the individual players in terms of their function and regulation 

followed by the synthesis of this information toward understanding their interrelationship and 

function in crucial cell processes. This thesis aims to do so by studying the actin-based myosin 

motor proteins. 

  

 The Myosin Superfamily 1.2

 Myosin Classification 1.2.1

Myosins were first discovered in muscle cells in the late nineteenth century and are 

hexameric proteins featuring two globular heads and an α-helical coiled-coil tail. As a result of 

this initial discovery much is known about myosin function in muscle contraction. Structurally 

similar myosins were subsequently discovered in non-muscle cells followed by the discovery of 

single-headed myosins (4). This led to the classification of myosins as conventional or 

unconventional, with conventional myosins resembling the muscle myosins and unconventional 

myosins as all other myosins. This grouping became ineffective with the discovery of additional 

myosins, necessitating classification based on phylogenetic analysis (5, 6). To date, the myosin 
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superfamily comprises thirty-five classes (Figure 1.2A). Each class is given a Roman-numeral 

designation that reflects the order of discovery of novel myosins, with the exception of the class I 

and class II myosins. The class II myosins were the first members of the myosin superfamily to 

be discovered and represent the two-headed, filament-forming conventional myosins of muscle. 

They were subsequently identified in the cytoplasm of animal cells. On the contrary, the class I 

myosins refer to the first single-headed myosins to be discovered.  

Members of the various myosin classes are differentially expressed among organisms, 

with more complex organisms having a larger suite of myosin proteins representing a greater 

number of myosin classes. For example, the budding yeast Saccharomyces cerevisiae is a 

eukaryotic unicellular organism expressing five myosins representing class I, II and V (7), the 

cellular slime mold Dictyostelium discoideum, which undergoes both unicellular and multicellular 

growth cycles, expresses thirteen myosins from at least five classes (5), while humans express 

forty myosins representing twelve classes (8). The structural variability exhibited by the different 

myosin families and family members is thought to be crucial to their functioning in a wide range 

of cellular events, which include endocytosis, exocytosis, organelle movement and localization, 

cell movement, substrate adhesion, and signal transduction (reviewed in (9)) (Figure 1.2B). 

Additional work is necessary to complete the classification of myosins and to determine the 

function of myosin classes other than classes I, II and V, which are the most extensively studied 

to date. 

   

 Myosin Composition 1.2.2

Myosins in their simplest form exist as a heterodimeric complex comprising a myosin 

heavy chain (MHC) and a myosin light chain (LC). More complex myosins contain multiple 

MHCs and a variable number of myosin LCs specific to the particular MHC (Figure 1.3). 
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Figure 1.2 The functionally and structurally diverse myosin superfamily. 

(A) The pie chart shows the division of the 2, 269 identified myosins from 328 organisms into 35 

classes (clockwise from class I) (10). The top four most populated classes are indicated with their 

respective percentages. The last grouping (light salmon) comprises orphan myosins for which no 

homolog has been identified to date. (B) Schematic structural representations of the class I, II, V 

and XI myosin families (6). 
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Figure 1.3 The myosin complex.  

The MHC of Argopecten irradians (A. irradians) or the bay scallop is shown with two myosin 

LCs bound to isoleucine-glutamine (IQ) motifs in the light chain binding domain coloured red. 

The motor domain (salmon) of the MHC with MgADP bound is shown with the actin- and ATP-

binding sites identified. An antiparallel arrangement of the myosin LCs is typical for IQ 

recognition in myosins. The C-terminal lobes of the myosin LCs (green) bind to the N-terminal 

region of each IQ motif while the N-terminal lobes (cyan) bind to the C-terminal region of the IQ 

motifs. The tail domain of the MHC is not shown as it was removed by proteolytic digestion. The 

PDB accession for the MHC:LC complex structure is 1B7T (11).  
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1.2.2.1 The Myosin Heavy Chains  

The MHC constitutes three domains; the N-terminal motor domain, the α-helical light 

chain-binding domain (LCBD) or neck domain, and a C-terminal tail (4). The motor domain is 

highly conserved across species and contains binding sites for actin and adenosine triphosphate 

(ATP). Cycles of ATP binding and hydrolysis, and the release of adenosine diphosophate (ADP) 

and inorganic phosphate causes conformational changes in the motor domain and LCBD that 

effects the ability of MHC to interact with the actin filaments (12). Many myosins contain N-

terminal extensions to their motor domains. These extensions contain one or a combination of 

ATP-insensitive actin-binding sites, protein and lipid-targeting post synaptic density 

protein/Drosophila disc large tumor suppressor/zonula occludens-1 protein (PDZ) domains, SRC 

homology 3 (SH3)-like domains that are implicated in the relay of conformational changes 

occurring in the motor domain, myosin phosphatase-binding domains likely involved in the 

down-regulation of myosin II motility, and pseudo Ras-binding domains thought to function in 

the modulation of motor activity through interactions with the LCBD and associated myosin LCs 

(13).  

Myosin LCs bind to the LCBD and rigidify this region allowing for the amplification of 

the conformational changes taking place in the motor domain and may also regulate myosin 

function (14). Myosin LCs interact with twenty-five residue amphipathic α-helical stretches 

termed IQ motifs, which are present in as many as six tandem copies in the LCBD and are 

centered on the poorly conserved consensus sequence IQXXXRGXXXR (Figure 1.4) (15, 16). 

Exceptions in the IQ motif copy number have been found in class XIV myosins of the parasitic 

protozoa Toxiplasma gondii, which does not possess an identifiable IQ motif, and the plant 

pathogen type 2 Phytophthora ramorum myosin, which contains 17 IQ motifs in its LCBD (13). 

The number of IQ motifs is thought to influence the step size, which is the distance the myosin  
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Figure 1.4 Variability in the consensus IQ motif sequence across species.  

(A) The IQ motif sequences for different myosin classes from six organisms are shown. They are 

yeast Saccharomyces cerevisiae (S. cerevisiae), the slime mold Dictyostelium discoideum (D. 

discoideum), the house mouse Mus musculus (M. musculus), the brown rat Rattus norvegicus (R. 

norvegicus), the chicken Gallus gallus (G. gallus) and humans Homo sapiens (H. sapiens). The 

consensus residue positions are highlighted in grey. It is evident that Gln (Q) at position 2 and 

Arg (R) at position 6 are most strongly conserved. Position 1 shows a strong preference for the 

aliphatic hydrophobic residues Ile (I), Leu (L) and Val (V) while position 11 favors the basic 

residues Arg (R) and Lys (K). Significant sequence variation is observed outside of the consensus 

positions. (B) A helical wheel representation of the IQ motif consensus sequence. An 

amphipathic helix is formed by the residues and the hydrophobic and polar sides of the helix are 

indicated. The axis direction i.e the N- to C-terminals of the helix goes into the page.  
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head moves relative to the actin filament in a single ATP cycle. The step size increases with 

increasing numbers of IQ motifs in the myosin LCBD. This variation in the number of IQ motifs 

observed in the LCBD of myosins may be important for the execution of various functions by the 

myosins (17). However, IQ motifs are not exclusive to myosins; they are also found in several 

other proteins including neuronal growth proteins, phosphatases, Ras exchange proteins, IQ motif 

containing guanosine triphosphate (GTP)ase activating protein (IQGAP) proteins, voltage-

operated channels, and various plant proteins (16). They are most often referred to as apo-

calmodulin (apo-CaM) recognition motifs but have been shown in some cases to interact with 

holo-CaM i.e. Ca2+-CaM (18).  

The C-terminal tail domain comprises motifs or domains that enable specific and diverse 

myosin functionalities. Several known protein-protein interaction domains are found in the C-

terminal tails of myosins. SH3 domains are present in the long-tailed class I myosins and play an 

important role in the recruitment and localization of the actin-related protein (ARP)2/3 complex 

required for actin branching (13). The myosin-tail-homology domain 4 (MyTH4) is also observed 

in several myosin classes such as class IV, class X, class XII, and class XV, and is often found 

adjacent to the 4.1/ezrin/radixin/moesin (FERM) domain in the C-terminal tail (13). These 

domains allow myosin to associate with the plasma membranes via interaction with membrane-

associated proteins, including beta integrins, proteins of the adherens junction, and protein kinase 

A. Interestingly, class X myosins have been found to directly bind microtubules and this 

interaction is mediated via the MyTH4 domain (19). Coiled-coil sequences in the C-terminal tail 

are observed in class II and class V myosins. These sequences facilitate the oligomerization of 

myosins allowing them to coordinate their activities, such as in muscle contraction. Class X 

myosins contain the lipid-binding pleckstrin homology (PH) domains, presumably for membrane 

association (13). Several myosin C-terminal tails also contain regions that do not resemble known 



11 

 

protein motifs or domains and may represent novel functional units. Together, the variability in 

all three domains of the MHC contributes to myosin’s versatility in mediating various types of 

movement within cells.  

 

1.2.2.2 The Myosin LCs 

Myosin LCs are members of the CaM superfamily and contain two or four EF-hand 

calcium (Ca2+)-binding motifs (5, 15).  The EF-hand motif adopts a helix-loop-helix structure in 

which Ca2+ binds to the 12-residue loop region in a pentagonal bipyramid configuration (20).  

Most myosin LCs contain four EF-hand motifs and are arranged in a dumbbell-like conformation 

as observed for CaM, with two lobes each comprising a pair of EF-hand motifs connected by a 

flexible linker. The role of CaM as a Ca2+ sensor protein is well documented. Its conformational 

change from a closed conformation in the absence of Ca2+ to the open conformation, in which a 

hydrophobic groove is created in the presence of Ca2+, is known to modulate its interaction with 

target proteins (21-23). Although CaM is thought of as the default myosin LC for unconventional 

myosins, myosin LCs have been discovered which interact specifically with some MHCs (24-27). 

This suggests that in more complex organisms CaM may not be sufficient to regulate myosin 

activity for all classes of myosin. As an example, the well-characterized class II muscle myosin 

interacts with two specific myosin LCs in its LCBD, the essential and regulatory LCs (28). Many 

of these CaM-like LCs have substitutions in the EF-hand Ca2+-binding loops at residue positions 

critical for Ca2+ co-ordination (positions 1, 3, 5, 7, 9 and 12; Figure 1.5) (29). As a result, these 

myosin LCs exhibit either a complete inability to bind Ca2+ or bind Ca2+ or magnesium (Mg2+) in 

selective EF-hand loops. Regardless of their ability to bind divalent cations, these myosin LCs 

play an important role in facilitating myosin movement. 
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Figure 1.5 Sequence variability among the EF-hand Ca2+-binding loops of myosin LCs.  

M. musculus CaM, A. irradians  the essential LC, A. irradians  the regulatory LC, and S. 

cerevisiae Mlc1p are comprised of four EF-hand motifs, each made up of two helices (cylinders) 

sandwiching a Ca2+-binding loop. The EF-hand Ca2+-binding loop consensus sequence and the 

sequences of the four Ca2+-binding loops of CaM, the essential LC, the regulatory LC, and Mlc1p 

are shown. Residues involved in the coordination of divalent cations are coloured red.  
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 Regulation of Myosin Function  1.2.3

The fundamental involvement of myosins in critical cellular processes necessitates 

control over the time and location of their activity. Regulation of myosin function occurs in all 

three domains of the myosin heavy chain, although differences have been observed within and 

among the myosin classes and in different organisms. The mechanisms identified to date include 

phosphorylation of the MHCs and myosin LCs, Ca2+-binding by the myosin LCs, and cargo 

binding to the tail domain. Below I provide an overview of how these mechanisms regulate 

myosin function.   

In the MHC motor domain, phosphorylation of a serine or threonine residue at the 

threonine/glutamine/aspartate/serine (TEDS) site of non-vertebrate class I myosins has been 

shown to be required for actin-activated ATPase activity (30, 31). Since their vertebrate 

counterparts possess a negatively charged aspartate or glutamate residue at this site, it is 

postulated that the negative charge accelerates the release of the inorganic phosphate generated 

from ATP hydrolysis (32, 33). Knockout studies in D. discoideum and S. cerevisiae showed 

phosphorylation at the TEDS site is important for the normal functioning of the myosins in 

processes such as growth and actin organization (34-36). Furthermore, the kinases catalyzing the 

phosphorylation have been identified in D. discoideum and Acanthamoeba castellani and exhibit 

some sequence similarity to the PAK/Ste20 kinase family (37-40). Likewise, these kinases are 

activated by autophosphorylation via the GTP-dependent binding of Rac/Cdc42, which putatively 

disrupts an autoinhibitory interaction between the regulatory and catalytic domains of the kinases. 

This kinase activity is stimulated by negatively charged phospholipids while Ca2+-CaM has an 

inhibitory effect (41-43).  

Phosphorylation has also been shown to have a negative effect for some classes of 

myosins. In these cases, phosphorylation occurred within the C-terminal tail domain of the 
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myosins (44). For D. discoideum myosin II, this resulted in the inhibition of filament formation 

by the C-terminal tail domain while in A. castellani myosin II, C-terminal tail filaments were 

more flexible hampering communication between the head and tail of the myosin (44-47). Since 

the protein-protein interactions and cargo-binding properties of the C-terminal tail domain target 

myosins to their sites of action within the cell, it is plausible that phosphorylation of the tail 

domain may also serve to control vesicle movement and localization. In support of this regulatory 

function, there is evidence that melanosome (melanin containing organelle) binding to class V 

myosins and optineurin (protein involved in the regulation of several physiological processes) 

binding to class VI myosins are affected by phosphorylation (48-50).  

Intramolecular and intermolecular interactions among the myosin domains can also 

regulate function. For example, the class V myosins have also been shown to be regulated by the 

formation of an intramolecular complex in which its tail and head domain interact (51). This 

folded conformation is inactive and cargo binding to the tail domain is proposed to act as the 

regulatory switch activating the myosin (52). Non-muscle myosin II and smooth muscle myosin 

II have also been shown to adopt folded conformations in which the two motor domains interact 

rendering the myosin inactive (53). Phosphorylation of at least one of the myosin LCs bound to 

the LCBD has been shown to unfold and activate these myosins (54).  

Although binding of the myosin LCs to IQ motifs in the LCBD provides stability to the 

MHC allowing for effective communication between the head and tail domains, they have also 

been shown to regulate the myosin activity (15, 55). This is achieved through the phosphorylation 

of and/or binding of divalent cations to the myosin LCs (15). For example, phosphorylation of a 

vertebrate smooth muscle class II myosin LC is known to trigger actin-activated ATPase activity 

resulting in contraction (56, 57).  Additionally, the ability of the myosin LCs to sense local 

changes in Ca2+ levels within the cell through their Ca2+-induced conformational changes allow 
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for regulation by Ca2+. This regulation is not uniform for all myosins; rather a range of effects has 

been observed in the systems studied. Within the class I myosins alone, Ca2+ has been shown to 

stimulate, inhibit, and have no effect on the actin-activated ATPase activity (58). Despite this 

variability, most IQ motifs are occupied by myosin LCs at resting Ca2+ levels and thought to 

contribute to the “on-state” of the myosin while increasing Ca2+ concentrations inactivate myosin.  

Studies of class V myosins have shown that at Ca2+ concentrations analogous to elevated levels in 

the cell, there is dissociation of myosin LCs from some IQ motifs and/or a rearrangement of the 

myosin LCs on the LCBD (59-63). This however is not the same across all myosins, as 

differential binding of apo- and Ca2+- myosin LCs have been observed for IQ motifs within a 

single myosin LCBD. For example, apo-CaM binds with greater affinity to the first IQ motif of a 

class I rat myosin compared to the second IQ motif while in the presence of Ca2+ the second IQ 

motif binds with greater affinity (64). These differences that exist across the myosin family have 

the potential for fine-tuning the functioning of the myosins. Given that the sequence variability of 

the IQ motifs in the LCBDs (Figure 1.4A) contributes to the recognition by the myosin LCs and 

thus the regulation of myosin function, it is important to define the molecular determinants for 

myosin LC recruitment as a basis for better understanding myosin regulation.     

 

 Structural Characterization of CaM/CaM-like-IQ Complexes 1.3

Structural studies have enhanced our understanding of the mode of IQ motif recognition 

by myosin LCs, and in particular the effect that sequence substitutions in the IQ motif have on 

this recognition (Figure 1.6).  
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Figure 1.6 Diversity in the conformation of myosin LC-IQ complex structures. 

(A) Ca2+- essential LC and Mg2+-regulatory LC bound to the first and second IQ motifs 

respectively of Myo2 from A. irradians (scallop myosin)[PDB code 1B7T] (11). (B) Apo-CaM 

bound to the first two IQ motifs of a class V myosin Myo2p from M. musculus [PDB code 2IX7] 

(65). (C) Mlc1p bound to IQ2 of the class V myosin Myo5p from S. cerevisiae [PDB code 1M45] 

(66). (D) Mlc1p bound to IQ4 of the class V myosin Myo5p from S. cerevisiae [PDB code 1M46] 

(66). In each case, the IQ motif is depicted in red and its amino acid sequence is given beneath 

with the consensus positions coloured red. The asterisk (*) indicates residues in the IQ motif that 

make contact with the respective myosin LC. The N-terminal lobes of the myosin LCs are 

coloured cyan and the C-terminal lobes coloured green. The N- and C-termini of the proteins are 

labeled and are colour coordinated with their respective structures.       
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 Class II Myosins Recruit Specific LCs 1.3.1

The muscle and non-muscle class II myosins comprise two IQ motifs in their LCBD each 

of which recruits a specific CaM-like LC. The essential LC binds the first IQ motif and as its 

name suggests is thought to play a fundamental role in stabilizing the LCBD while the regulatory 

LC binds the second IQ motif and is implicated in modifying myosin function in response to 

various signals (55). The first IQ motif conforms to the consensus sequence while the second IQ 

motif deviates from the consensus sequence in the GXXXR half of the motif and has instead 

KXXXL (Figure 1.6A) (11).   

Despite these sequence differences in the two IQ motifs, both myosin LCs bind in a 

similar antiparallel manner in which the C-terminal lobe of the myosin LC binds to the N-

terminal region of the IQ motif and the N-terminal lobe binds to the C-terminal region of the IQ 

motif. The binding of the regulatory LC is observed to induce a bend in the helical LCBD, which 

potentially is important in modulating myosin function (Figure 1.6A) (11).  

Interestingly, the role and effect of these myosin LCs on myosin function varies in 

different systems. For instance, the class II molluscan myosins respond to changes in Ca2+ levels 

such that elevated Ca2+ levels activate the myosin (67). Based on the sequence of the  

EF-hand Ca2+-binding loops, the third Ca2+-binding loop in the essential LC and the first in the 

regulatory LC are predicted to bind divalent metal ions. However, binding of Ca2+ to the essential 

LC was undetected in solution while Mg2+ was found to occupy the first EF-hand in the 

regulatory LC.  The structure of the A. irradians muscle myosin LCBD in complex with its 

respective myosin LCs painted a very different picture of what happens in the context of the 

tandem IQ motifs having both myosin LCs bound and suggests that predicting the Ca2+-binding 

ability of the myosin LCs based on sequence alone is insufficient. The complex crystal structure 

showed Ca2+ bound in the less than optimal first EF-hand of the essential LC, which was 
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facilitated by interactions with the regulatory LC and the MHC IQ motif (Figure 1.6A) (11). The 

requirement for characterizing as many myosin LC-IQ motif interactions is realized in a case such 

as this, where potentially novel interactions between bound myosin LCs are revealed.    

 

 Class V Myosins Bind Calmodulin but can also Recruit Specific LCs 1.3.2

1.3.2.1 Calmodulin 

CaM is the stereotypical myosin LC for unconventional myosins and has led to IQ motifs 

traditionally being referred to as apo-CaM binding motifs. Through the extensive studies of class 

V myosins, it was found that apo-CaM bound to each of the six IQ motifs and inactivated the 

myosin. Low Ca2+ concentrations were observed to activate the myosin while higher 

concentrations caused the dissociation or rearrangement of CaM on the LCBD thereby 

inactivating the myosin (59, 63, 68). Structural studies were performed to understand the 

relationship between a Ca2+ gradient and myosin regulation via myosin LCs. 

The crystal structure of apo-CaM bound in tandem to a peptide of the first two IQ motifs 

of a murine class V myosin revealed similar interactions to the essential and regulatory LCs in 

complex with class II myosin IQ motifs detailed above (Figure 1.6B) (65). A typical antiparallel 

mode of recognition was observed, where a semi-open conformation of the C-lobes of the two 

apo-CaM molecules described a conformation in which a shallow groove was formed to 

accommodate the IQ motif. Unlike the class II myosin IQ motifs, both IQ motifs of this class V 

myosin conformed to the consensus sequence and displayed a contiguous helical structure (Figure 

1.6B). The N-lobe of CaM assumed a closed conformation and made slightly different contacts 

with the two IQ motifs (65).  
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1.3.2.2 Mlc1p  

Notwithstanding the association of LCBDs from unconventional myosins with CaM, 

some of these myosins additionally recruit specific LCs. Myo2p is a yeast class V myosin that 

was shown to also interact with the CaM-like protein Mlc1p (24). Like CaM, Mlc1p is a bilobal 

myosin LC in which each lobe contains a pair of EF-hand motifs that are incapable of 

coordinating divalent metal ions (69). Mlc1p is required for stabilizing the LCBD of Myo2p yet 

CaM binding to Myo2p is also involved in Myo2p’s role in polarized cell growth and vesicle 

movement (24, 70).  This scenario in which CaM can respond to Ca2+ and thereby regulate 

myosin function presents some rationale for the role of Ca2+ in myosin regulation despite the 

increasing discovery of myosin LCs that are non-responsive to divalent cations.  

Structural studies characterizing the interactions of Mlc1p with the IQ motifs from 

Myo2p have provided insight into the role of the IQ motif sequence on myosin LC recognition. 

Two different conformations were observed for the complexes studied (Figure 1.6C, D). Compact 

conformations of the complex in which both lobes of Mlc1p bound to the IQ peptide in an 

antiparallel manner were seen for the IQ2 and IQ3 peptides (Figure 1.6C) while an extended 

conformation of the complex occurred in the context of the IQ4 peptide (Figure 1.6D) (66, 71). In 

the extended conformation, the C-terminal lobe of Mlc1p is bound to the N-terminal half of the 

IQ motif but the N-terminal lobe is displaced from binding to the IQ motif. Comparison of the IQ 

motif sequences and the interactions of these residues in the myosin LC:IQ motif complex have 

led to the following conclusions regarding the impact of IQ motif sequence on the myosin LC 

recognition. The presence of the conserved glycine or a residue with a small side-chain such as 

Ala or Ser at position 7 of the IQ motif and a basic residue at position 11 is critical to the compact 

conformation. Myo2p IQ4 have Lys and Gln at positions 6 and 11, respectively which appear to 

be responsible for the observed extended myosin LC conformation (72).     
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However, this is somewhat of an oversimplification of IQ motif recognition by CaM-like 

bilobal myosin LCs since the myosin LC structure also plays a critical role. An example includes 

Myo2p IQ1 recognition by CaM and Mlc1p. Based on the previously discussed requirements for 

the compact complex conformation, Myo2p IQ1 which has Ala and Arg at positions 7 and 11 

respectively, would be predicted to assume a compact conformation. Interestingly, fluorescence 

resonance energy transfer analysis predicted a compact conformation of CaM bound to Myo2p 

IQ1 while NMR chemical shift comparison of backbone amide resonances for Mlc1p in the 

absence and the presence of the Myo2p IQ1 peptide showed that residues in the N-lobe did not 

experience change in chemical shifts in response to IQ motif binding. This is suggestive of an 

extended conformation for Mlc1p in complex with Myo2p IQ1 in which the N-lobe is not 

engaged in IQ motif binding (72, 73). It thus appears that the same IQ motif can interact 

differentially with the different myosin LCs. Comparison of the N-lobes of CaM and Mlc1p 

reveal slight structural differences involving an additional helix in Mlc1p, which is postulated to 

make it less likely to accommodate any other residue than Gly at position 7 of the bound IQ motif 

for the compact conformation (69, 72). This structural feature is unique to Mlc1p and underscores 

the importance of structurally characterizing the myosin LCs in order to understand their 

recognition of IQ motifs and regulation of myosin function.  In my studies, the model organism 

D. discoideum was used to further explore the role of the myosin LCs.   

 

 The Model Organism – Dictyostelium discoideum 1.4

 D. discoideum and Biomedical Research 1.4.1

D. discoideum is a slime mold with a complex life cycle that inhabits the upper layers of 

the soil feeding on bacteria and yeast by phagocytosis.  In the absence of food, as many as 
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100,000 single-cell amoebae aggregate in response to cAMP signals released by starving cells 

and form a multicellular slug that can then move to a more favorable environment for spore 

dispersal (74). These spores eventually develop into amoebae in the presence of bacterial food 

sources. The unicellular and multicellular stages of D. discoideum development together with the 

sequencing of its genome have heightened interest in its use as a model organism for the study of 

cell movement, development, and chemotaxis (74).  

Additionally, D. discoideum has been employed in biomedical research as it can be 

produced in large quantities cheaply and is amenable to genetic manipulation given its haploid 

genome. This has allowed for the functional characterization of several genes, such as the sole 

conventional myosin MhcA, using techniques including homologous recombination to disrupt the 

gene or RNA interference to knock down the activity of genes required for growth (74). 

Furthermore, several D. discoideum genes are conserved in higher eukaryotes, where they have 

been implicated in human disease. One such gene is MYH7, which encodes for a myosin heavy 

chain isoform involved in heart contraction and has been implicated in cases of hypertrophic 

cardiomyopathy, a condition characterized by the partial hardening of the heart muscle resulting 

in sudden death (75, 76). These examples underscore the relevance of using simple organisms 

like D. discoideum to understand gene function for the purpose of extrapolating this knowledge to 

develop a comprehensive fundamental understanding of biological processes.  

The use of D. discoideum in characterizing its class II myosin has added significantly to 

our current knowledge of the general mechanisms of myosin function and in particular that of the 

conventional myosins. The fully sequenced genome of D. discoideum has simplified our ability to 

delineate the contributions and regulation of the individual myosins to the actin-based processes 

in D. discoideum.   
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 The D. discoideum Myosins  1.4.2

A search of the D. discoideum genome sequence database using the motor domain 

sequence of MhcA as a template identified twelve other MHCs. Phylogenetic analysis using 

thousands of other myosin motor domain sequences allowed for the classification of the D. 

discoideum myosins as class I (MyoA, MyoB, MyoC, MyoD, MyoE, MyoF, MyoK), class II 

(MhcA), and class V (MyoJ and MyoH) (5).  MyoG, MyoI and MyoM showed no sequence 

similarity to the currently classified myosins in other organisms and are therefore designated as 

orphan myosins (Figure 1.7) (5). Towards dissecting the role of each myosin in the many 

processes undertaken by D. discoideum, their expression patterns in cDNA databases 

representative of the various stages of development were examined and revealed that MyoB, 

MyoC and MyoD are up regulated in response to cell migration while MyoF seems to be 

expressed in vegetative cells and the class V myosins are present during all developmental stages. 

(5, 77). Subsequently, more direct evidence of function came from mutational studies in which 

the myosin genes were knocked-out or their expression was minimized.  

 

1.4.2.1 The Class II Myosin – MhcA 

Being the only conventional myosin in D. discoideum, deleterious effects may be 

predicted for gene disruption of MhcA. However, only specific effects on development were 

observed. The mhcA null cells were large and multinucleated pointing to a role of MhcA in cell 

division (78, 79). This was subsequently attributed to its involvement in the formation of cleavage 

furrows required for separation of the daughter cells for which the filament-forming tail domain 

of the myosin was found to be necessary. Additionally, the ability of the null cells to respond by 

chemotaxis to cAMP was much reduced and this was observed to hamper the transition of the 

cells through the developmental cycle (80). An increase in pseudopodial extensions over the  
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Figure 1.7 Domain architecture of the D. discoideum MHCs.  

The motor domain is depicted by the blue rounded rectangle and contains the Roman numeral 

class for each myosin. The n.c designation refers ‘not classified’ in the cases of MyoG, MyoI, and 

MyoM. The letters represent the single letter amino acid code and indicate regions in the myosins 

that are rich in these residues. The legend in the top right defines all the other features of these 

myosins. This figure is adapted from Kollmar, M (5). 
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entire cell surface in the absence of MhcA was observed, making the chemotactic process less 

efficient. A role for MhcA in polarizing the cell was inferred and linked to its localization at the 

posterior of stimulated wild-type cells inhibiting membrane ruffling allowing more directed 

movement (80, 81). Overall, the null cells were able to generate filopodial extensions and form 

the necessary cell-surface ruffles for movement thereby implicating MhcA in selected movement 

and the involvement of other motors in the process. Much like the other class II myosins 

previously discussed, MhcA uses the essential and regulatory LCs to stabilize it and regulate its 

function (82, 83).     

 

1.4.2.2 The Class V Myosins 

The role of Class V myosins in the processive transport of organelles is well 

characterized in melanophores and S. cerevisiae (84). These two class V D. discoideum myosins 

are similar in domain architecture from the N-terminal motor domain containing a SH3-like 

domain insert to the tail domain, which consists of varying degrees of coiled-coil sequence and 

the uncharacterized DIL domain (5, 85).  The LCBDs contain between 5 to 6 IQ motifs and are 

thought to bind CaM, although this remains to be verified. 

D. discoideum MyoJ has been implicated in the contractile vacuole system responsible 

for the collection and disposal of excess water from the cytoplasm of the cell (86). Furthermore, 

its processive nature has been shown to be regulated by physiological changes in Mg2+ such that 

decreased concentrations of Mg2+ lowers the time the myosin spends bound to actin during the 

ATPase cycle switching it to a non-processive motor adapted for tension bearing as opposed to 

contractile functioning (87). The involvement of MyoJ in this process is consistent with its 

expression in all stages of D. discoideum development (85). More work is required to uncover 

other possible functions of MyoJ, to verify the predicted complementary role of MyoH as well as 
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discover unique roles and to understand the regulatory mechanisms controlling their function, 

including the associated myosin LCs. 

 

1.4.2.3 The Orphan Myosins 

Of the three orphan myosins, MyoG also has a long N-terminal extension rich in Asn and 

Ser that does not resemble any known protein domains (5). MyoG and MyoI have similar tail 

compositions with each containing tandem MyTH4 and FERM domains, an SH3 domain, and 

regions with predicted coiled-coil structure. D. discoideum mutant cells lacking MyoG failed to 

polarize or have chemotactic response to cAMP (88). This loss of function is consistent with the 

conserved role of MyTH4/FERM domains in chemotactic signaling. MyoI null cells were 

deficient in phagocytosis and the role of MyoI was inferred to be in the adherence of the 

phagocytic target particle to the cell surface, the first step of the phagocytic process and cell-

surface adhesion during migration based on its localization to the phagocytic cups only in the 

initial stages of particle engulfment (89, 90).   

MyoM contains a putative Rho GDP/GTP exchange factor domain in its C-terminal tail 

domain and is the first myosin observed to contain such a domain. This domain is well-known for 

its role in actin cytoskeleton reorganization and implicates MyoM in actin dynamics (91). 

However, MyoM mutant cells showed no obvious defects but could be involved in 

macropinocytosis based on immunofluorescence studies (92). Another study implicates MyoM in 

signal transduction cascades in which the tail domain via the Rho-GTPase responds to external 

signals such as hyperosmotic stress causing reorganization of the actin cytoskeleton (93). The 

functional details of these orphan myosins, including their associated myosin LCs require further 

investigation and will allow their assignment of a new or existing class. 
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1.4.2.4 The Class I Myosins 

The class I myosins account for just over half of the myosins used by D. discoideum, 

indicating the importance of this myosin class to D. discoideum function. Indeed, knockout 

studies have shown that the class I myosins function in regulating cortical tension, cell motility, 

macropinocytosis, phagocytosis, and actin dynamics in D. discoideum (94-99). One of the 

discriminating structural features of the D. discoideum class I myosins is their tail domain. 

The seven class I myosins can be further grouped depending on the length of their tail 

domains. MyoA, MyoE and MyoF have short tails while MyoB, MyoC and MyoD have long 

tails. With the exception of MyoK which has no tail domain, all class I myosins have a positively 

charged motif present in their tails allowing for the binding of anionic phosoholipid membrane 

components. The long-tailed myosins have two additional domains – a 

glycine/proline/alanine/glutamine (GPA/Q) rich domain that binds actin in an ATP-independent 

manner and the Src homology 3 (SH3) domain that facilitates protein-protein interactions by 

recruiting PXXP motif-containing proteins. It is not surprising with these domains in their tails 

that the class I myosins localize to and participate in several processes occurring at the cell 

periphery (100-103).   

Towards understanding the functions of the various D. discoideum class I myosins, 

knockout and knockdown studies were performed and showed that while unique functions exist 

for some of the myosins, there is significant redundancy in function. Knockdown or knockout of 

a single class I myosin gene caused mild effects in myosin I-mediated processes such as 

endocytosis observed for myoC or myoD null cells while disrupting two or three genes 

simultaneously had a more drastic impact that was not limited to the subgrouping within the class 

I myosins (104, 105). For instance, the reduction in cell motility detected for the short-tailed 

myoA knockout cells was similar to that of the long-tailed myoB knockout cells and drastic effects 
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on endocytosis were seen after deletions of more than one class I myosin was made (eg. myoB 

and myoC, myoA and myoB, or myoB and myoD). Interestingly, MyoB appeared to play a leading 

role in myosin class I function as deletion of its gene markedly affected several processes 

including motility, phagocytosis and chemotactic streaming (94, 96, 106). This is consistent with 

its high levels of expression early in development which is maintained above other class I 

myosins (105).  

The extensive functional classification of the D. discoideum myosin class I family, in 

addition to the aforementioned benefits of using D. discoideum for biochemical studies, make this 

a robust biological system to further explore the myosin class I function and regulation in terms 

of the role of their myosin LCs. The short- and long-tail class I myosins have LCBDs comprising 

one to three IQ motifs (Figure 1.8). Examination of these IQ motif sequences reveals poor 

conservation of the IQXXXRGXXXR consensus sequence; an observation that is even more 

apparent in the long-tailed subgrouping. This observed sequence diversity may reflect the 

involvement of CaM-like myosin LCs. Consistent with this theory, specific myosin LCs have 

been identified for two of the three long-tailed myosins, MyoD and MyoB. Initial biochemical 

and biophysical characterization have highlighted interesting features of these myosin LCs. 

MlcD was the first D. discoideum myosin LC to be identified, it shares 44% sequence 

identity with D. discoideum CaM, and that binds both IQ motifs of MyoD (Figure 1.9) (26). 

Based on sequence alignment with CaM, MlcD was predicted to contain four EF-hand motifs 

although experiments revealed that only the first Ca2+-binding loop was functional with an 

affinity for Ca2+ of 50µM. Unlike CaM, MlcD did not appear to undergo a Ca2+-induced exposure 

of hydrophobic target binding surfaces (26). Consequently, the binding of MlcD to the LCBD of 

MyoD was Ca2+-independent and no effect on the MgATPase activity was detected. Notably, the  
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Figure 1.8 IQ motif sequence variability in the D. discoideum class I myosins.  

The consensus residue positions are highlighted in grey and only MyoEIQ1 and MyoFIQ1 

conform to the consensus sequence. The deviation from the consensus sequence is most apparent 

in the long-tail class I myosins with substitution of the highly conserved Gln (Q) to Lys (K) in 

two of the three MyoC IQ motifs.  

 

 

 



30 

 

 
 

Figure 1.9 Sequence alignment of D. discoideum CaM and the specific myosin LCs MlcB 

and MlcD.  

The lobes of CaM and MlcD are considered separately for comparison to the single-lobe myosin 

LC, MlcB. The alignment gives an estimation of the location of secondary structure elements in 

these proteins based on the CaM structure. The functional Ca2+-binding loops are indicated by the 

red colouring of their Ca2+ coordinating residues. 
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binding of MlcD was specific to MyoD as MlcD failed to bind closely-related long-tailed 

myosins MyoB and MyoC (26). 

Subsequently, MyoB was found to co-purify with a CaM-like myosin LC, termed MlcB, 

that was also shown to bind exclusively to its sole IQ motif (25). MlcB was the first myosin LC 

discovered to contain only two EF-hand motifs, thereby resembling a single lobe of CaM. Similar 

to MlcD, substitution of residues critical for Ca2+-binding has resulted in only one functional EF-

hand in MlcB (Figure 1.9). While Ca2+-binding to the functional loop occurred with an affinity of    

0.2 µM, no difference in the affinity of MlcB for the MyoB IQ motif or of the MgATPase activity 

was observed in the absence and presence of Ca2+ (25). The unique size of MlcB raises questions 

about how it might aptly provide rigidity to the LCBD to facilitate communication throughout the 

myosin. Together with MlcD, these LCs present a case for the role of divergent IQ motifs in the 

recruitment of specific myosin LCs.  

Towards further understanding the function and regulation of D. discoideum class I 

myosins, it is important that the full complement of myosin LCs be identified and characterized.  

 

 Hypothesis and Objectives 1.5

I propose that the specific recognition of the IQ motifs by CaM-like myosin LCs is a 

complementary feature encoded in the structural conformation of the myosin LCs and in the 

sequence of the IQ motifs of the MHCs.  

I will use biochemical and structural methods to identify and biochemically and 

structurally characterize the D. discoideum myosin LCs and the interactions with their cognate IQ 

motifs from class I myosins. Specifically, I will: 

1. Determine the structure of the novel myosin LC MlcB and identify the MyoB IQ 

motif-binding site using NMR spectroscopy. 
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2. Identify and structurally characterize the remaining class I myosin LCs and their 

interactions with their cognate IQ motifs. 
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Chapter 2 

Solution Structure of Dictyostelium discoideum Myosin Light Chain 

MlcB: Insights into MyoB IQ-motif Recognition 

 Abstract 2.1

D. discoideum MyoB is a class I myosin involved in chemotactic motility, regulation of 

pseudopod formation, and phagosome maturation. The small (8.3 kDa) MyoB-specific LC, 

termed MlcB, comprises one functional EF-hand Ca2+-binding loop, binds the MyoB IQ motif 

with submicromolar affinity both in the absence and presence of Ca2+, and is the first single lobe 

LC to be identified. To ascertain the molecular determinants of the MyoB-MlcB interaction, we 

have determined the solution NMR structure of apo-MlcB. The structure adopts a globular four-

helix bundle typical of EF-hand Ca2+-binding proteins, which was confirmed in searches for 

structural homologs that included myosin A tail-interacting protein and CaM. NMR-based 

chemical perturbation mapping identified a hydrophobic MyoB IQ motif-binding site involving 

helices I and IV, and the N-terminal functional Ca2+-binding loop on MlcB; a site that is 

maintained when MlcB is bound to Ca2+. Pulldown experiments indicated that Ile701, Phe705, 

and Trp708 of the MyoB IQ motif are critical for MlcB binding, which were combined with the 

chemical shift perturbation results to generate a computational model of the MlcB:MyoB IQ 

complex. We conclude that the mode of IQ motif recognition by the novel single-lobe LC MlcB 

is distinct from the stereotypical bilobal myosin LCs like CaM.  

 

 

 



34 

 

 Introduction 2.2

The class I myosins represent a group of single-headed, nonfilament-forming myosins 

that are widely expressed and responsible for the movement of actin filaments along cellular 

membranes (107, 108). They comprise a conserved N-terminal motor domain responsible for 

binding actin, an IQ-motif containing helical neck region that recruits LCs, and a C-terminal tail. 

The short-tail class I myosins host an acid phospholipid-binding domain at the C-terminus while 

long-tail class I myosins additionally have a GPA domain that binds actin filaments, and a SH3 

domain in their C-terminal tails (107, 109).  

The highly motile social amoeba D. discoideum, which is a commonly used model 

system for studying mechanisms of cell motility, expresses seven class I myosin isozymes. 

MyoA, MyoE, and MyoF have short tails, MyoB, MyoC and MyoD possess long tails, while 

MyoK has neither a neck region or tail but has a GPA-rich insert within its motor domain (5, 110, 

111). These motor proteins have been found to localize to dynamic, actin-rich regions of the cell, 

including pseudopodia and the leading edge of migrating cells (101, 112). Cellular defects in 

cortical tension, endosome recycling, phagocytosis, and pseudopod retraction have resulted from 

the disruption of the class I myosins (94, 98, 99, 113, 114). The severity of these phenotypes are 

enhanced when combinations of these myosins are knocked out, illustrating functional 

redundancy among the class I myosins (105). However, the individual class I isozymes display 

unique properties, such as the role of MyoB in rapid movement of intracellular particles, cellular 

translocation and in regulating pseudopod extension (96, 106). 

Despite significant advances in our understanding of the structures and cellular functions 

of D. discoideum class I myosins over the past two decades, only recently has detailed 

information began to emerge regarding the myosin LCs that bind to the 20-25 residue IQ motifs 

within the neck region of the MHCs (16). The number of IQ motifs among the class I isozymes, 
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which conform with varying degrees of conservation to the IQxxxRGxxxR consensus sequence, 

range from none in MyoK to six in MyoJ (5) . MlcD, the cognate LC for MyoD, was the first D. 

discoideum myosin LC to be definitively identified (26). Similar to the essential and regulatory 

LCs of class II myosins and CaM, the 16.5 kDa MlcD forms a bilobal structure with four EF-

hand Ca2+-binding motifs but has lost the ability to bind Ca2+ due to mutations in the Ca2+-

coordinating residues (26). Subsequently, the MyoB-specific LC, termed MlcB, was identified as 

a small (8.3 kDa) single-lobe protein comprising two EF-hand Ca2+-binding motifs, only one of 

which is capable of binding Ca2+ (25).  MlcB bound the sole MyoB IQ motif with submicromolar 

affinity in the absence and presence of Ca2+  (25).  

Here, we present the solution structure of apo-MlcB determined by NMR spectroscopy. 

This is the first structural report of a single-lobe myosin LC. A comparison of this structure with 

other EF-hand containing proteins indicated that apo-MlcB represents a novel member of the EF-

hand Ca2+-binding protein superfamily. NMR-based chemical shift perturbation studies, site-

directed mutagenesis, and computational docking identified a putative MyoB IQ motif binding 

site on the MlcB structure involving hydrophobic and electrostatic interactions. The results 

provide structural insights into the mode of IQ recognition and specificity for MlcB.  

 

 Experimental Procedures 2.3

 Cloning of Bicistronic GST-MyoBIQ and Myc-MlcB 2.3.1

The MyoB IQ motif (MyoBIQ) was cloned into the BamH1/Xho1 sites of pGEX-4T-3 

using annealed oligomers comprising residues 693-716 of MyoB (MyoBIQ; Ac-

KDFDCTAKIQKAFRNWKAKKHSLE-NH2) to generate GST-MyoBIQ. PCR was used to 

amplify the GST-MyoBIQ construct with NcoI and BamHI at the 5’ and 3’ ends, respectively. An 
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MlcB-encoding plasmid with a 5’-ribosome-binding site and an N-terminal Myc epitope tag was 

also generated by PCR with BglII and XhoI restriction sites flanking the construct. Ligation of 

GST-MyoBIQ and Myc-MlcB encoding fragments into pET28a was performed simultaneously to 

generate a vector that expressed both GST-MyoBIQ and Myc-MlcB from two different ribosome 

binding sites but both under the control of the sole T7 promoter. A control vector encoding GST 

and Myc-MlcB was similarly constructed. Alanine mutations of Ile701, Phe705 and Trp708 of 

GST-MyoBIQ in the bicistronic construct were made using the QuikChange site-directed 

mutagenesis kit (Stratagene). All vectors were transformed into E. coli strain BL21 (DE3) cells 

for protein expression. 

 

 Protein Expression and Purification and Peptide Synthesis 2.3.2

Bacterial expression and purification of uniformly 13C/15N-labeled recombinant MlcB 

was performed in a manner similar to that previously described by Crawley et al. (25). The 

purification protocol was modified to include on-column thrombin digestion of the hexahistidine 

tag during the nickel-nitrilotriacetic acid purification step. The post-thrombin cleavage flow-

through was subjected to size-exclusion chromatography on a Hi-Load 16/60 Superdex 75 

column (Amersham Pharmacia Biosciences) equilibrated with 10 mM HEPES pH 7.4, 50 mM 

NaCl. Fractions eluting at 60-80 mL were pooled and concentrated at 4 °C using Amicon Ultra 

centrifugal filters (Millipore Corp.) with a molecular weight cut off of 3 kDa. A synthetic 24-

residue peptide comprising residues 693-716 of the MyoB IQ motif (Ac-

KDFDCTAKIQKAFRNWKAKKHSLE-NH2) similar to that used by Crawley et al. (25) was 

generated for NMR mapping studies. 

 Expression of the GST-MyoBIQ plasmid constructs involved induction of transformed E. 

coli strain BL21 (DE3) cells with 1 mM isopropyl β-D-thiogalactopyranoside after growth on 
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Luria-Bertani (LB) medium at 37 oC reached an A600 of 0.6. Subsequent growth at 30 oC was 

continued for an additional 6 h. Cells expressed from the bicistronic constructs were resuspended 

in 1 × phosphate buffered saline (PBS; 10 mM Na2HPO4 • 2H2O, 1.8 mM KH2PO4, pH 7.3, 140 

mM NaCl, 2.7 mM KCl) containing 0.5 mg/ml lysozyme, 0.1 mg/ml DNAseI, and 1 mM 

phenylmethanesulfonyl fluoride. Cell lysis by sonication and clarification of the cell lysate by 

centrifugation were performed in a similar manner to that for MlcB (25). The cell lysate was 

further purified at 4 oC using GST-Sepharose 4B resin (GE Healthcare). Extensive washing with 

1 × PBS was followed by elution in 5 × 1 ml fractions with 50 mM Tris-HCl, pH 8.0, 10 mM 

reduced glutathione.       

 

 NMR Spectroscopy and Structure Calculation 2.3.3

A sample of 0.95 mM uniformly 13C/15N-labeled apo-MlcB in 10 mM HEPES, pH 6.8, 50 

mM NaCl, 5 mM EDTA, 5 mM EGTA in 90% H2O/10% D2O was used in NMR experiments 

collected at 25°C on Varian 500 and 800 MHz spectrometers equipped with pulse field-gradient 

triple-resonance cryoprobes. Sequential backbone and side chain chemical shift assignments were 

completed using 1H-15N HSQC, HNCACB, CBCACONH, CCONH, HCCONH and HCCH-

TOCSY experiments. Interproton distances were determined from three-dimensional 15N-

NOESY-HSQC and aliphatic 13C-NOESY-HSQC datasets collected in 90% H2O/10%D2O and in 

100% D2O, and an aromatic 13C-NOESY-HSQC dataset collected in 100% D2O. All dipolar 

coupling experiments were collected with mixing times of 100 ms. Datasets were processed using 

NMRPipe (115) and analyzed using NMRView (116).   

A combination of 480 sequential, 508 medium (1 < |i − j| ≤ 5), and 186 long-range 

(|i − j| > 5) NOE-derived distance restraints, interpolated from peak intensities and calibrated to 

known distances found in alpha-helical regions (dα,n+3; dα,n+4), were included as inputs to generate 
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200 structures of apo-MlcB using a simulated annealing protocol in CNS 1.2 (117) with 20,000 

steps in the first cooling stage and followed by 10 cycles of 1000 minimization steps. Backbone 

dihedral angle restraints were obtained from the analysis of 13Cα, 13Cβ, 13C’, 1Hα, and 15N chemical 

shifts using TALOS (118) with restraints restricted to ± 30° or the error from the TALOS output, 

which ever was greater. The final ensemble included 20 low-energy structures that possessed no 

distance violations greater than 0.3 Å and no angle violations greater than 5°.  PROCHECK (119, 

120) was used to assess the quality of the structures. Structure figures were made using 

MOLMOL (121) and PyMOL (122). The Dali web server (123) was used to perform structural 

homology searches. 

 

 NMR-based MyoB IQ Motif Binding Experiments 2.3.4

Backbone amide proton and nitrogen chemical shifts were assigned for 0.95 mM 13C/15N 

apo-MlcB in the presence of 2.4 mM of the synthetic 24-residue MyoB IQ motif peptide using 

1H-15N HSQC, HNCACB and CBCACONH datasets recorded at 25 °C on a Varian INOVA 500 

MHz spectrometer equipped with a triple-resonance cyroprobe. Sample buffer conditions were 10 

mM HEPES, pH 6.8, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA in 90% H2O/10% D2O. Datasets 

were processed and analyzed using NMRPipe (115) and NMRView(116), respectively. 

Sequential backbone chemical shift assignments of Ca2+-saturated MlcB (Ca2+-MlcB) in the 

absence and presence of the MyoB IQ synthetic peptide were also completed in a manner and 

under conditions similar to that described above for apo-MlcB, with the exception of the presence 

of 5 mM CaCl2 instead of the divalent chelators. 
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 Pulldown Experiments 2.3.5

Upon expression of wild-type and mutant GST-MyoBIQ and Myc-MlcB constructs from 

the constructed bicistronic plasmids described in section 2.3.1, elution fractions from a GST 

affinity chromatography purification step were assessed using the Bradford assay (Bio-Rad) to 

identify the two most concentrated fractions. These fractions were diluted five- and ten-fold and 

used in GST activity assays (Novagen) to ensure equivalent loading of the wild-type and mutant 

GST-MyoBIQ constructs on SDS-PAGE allowing for the effects of the mutations on co-

purification with Myc-MlcB to be assessed. SDS-PAGE gels were stained with SYPRO Ruby 

(Invitrogen) and visualized using the Typhoon 8600 Variable Mode Imager. The identity of the 

co-purified proteins was assessed using an anti-Myc antibody in immunoblot experiments.    

 

 Modeling of the MlcB:MyoB IQ Complex 2.3.6

A model of the MlcB:MyoB IQ complex was generated using a previously published 

protocol in HADDOCK 2.0 (124-126) with the following exceptions. Amino acid residues in 

apo-MlcB that exhibited chemical shift perturbations greater than the mean plus half a standard 

deviation were deemed active, and were subsequently refined on the basis of having a solvent 

accessibility of greater than 50%. Neighboring or passive residues were also assessed using this 

criterion and were included in the docking of the MyoB IQ peptide. Residues Lys693–Ala719 of 

the MyoB IQ peptide were modeled as an α-helix in MODELLER (127) using the MyoV IQ1 X-

ray crystal structure (PDB accession 2IX7; (65)) as a template. Additional MlcB amino acid 

residues used as restraints for the docking of the MyoB IQ peptide on the MlcB structure included 

Ile701, Phe705, and Trp708, which when substituted for Ala were found to knockdown binding 

to apo-MlcB in pulldown experiments. An ensemble of 2000 rigid body docking models was 

generated in the first iteration, of which the lowest 200 energy models were subjected to semi-



40 

 

flexible simulated annealing and refinement in explicit water. The 20 low-energy models with 

lowest HADDOCK score and highest buried surface area were selected from the most populated 

cluster for subsequent analysis. 

 

 Results 2.4

 Structure of Apo-MlcB 2.4.1

 The solution NMR structure of apo-MlcB was determined using 1174 distance restraints 

and 103 dihedral restraints. Of the 200 generated structures, 196 were accepted with no NOE 

violations greater than 0.3 Å and no dihedral violations greater than 5˚. The twenty lowest-energy 

structures were selected for further analysis and an energy-minimized average structure was 

calculated from the ensemble (Figure 2.1). Structural statistics of the ensemble are summarized in 

Table 2.1. 

Apo-MlcB forms a globular four-helix bundle with overall dimensions of 22 Å x 27 Å x 

24 Å comprising two EF-hand motifs connected by a short linker (Asp34-Thr39; Figure 2.1). EF-

hand 1 includes helix 1 (α1: Ser2-Phe15), a canonical 12-residue EF-hand Ca2+-binding loop 

(Asp16-Glu27) previously shown to bind Ca2+ (25), and helix 2 (α2: Val25-Arg33) while EF-

hand 2 consists of helix 3 (α3: Glu40-Ala50), a non-functional Ca2+-binding loop (Asp51-Ala62), 

and helix 4 (α4: Tyr60-Ser69). Two short β-strands in the two Ca2+-binding loops (Phe22-Ser24; 

Phe57-Asp59) form an antiparallel β-sheet, which is a common structural component in EF-hand 

Ca2+-binding proteins.  

An overlay of the twenty lowest-energy structures shows that apo-MlcB is well defined 

by the NMR data, with the exception of the region encompassing Asp16-Ser24 of the first Ca2+-

binding loop and Val70-Ser73 at the extreme C-terminus (Figure 2.1A). The root mean square  
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Figure 2.1 Three-dimensional solution structure of apo-MlcB.  

(A) Backbone superposition (N, Cα, C’ atoms) of the twenty lowest-energy NMR-derived 

structures. (B) Ribbon diagram of the energy-minimized average NMR solution structure of apo-

MlcB, with the four α-helices indicated in sequential order. The N- and C-termini are labeled N 

and C, respectively. (C) The electrostatic surface representations of MlcB with red and blue 

representing negatively and positively charged regions, respectively.  
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Table 2.1 Structural statistics for apo-MlcB 

Restraints used for structure calculations 
 Sequential 480 

Medium Range (1≤ l i-j l ≤5) 508 
Long Range ( l i-j l>5) 186 
Dihedral restraints (Φ, Ψ) 103 

Energies (kcal mol-1)a 
 

Eoverall 160±14.86 

ENOE 80.54±1.22 

Ebond 16.40±0.35 

Eangle 70.22±1.61 

Eimproper 9.76±0.94 

Ecdih 2.09±0.37 
Rmsd from experimental restraints 

 Dihedral angles 0.5757±0.0500 
Distances 0.0303±0.0002 
Rmsd from idealized geometry 

 Bond (o) 0.4257±0.0049 
Angle (Å) 0.0034±0.00004 
Ramachandran statistics (%) 

 Residues in most favored regions 82.6 
Residues in additionally allowed regions 14.4 
Residues in generously allowed regions 2.8 
Residues in disallowed regions 0.2 
r.m.s.d. to mean structure (Å)  

 Residues 2-69: 
 Backbone atoms  0.77±0.16 

Heavy atoms 1.41±0.14 
Residues 2-15, 25-69: 

 Backbone atoms  0.51±0.10 
Heavy atoms 1.01±0.10 

aForce constants of 150 kcal mol-1 Ǻ-2 for NOE energy and 100 kcal mol-1 rad-2 for dihedral 
energy were used in the high temperature annealing step and 150 kcal mol-1 Ǻ-2 for NOE energy 
and 200 kcal mol-1 rad-2 for dihedral energy in the slow cooling step. Final minimization 
involving the Powell method used 75 kcal mol-1 Ǻ-2 for NOE energy and 400 kcal mol-1 rad-2 for 
dihedral energy. To maintain covalent geometry close to ideality quadratic harmonic potential 
terms with force constants of 1 000 kcal mol-1 Ǻ-2, 500 kcal mol-1 rad-2, and 500 kcal mol-1 rad-2 
for bond, angular, and improper terms, respectively were used.  
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deviation (r.m.s.d.) values excluding these regions for the backbone and heavy atoms are 0.51 Å 

and 1.01 Å, respectively. The lack of convergence in the canonical Ca2+-binding loop of the first 

EF-hand for MlcB has previously been observed for EF-hands of other Ca2+-binding proteins, 

including CaM, troponin C, members of the S100 protein family, when in the apo-state (23, 128, 

129).  

 The acidic nature of apo-MlcB is consistent with the electrostatic surface features of 

other Ca2+-binding proteins (Figure 2.1C). The electronegative charge is evident over the entire 

surface of the protein except for the presence of two hydrophobic patches, one on either face of 

the molecule.  Acidic clusters are observed around the Ca2+-binding loops where there is an 

abundance of negatively charged Asp and Glu residues important for Ca2+-coordination.  

 

 Structural Similarities to other Ca2+-Binding Proteins 2.4.2

The uniqueness of MlcB as a single-lobe myosin LC led us to search for structural 

homologs using the DALI search engine, which indicated that apo-MlcB fell into the CaM 

subfamily of EF-hand Ca2+-binding protein superfamily, with representation of apo, Ca2+, Zn2+, 

Mg2+- and IQ motif-bound states of CaM and other myosin LC structures (Z-score > 3.3; Table 

2.2).  Of the identified structural homologs, apo-MlcB displayed the highest degree of structural 

similarity to the C-terminal lobes of the myosin tail interacting protein from Plasmodium 

knowlesi and rat CaM in their apo-states (Z-scores of 4.5). 

As a Ca2+ sensor and myosin LC, CaM adopts a closed conformation in the absence of 

Ca2+ and protein target, a semi-open conformation in the absence of Ca2+ but in the presence of a 

protein target, or an open conformation in presence of Ca2+ and protein target.  To further 

characterize the structure of MlcB within the CaM superfamily and assess its conformation as a  
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Table 2.2 DALI structural homologs of apo-MlcB 

Protein PDB code Z score 
Myosin A tail interacting protein (MTIP) 2AUC 4.5 
Apo-CaM 1QX5 4.5 

 
  

Zn2+-N-terminal CaM 2PQ3 4.2 

Ca2+-N-CaM 2ROA 3.6 

Ca2+-C-CaM 2ROB 3.5 

Ca2+-Troponin C 1TN4 & 5TNC 3.3 

 
  

Mg2+-CaM-Myosin VI IQ 3GN4 4.3 

MTIP-Myosin A IQ 2AUC 3.6 

Apo-CaM-NaV1.5 IQ 2L53 3.5 

Apo-CAM-Myosin V IQ2 2IX7 3.3 

Ca2+-CaM-CaV1.1 IQ 2VAY 3.3 

Ca2+-CaM-CaV1.2 IQ 3G43 3.3 
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myosin LC, interhelical angles were measured and compared to the various conformation states 

of CaM as well as S100B and the single lobe EF-hand protein calbindin D9k (Table 2.3). When 

considering the full set of apo-MlcB interhelical angles, they were most similar to those of the C-

terminal lobe of apo-CaM suggesting that apo-MlcB adopts a closed conformation. The 

interhelical angles formed by N- and C-terminal helix-loop-helix EF-hand motifs of apo-MlcB  

(120° and 126°) most resembled those of apo- and Ca2+-calbindin D9k (N-terminal: 120° and 

130°, respectively; C-terminal: 121° and 118°, respectively). Interestingly, both apo- and Ca2+-

calbindin D9k are also in a closed conformation and display only very subtle and local Ca2+-

induced structural differences unlike CaM, which undergoes a global conformational change that 

exposes a hydrophobic target-binding surface.  Despite these observed structural similarities, 

structural overlays show that helix 1 of apo-MlcB adopts a unique orientation relative to the other 

three helices when compared to the C-terminal lobe of apo-CaM or calbindin D9k (Figure 2.2). 

 

 MlcB Binds the MyoB IQ Motif at a Surface involving its Functional Ca2+-binding 2.4.3

Loop and Helices I and IV 

To assess the impact of MyoBIQ binding on the structure of MlcB and attempt to identify 

the MyoBIQ binding site, we performed heteronuclear NMR-based chemical shift perturbation 

studies. An overlay of the 1H-15N HSQC spectra of apo-MlcB in the absence (Figure 2.3A, black) 

and presence of the MyoBIQ peptide (Figure 2.3A, red) revealed an overall increase in the 

dispersion of apo-MlcB resonances when in the presence of the MyoBIQ peptide, with a subset of 

resonances displaying large changes in chemical shift. Quantitation of the MyoBIQ-induced 

backbone HN and 15N chemical shift changes in apo-MlcB, using our backbone HN and 15N 

resonance assignments of apo-MlcB in the absence and presence of MyoBIQ peptide, enabled the  
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Table 2.3 Interhelical angles* in apo-MlcB, calmodulin, S100B, and calbindin D9k 

Protein 1/2 1/3 1/4 2/3 2/4 3/4 
Apo-MlcB 120 -71 -144 151 -30 126 
Apo-C-terminal CaM 144 -63 151 147 -31 140 
Apo-C-terminal CaM-IQ 97 -117 141 146 -60 93 
Ca2+-C-terminal CaM 96 -149 115 113 -49 93 
Apo-S100B 133 -46 120 149 -35 -166 
Ca2+-S100B 137 -118 128 104 -40 106 
Apo-calbindin D9k 120 -114 122 121 -36 121 
Ca2+-calbindin D9k 130 -114 128 108 -33 118 

*Calculated using interhlx (K. Yap, University of Toronto). Apo-MlcB helices were defined as 2-
15, 25-33, 40-50, 60-69; Apo-C-terminal CaM (PDB accession 1DMO) helices were defined as 
82-90, 102-112, 118-127, 138-143; apo-C-terminal CaM-IQ (PDB accession 2IX7) helices were 
defined as 81-91, 102-112, 117-128, 138-143; Ca2+-C-terminal CaM (PDB accession 4CLN) 
helices were defined as 81-92, 102-112, 118-126, 138-144; apo-S100B (PDB accession 1B4C) 
helices were defined as 2-17, 30-39, 51-57, 70-82; Ca2+-S100B (PDB accession 2K7O) helices 
were defined as for apo-S100B; apo-calbindin D9k (PDB accession 1CLB) helices were defined as 
3-13, 25-35, 46-54, 63-72; Ca2+-calbindin D9k (PDB accession 2BCB) helices were defined as for 
apo-calbindin D9k. 
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Figure 2.2 Structural comparisons of apo-MlcB.  

(A) Apo-MlcB overlaid with the C-terminal lobe of apo-CaM (PDB 1DMO) (23). (B) Apo-MlcB 

is compared to the Ca2+-buffer protein Ca2+-Calbindin D9k (PDB 2BCA) (130). The structures are 

shown in two orientations and the root mean square deviation (RMSD) of the backbone atoms is 

indicated.   
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Figure 2.3 MyoBIQ-induced chemical shift changes on apo-MlcB.  

(A) Overlay of the 1H-15N HSQC spectra of 13C/15N apo-MlcB in the absence (black) and 

presence (red) of MyoBIQ synthetic peptide. A representative group of amino acid residues 

displaying significant chemical shift changes are identified by their three-letter code and position 

in the MlcB sequence, and a line connecting the free- and MyoBIQ-bound forms. (B) Plot of 

average chemical shift changes (Δδ) along the sequence of MlcB induced by the binding of 

MyoBIQ. The average chemical shift changes were calculated using the formula:  

Δδ=[(0.17ΔδN)2 + (ΔδHN)2]0.5. The green bars represent residues displaying chemical shift changes 

0.5 standard deviations greater than the mean chemical shift difference (0.44 ppm), which is 

shown as a horizontal dashed line, while blue bars indicate residues displaying chemical shift 

changes within 0.5 standard deviations above the mean. Grey bars indicate residues exhibiting 

chemical shift changes below the mean. 
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identification of those residues in apo-MlcB whose chemical environment was altered by the 

interaction with MyoBIQ (Figure 2.3B). Tyr13, Asn14, and Phe15 of helix 1; Asp18, Asp20, 

Gly21, and Val23 in the first Ca2+-binding loop; Val25 and Arg33 of helix 2; Asp34 and Leu36 of 

the linker region; and Tyr60, Lys61, and Phe63 of helix 4 exhibited chemical shift changes 

greater than 0.5 standard deviation above the mean chemical shift change (0.44 ppm). Additional 

apo-MlcB residues displaying notable chemical shift changes (ie. greater than the mean but less 

than 0.5 standard deviation above the mean) included Glu10 and Phe12 of helix 1; Asp16, Gly17, 

Tyr19 and Ser24 of the first Ca2+-binding loop; Gly30 and Ile31 of helix 2; Gly35 of the linker 

region; Phe46 of helix 3; Ile58, Asp59 and Ala62 of the non-functional Ca2+-binding loop; Tyr68 

of helix 4. When mapped onto the polypeptide backbone of the energy-minimized average apo-

MlcB structure, the MyoBIQ binding site involves a hydrophobic surface with additional 

electronegative character formed by the canonical Ca2+-binding loop, the N-termini of helices 2 

and 4 and the C-terminus of helix 1 (Figure 2.4).  

MlcB has previously been shown to bind MyoBIQ in its apo- and Ca2+-bound states with 

very similar affinities (25). However, the structural impact of Ca2+ binding to MlcB on its mode 

of MyoBIQ recognition remained uncertain. Using 1H-15N HSQC-based chemical shift 

perturbation analysis similar to that described above for apo-MlcB, we identified residues of 

Ca2+-bound MlcB whose HN resonances underwent MyoBIQ-induced chemical shift changes. 

Phe12 and Asn14 of helix 1, Gly21 and Val25 of the first Ca2+-binding loop, Leu36 of the linker 

region, and Lys61 of helix 4 displayed significant chemical shift changes (Figure 2.5A, blue), 

which are also residues effected by MyoBIQ binding to apo-MlcB (Figure 2.5A, green). Indeed, 

the overall trend of MyoBIQ-induced chemical shift perturbations observed for apo- and Ca2+-

MlcB are very similar (Figure 2.5A). When combined with how well the 1H-15N HSQC spectra of 

apo- and Ca2+-MlcB in the presence of MyoBIQ overlay (Figure 2.5B), these data illustrate that   
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Figure 2.4 Identification of the MyoBIQ binding site on apo-MlcB.  

(A) Mapping of residues affected by the presence of MyoBIQ on a ribbon representation of apo-

MlcB using the same colour code described in Figure 2.3 (B). N-and C-termini are depicted 

accordingly. (B) The electrostatic surface potential of the MyoBIQ binding site on apo-MlcB with 

red and blue representing negatively and positively charged regions, respectively. The oval 

indicates the surface proposed to bind the MyoBIQ motif. 
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Figure 2.5 MyoBIQ binds to the same site on apo- and Ca2+-MlcB.  

(A) Plot of average amide proton chemical shift changes (Δδ) along the MlcB sequence induced 

by the binding of the MyoBIQ to apo- (green) and Ca2+-MlcB (blue). (B) Overlay of the 1H-15N-

HSQC spectra for apo-MlcB (black) and Ca2+-MlcB (red) in the presence of the MyoBIQ. 
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the presence of Ca2+ does not significantly alter the mode by which MlcB binds to MyoBIQ.   

We next attempted to determine amino acid residues in the MyoBIQ peptide important 

for binding of MlcB using pulldown experiments. Using a sequence alignment of MyoBIQ and 

IQ1 and IQ2 of MyoV, and the crystal structure of apo-CaM:MyoVIQ complexes to identify 

CaM-contacting residues in the MyoV IQ motifs (65) Cys697, Thr698, Ile701, Phe705, and 

Trp708 of MyoBIQ were selected for alanine mutagenesis (Figure 2.6A). The pulldown 

experiments indicated that Ile701, Phe705 and Trp708 were critical for MyoBIQ binding as the 

Ile701Ala, Phe705Ala, and Trp708Ala MyoBIQ mutants failed to co-purify with MlcB, whereas 

the Cys697Ala and Thr698Ala MyoBIQ mutants had no negative effect on MlcB binding (Figure 

2.6B&C). 

 Modeling of the Apo-MlcB:MyoBIQ Complex 2.4.4

  Taking advantage of structural and mutational analysis to gain further insight into the 

interaction between MlcB and the IQ motif of MyoB, chemical shift perturbation and 

mutagenesis data were used as input restraints, along with a helical model of MyoBIQ based on 

the MyoV IQ1 crystal structure (65), for the computational docking of the MyoBIQ peptide onto 

the apo-MlcB structure (Figure 2.7A). The majority of resultant MlcB:MyoBIQ complex models 

(70%) clustered in one orientation with the apo-MlcB structure similar to the representative 

model shown in Figure 2.7A. Intermolecular hydrophobic interactions were observed between 

side chain groups of Phe12, Tyr13, Phe22, Tyr60, Lys61, and Tyr68 from MlcB and Ile701, 

Phe705, and Trp708 of MyoBIQ. Several acidic residues on MlcB (Asp16, Asp18, and Asp20) 

complement basic residues of MyoBIQ (Arg706, Lys709, and Lys712) at the intermolecular 

interface (Figure 2.7B).  
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Figure 2.6 Ile701, Phe705, Trp708 of MyoBIQ are critical for binding to MlcB.  

(A) Sequence alignment of MyoBIQ with MyoV IQ1 and IQ2. The asterisk (*) indicates residues 

in MyoV IQ1 and IQ2 shown to contact apo-CaM in the complex structure (PDB 2IX7) (65). 

Residues chosen for mutation to alanine in MyoBIQ are in bold font. (B) SDS-PAGE analysis of 

the ability of wild-type, Cys697Ala, Thr698Ala, and Trp708Ala MyoBIQ mutants to pulldown 

recombinant MlcB. (C) SDS-PAGE analysis of the ability of wild-type, Phe705Ala, Ile701Ala 

mutants to pulldown recombinant MlcB.  
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Figure 2.7 In silico generated model of the apo-MlcB:MyoBIQ complex.  

(A) A ribbon representation of the apo-MlcB:MyoBIQ complex model. The MyoBIQ peptide 

(red) is shown bound to the Helix 1 and Helix 4 interface of apo-MlcB (blue) at the Ca2+-binding 

loops. (B) Side-view of the complex showing the residues at the apo-MlcB-MyoBIQ binding 

interface.     
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 Discussion 2.5

Substantial progress has been made towards characterizing the structure, function, and 

regulation of D. discoideum class I long-tailed myosins, including the identification of novel 

myosin LCs associated with MyoB and MyoD, specifically MlcD and MlcB, respectively (25, 

26).  Both myosin LCs displayed structural properties consistent with being members of the CaM 

superfamily of EF-hand Ca2+-binding proteins and functioning as a LC in a manner similar to that 

of CaM. However, the small size (8.3 kDa) of MlcB, the presence of a single functional EF-hand 

Ca2+-binding motif, and its ability to bind MyoBIQ with the same submicromolar affinity in the 

absence and presence of Ca2+ also suggested that its structure as a single-lobe LC may afford a 

unique mode of IQ motif binding (25); a concept supported by the apo-MlcB structure and 

MyoBIQ binding studies described here. 

The overall fold of apo-MlcB was consistent with it being a member of the EF-hand 

superfamily of Ca2+-binding proteins in the closed conformation as it displayed structural 

homology (Table 2.2) and interhelical angles (Table 2.3) that were comparable to several family 

members, including CaM, troponin C, S100B, and calbindin D9k. However, the unique orientation 

of helix 1 in apo-MlcB (Figure 2.2) indicates, to the best of our knowledge, that apo-MlcB adopts 

of novel fold within the EF-hand Ca2+-binding protein superfamily.  

The ability of apo-MlcB to bind MyoBIQ with submicromolar affinity (25) and its 

structural similarity to the C-terminal lobe of CaM suggests that its mode of IQ recognition 

involves a ligand-induced conformational change from a closed to semi-open conformation (131). 

This type of conformational change would be expected to result in significant chemical changes 

for residues spanning the sequence of apo-MlcB in a 1H-15N HSQC spectrum. However, we 

observed significant HN chemical shift changes for residues that primarily localized to a region 

encompassing helices 1 and 4 and the N-terminal functional Ca2+-binding loop indicating that 
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apo-MlcB does not undergo a global conformational change (Figures 2.3 & 2.4). Rather, the 

affected region displayed an exposed hydrophobic surface (Phe12, Tyr13, Phe15, Tyr19, Val23, 

Tyr60, Phe63, Tyr68) surrounded by several acidic residues (Asp16, Asp18, Asp20, Asp 59) 

(Figure 2.4), which complemented a helical MyoBIQ peptide in our HADDOCK-based 

modelling of the apo-MlcB:MyoBIQ complex (Figure 2.7). The observed exposed hydrophobic 

surface is also consistent with the previously observed increased ANS fluorescence and blue shift 

in the presence of apo-MlcB (25). 

The apo-MlcB structure also rationalized the Ca2+-induced changes in the spectral 

features of MlcB. A large change in the near-UV signal of MlcB and increased ANS fluorescence 

and blue shift suggested that hydrophobic residues, including tyrosine side chains, became more 

surface-exposed and dynamic (25).  Several of the twelve aromatic residues in MlcB are located 

within (Tyr19, Phe22, Tyr60) or directly adjacent (Phe12, Tyr13, Phe15, Phe63, Tyr68) to the 

two EF-hand motifs positioned at one end of the apo-MlcB structure, where they interact and 

form a partially exposed hydrophobic surface (Figure 2.4). The N-terminal canonical EF-hand 

Ca2+-binding loop is not well defined in the apo-MlcB structural ensemble (Figure 2.1), which 

suggests that Ca2+ coordination would result in a conformational alteration in this region that 

would very likely lead to a reorientation of the positioning of at least some of these aromatic side 

chains. Indeed, we have observed that significant Ca2+-induced HN chemical shift changes for all 

these residues (data not shown). However, since the chemical shift changes are localized and do 

not extend across the entire MlcB sequence this suggested that Ca2+ binding does not result in a 

large conformational change in the MlcB structure. 

The fact that the same subset of apo-MlcB residues are affected by Ca2+ and MyoBIQ is 

an intriguing observation that directly relates to the ability of MlcB to bind MyoBIQ in the 

absence and presence of Ca2+ with the same affinity (25), and whether the MyoBIQ binding site 
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differs in the presence of the divalent cation. Based on our chemical shift perturbation studies 

(Figure 2.5), Ca2+ does not appear to alter the MyoBIQ binding site to any great extent and as 

such our computational model of the apo-MlcB:MyoBIQ complex is likely a good reflection of 

the Ca2+-MlcB:MyoBIQ interaction.  

The MyoBIQ binding site on MlcB is surface-accessible and at least partially formed to 

accommodate the ligand, thereby obviating the need for Ca2+ or MyoBIQ to induce any 

substantial structural rearrangement.  The canonical EF-hand Ca2+-binding loop appears to 

provide a degree of conformational flexibility, at least in the apo-state, to accommodate MyoBIQ. 

However, the fact that in the presence of Ca2+, MyoBIQ binds to the same region with the same 

affinity suggests that this flexibility is not critical. The location of the MyoBIQ binding site on 

the MlcB surface and the orientation of the MyoBIQ peptide in our modeled complex (Figure 2.7) 

is similar to a NMR-based computational model of a complex between the IQ-motif and the C-

terminal EF-hand domain of the human cardiac sodium channel Nav1.5 (124), Thus, while the 

mode of IQ recognition displayed by apo-MlcB is not unprecedented, it is unique among those 

currently reported for myosin LCs. However, the finite molecular details dictating MyoB IQ 

recognition will require the structure determination of the MlcB:MyoBIQ complex. 
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Chapter 3 

Identification of Calmodulin and MlcC as Light Chains for 

Dictyostelium discoideum Class I Myosin Isozymes 

 Abstract 3.1

D. discoideum express seven single-headed class I myosin isozymes (MyoA-MyoE and 

MyoK) that drive motile processes at the cell membrane. The light chains for MyoA and MyoE 

were identified by expressing Flag-tagged constructs consisting of the motor domain and the two 

IQ motifs in the neck region in D. discoideum. The MyoA and MyoE constructs both co-purified 

with CaM. Isothermal titration calorimetry (ITC) showed that apo-CaM bound to peptides 

corresponding to the MyoA and MyoE IQ motifs with micromolar affinity. In the presence of 

Ca2+, CaM cross-linked two IQ motif peptides, with one domain binding with nanomolar affinity 

and the other with micromolar affinity. The IQ motifs were required for the actin-activated 

MgATPase activity of MyoA but not MyoE; however, neither myosin exhibited Ca2+-dependent 

activity. A Flag-tagged construct consisting of the MyoC motor domain and the three IQ motifs in 

the adjacent neck region bound a novel 8.6 kDa two EF-hand protein named MlcC, for myosin 

LC for MyoC. MlcC is most similar to the C-terminal domain of CaM but does not bind Ca2+. 

ITC studies showed that MlcC binds IQ1 and IQ2 but not IQ3 of MyoC. IQ3 contains a proline 

residue that may render it non-functional. Each long-tailed D. discoideum class I myosin has now 

been shown to have a unique myosin LC (MyoB-MlcB, MyoC-MlcC and MyoD-MlcD), whereas 

the short-tailed class I myosins, MyoA and MyoE, have the multi-functional CaM as a myosin 

LC. The diversity in myosin LC composition is likely to contribute to the distinct cellular 

functions of each class I myosin isozyme. 
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 Introduction 3.2

The class I myosins are a group of widely expressed, single-headed, non-filament 

forming myosins that move actin filaments along cellular membranes (109, 132).  Class I myosins 

consists of a conserved N-terminal motor domain, an α-helical neck region that binds myosin LCs 

and a C-terminal tail. Class I myosins can have a short tail, consisting of a tail homology 1 (TH1) 

domain that binds acidic phospholipids, or a long tail consisting of a TH1 domain, a domain rich 

in glycine, proline and alanine (GPA) that binds actin filaments, and an SH3 domain.   

The biochemical and cellular functions of class I myosins have been extensively studied 

using the highly motile social amoeba D. discoideum (5, 110, 111).  D. discoideum expresses 

seven class I myosin isozymes: MyoA, MyoE and MyoF have short tails; MyoB, MyoC and 

MyoD have long tails; and MyoK has no neck or tail but contains a GPA-rich insert in the motor 

domain. Disruptions of D. discoideum class I myosin genes produce defects in chemotaxis, 

vesicle transport, cortical tension, phagocytosis and macropinocytosis (95-97, 99, 113, 114, 133).  

Although the loss of a single class I myosin isozyme impairs motile processes, the severity of the 

phenotype increases when combinations of two or three different class I myosin isozymes are 

knocked out (94, 98, 105). Class I myosin isozymes therefore have both distinct and redundant 

functions. The unique functions of individual class I myosin isozymes likely depend on the 

binding interactions of the tail, the kinetic properties of the motor domain, and the signaling 

pathways that regulate activity.  

Myosin LCs belong to the CaM superfamily of Ca2+-binding proteins. CaM is 17 kDa in 

size and consists of two globular domains connected by a flexible linker (134). Each globular 

domain is composed of a pair of EF-hand Ca2+-binding motifs.  The myosin neck contains α-

helical sequences, termed IQ motifs, that bind CaM and CaM-like myosin LCs in the absence of 

Ca2+ (16). IQ motifs are usually 21 to 25 residues in length and contain a loosely conserved 
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IQxxxRGxxxR consensus sequence (where x is any amino acid) (16, 65).  The myosin LCs 

stiffen the neck region so that it can function as a rigid lever arm to amplify conformational 

changes in the motor domain (135).  Myosin LCs can also act as regulatory elements that control 

class I myosin motor activity (58, 64).   

The myosin LCs for D. discoideum MyoB and MyoD are unique CaM-like proteins. The 

MyoD  myosin LC, MlcD, consists of 147 residues (16.5 kDa) and shares 44% sequence identity 

with CaM but has lost the ability to bind Ca2+ (26). The MyoB myosin LC, MlcB, is only 73 

residues in length (8.3 kDa) and resembles a single lobe of CaM (25). MlcB has two EF-hand 

motifs, one of which retains the ability to bind Ca2+ with micromolar affinity. 

Here, we identify the myosin LCs for three D. discoideum class I myosin isozymes. 

MyoA and MyoE are shown to associate with CaM in the presence and absence of Ca2+. They 

represent the first D. discoideum myosins found to employ CaM as a myosin LC. MyoC contains 

a novel 74-residue myosin LC, termed MlcC.  MlcC and MlcB currently provide the only known 

examples of small single-lobed myosin LCs. In contrast to MlcB, MlcC does not bind Ca2+. The 

results show that each D. discoideum long-tailed class I myosin (MyoB, MyoC and MyoD) 

contains a unique, dedicated myosin LC whereas the short-tailed class I myosins (MyoA and 

MyoE) have CaM as a myosin LC.  It is proposed that the diversity in myosin LC composition 

contributes to the distinct cellular functions exhibited by the D. discoideum class I myosin 

isozymes. 
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 Experimental Procedures 3.3

 Plasmid Constructs and Mutagenesis  3.3.1

DNA sequences encoding CaM, MlcC, MyoA, MyoC and MyoE were obtained by 

reverse transcription-PCR using poly(A)mRNA extracted from growth-phase D. discoideum AX3 

cells with the GeneElute Direct mRNA miniprep kit (Sigma-Aldrich) as the template. First-strand 

cDNA synthesis was performed using Omniscript Reverse Transcriptase (Qiagen) with gene-

specific primers. PCR reactions were carried out using the appropriate primers and Expand high 

fidelity polymerase (Roche Diagnostics). PCR products were initially ligated into the pCR2.1 

cloning vector (Invitrogen). The TEDS site residue (Ser-335 for MyoA and Ser-334 for MyoE) 

was changed to glutamic acid using the QuikChange site-directed mutagenesis kit (Agilent 

Technologies). For expression in D. discoideum, MyoA, MyoC and MyoE constructs were cloned 

into the pTX-FLAG vector that confers G418 resistance and adds an N-terminal FLAG tag (136). 

MlcC and CaM were cloned into the pBsrH vector, which confers blasticidin resistance and adds 

maltose binding protein (MBP) to the N-terminus (25). For bacterial expression MlcC was cloned 

into the pET28a vector (Novagen) to add an N-terminal His-tag followed by a thrombin cleavage 

site. CaM containing a 3′ stop codon was cloned into the NcoI/XhoI sites of the pET28a 

expression vector (Novagen), which does not add an epitope tag. The fidelity of all constructs 

were verified by DNA sequencing. 

 

 Bacterial Expression of CaM and MlcC 3.3.2

E. coli strain BL21(DE3) containing pET28a vectors encoding CaM or MlcC were grown 

at 37 °C to an A600 of 0.6 in LB medium. Protein expression was then induced by addition of 

isopropyl β-D-thiogalactopyranoside to a final concentration of 1 mM. After 5 h cells were 

harvested by centrifugation, resuspended in ice-cold TBS (50 mM Tris-HCl,  pH 7.4, 150 mM 
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NaCl) containing 0.2 mg/ml lysozyme and disrupted by sonication. Cell debris was removed by 

centrifugation at 15,000 × g for 1 h. CaM was purified using a heat denaturation step followed by 

chromatography over a Phenyl Sephrose 6 Fast Flow column (GE Healthcare) (137). MlcC was 

chromatographed over a 2 mL column of Ni2+-chelating Sepharose beads (GE Healthcare). In 

some cases on-column cleavage of the His-tag was carried out by incubating the Sepharose beads 

in 20 mL of 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, containing 100 units of thrombin (Sigma-

Aldrich) for 16 h at room temperature. Material eluted from the Ni2+-chelating Sepharose beads 

was chromatographed over a DEAE column (GE Healthcare) equilibrated in 20 mM Tris-HCl, 

pH 7.5, 50 mM NaCl. MlcC was eluted stepwise with buffer containing 175, 200, and 300 mM 

NaCl and then chromatographed over a Hi-Load 16/60 Superdex 75 size-exclusion column (GE 

Healthcare) equilibrated in 10 mM HEPES, pH 7.4, 150 mM NaCl. Fractions containing MlcC 

were pooled and concentrated using a Millipore Amicon 3 kDa centrifugal device to a final 

volume of 10 mL and stored at 4 ˚C. Typically, 7–10 mg of purified MlcC was obtained per litre 

of cell culture. 

 

 Expression and Purification of Recombinant Class I Myosin Fragments  3.3.3

pTX-FLAG vectors encoding class I myosin constructs were introduced into D. 

discoideum AX3 cells by electroporation (138).  Cells were selected for growth in HL5 medium 

supplemented with penicillin/streptomycin and 20 µg/ml G-418 and/or 10 µg/ml blasticidin 

(139). Clonal cell lines were obtained by plating at limiting dilution and were checked for protein 

expression by immunoblot analysis using monoclonal antibodies against the FLAG tag (F4042, 

Sigma-Aldrich) or MBP (E8032, New England Biolabs). For purification of class I myosin 

constructs, cells were grown in 2 L flasks on a gyratory shaker at 200 rpm and 21 °C.  Cells were 

collected by centrifugation and lysed by addition of 0.3% 50 mM Tris-HCl, pH 8.0, Triton X-100, 
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50 mM KCl, 2 mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, containing one Complete Mini 

protease inhibitor cocktail tablet (Roche Diagnostics) per 50 ml of buffer. The lysate was 

incubated on ice for 1.5 h to deplete ATP and allow formation of an actin-myosin rigor complex 

(140). The pellet was collected by centrifugation at 230,000 x g for 1 h and washed several times 

with 50 mM HEPES, pH 7.3, 10 mM MgSO4, 30 mM KAc. Recombinant protein was released 

from the actin filaments by extraction with wash buffer containing 150 mM KCl and 10 mM 

Mg2+ATP. After centrifugation at 230,000 x g for 45 min the supernatant was loaded onto a 

column containing anti-FLAG M2 agarose beads (Sigma-Aldrich). Recombinant protein was 

eluted using buffer containing 200 µg/ml of FLAG peptide and was analyzed by SDS-PAGE and 

by immunoblots using monoclonal antibodies raised against MBP (E8032, New England Biolabs) 

or D. discoideum CaM (C3545, Sigma-Aldrich) (25).  

 

 Mass Spectrometry 3.3.4

Samples of purified MyoA-IQ1,2 or MyoE-IQ1,2 were subjected to SDS-PAGE followed 

by staining with Coomassie Brilliant Blue.  The 17-kDa band was excised, digested with trypsin 

and chymotrypsin, and analyzed by tandem mass spectrometry (MS/MS) using a Waters Q-TOF 

Premier mass spectrometer at the Queen’s University Protein Function Discovery facility. 

MS/MS data was used to identify proteins by an MS/MS Ion Search of the Mascot database 

(141). 

 

 Binding of CaM and MlcC to IQ Motif Peptides 3.3.5

ITC experiments were performed using a MicroCal VP calorimeter as described 

previously (25).  Peptides for ITC analysis were synthesized at the Sheldon Biotechnology 
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Centre, Montreal, Canada.  The sequences of the peptides are: MyoA-IQ1, residues 718-746; 

MyoA-IQ2, residues 744-771; MyoE-IQ1, residues 690-719; MyoE-IQ2, residues 718-747; 

MyoC-IQ1, residues 699-722; MyoC-IQ2, residues 719-740; MyoC-IQ3, residues 737-759.  All 

peptides were acetylated at the N-terminus and amidated at the C-terminus. Peptides, CaM, and 

MlcC were dialyzed prior to use against 10 mM HEPES, pH 7.4, 50 mM NaCl and either 2 mM 

CaCl2 or 2 mM EDTA and 2 mM EGTA. The syringe was loaded with a 350 to 625 µM solution 

of the peptide and 10 µl aliquots were injected into the calorimetric cell containing 25 to 50 µM 

CaM or MlcC at 30 ºC. The time-dependent differential power signal was integrated to obtain the 

total heat evolved after each injection of ligand and corrected for the heat of dilution of the ligand 

alone. Data were analyzed using MicroCal ORIGIN software. 

 

 ATPase Assays 3.3.6

ATPase activities were measured by following the release of 32Pi from [γ-32P]ATP (38). 

K+-EDTA ATPase activity assays were performed in 25 mM Tris, pH 7.5, 0.5 M KCl, 35 mM 

EDTA, 1 mM ATP. CaATPase activity assays were carried out in 10 mM TES, pH 7.5, 0.5 M 

KCl, 10 mM CaCl2, 1 mM ATP, 1 mM dithiothreitol. MgATPase activity assays were carried out 

in 10 mM TES, pH 7.5, 10 mM MgCl2, 1 mM ATP, 1 mM dithiothreitol containing either 0.25 

mM EGTA or 100 µM CaCl2.  Reactions were supplemented with 10 µM CaM to ensure that the 

MyoA and MyoE IQ motifs were fully occupied.  Rabbit skeletal muscle actin was prepared as 

described and added at a concentration of 50 µM (38).  

 

 

 



66 

 

 Circular Dichroism Spectroscopy 3.3.7

Far-UV circular dichroism (CD) spectra were obtained using a Chirascan 

spectrophotometer (Applied Photophysics) and a 0.1-mm path length cuvette containing 20 µM 

MlcC without the His-tag. MlcC was dialyzed prior to use against 10 mM HEPES, pH 8.0, 50 

mM NaCl and then either 0.2 mM CaCl2, 0.2 mM MgCl2 or 2 mM EDTA was added. Spectra 

were recorded from 190 to 240 nm at 20˚C and were averaged for six scans. Secondary structure 

was predicted using the program SpectralWorks (Olis Inc) with the CONTINLL algorithm (142).  

  

 Analytical Ultracentrifugation 3.3.8

Sedimentation velocity experiments were performed using a Beckman Optima XL-1 

analytical ultracentrifuge equipped with an AN 60-Ti rotor. MlcC from which the His-tag had 

been cleaved was dialyzed against 10 mM HEPES pH 8.0, 50 mM NaCl. Dialysis buffer was 

saved and used in the reference sector for all runs. AUC experiments were run at 20 ˚C and 

50,000 r.p.m with an MlcC concentration of 60 µM. Cells were scanned for absorbance at 280 nm 

at intervals of 2 min for a total of 200 scans. Data were analyzed with the SEDFIT program using 

Lamm equation modeling (143). 

 

 Homology Modeling of MlcC 3.3.9

Comparative modeling of the structure of MlcC bound to MyoC IQ1 was performed 

using Modeller (144). A sequence alignment of MlcC with the C-terminal lobe of apo-CaM was 

used to model the structure of MlcC using the structure of the C-terminal lobe of apo-CaM bound 

to murine myosin V IQ1 (PDB ID code 2IX7) as a template (65).  Similarly, a sequence 

alignment of MyoC IQ1 with myosin V IQ1 was used to model the structure of MyoC IQ1 by 

homology to the structure of myosin V IQ1.  One hundred models were generated by Modeller 
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and the top ranked model was chosen for further analysis. The model was found to have 

acceptable stereochemistry using PROCHECK (119) and was further validated using the ProSA 

program which gave a z-score of -5.09, well within the range of z-scores for experimentally 

determined protein structures of a similar size (145).   

 Results  3.4

 Identification of the MyoA Myosin LC 3.4.1

Methods to purify the short-tailed MyoA and MyoE isozymes from D. discoideum have 

not been developed. The identities of their respective LCs was therefore determined by 

expressing FLAG-tagged MyoA and MyoE constructs in D. discoideum.  

Constructs consisting of the MyoA motor domain (MyoA-M) and the motor domain plus 

both IQ motifs (MyoA-IQ1,2) were expressed in D. discoideum (Figure 3.1A).  MyoA-M and 

MyoA-IQ1,2 were isolated from the cytosol in a highly purified state using a Mg2+ATP-

dependent actin filament precipitation step followed by affinity purification with anti-FLAG 

antibody beads (Figure 3.1A and B). SDS-PAGE analysis of the purified proteins showed that 

MyoA-IQ1,2, but not MyoA-M, co-purified with a 17 kDa protein (Figure 3.1B). This result 

identifies the 17-kDa protein as a myosin LC that binds specifically to the IQ motifs in the MyoA 

neck region. Densitometry of Coomassie blue-stained SDS gels for four different preparations 

yielded a mean of 1.91 ± 0.56 myosin LCs bound per MyoA-IQ1,2.  This is consistent with the 

presence of two IQ motifs in the neck region of MyoA. The 17-kDa LC electrophoresed on SDS 

gels with a mobility similar to that of Dictyostelium CaM (Figure 3.1C).  Like CaM, the 17-kDa 

LC exhibited an increased electrophoretic mobility in the presence of Ca2+ (Figure 3.1C). The 17-

kDa LC also reacted with a monoclonal antibody against Dictyostelium CaM (Figure 3.1C).   
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Figure 3.1 CaM is the myosin LC for D. discoideum MyoA. 

(A) Domain structure of the MyoA constructs used in this study. (B) The Coomassie blue-stained 

(CB) SDS gel shows Flag-tagged MyoA-M and MyoA-IQ1,2 purified from D. discoideum as 

described in “Experimental Procedures”. The location of the MyoA MHC and 17-kDa myosin LC 

are indicated. (C) Myo1A-IQ1,2 and D. discoideum CaM were subjected to SDS-PAGE in the 

absence and presence of 1 mM Ca2+. The upper Panel shows a Coomassie blue-stained gel and 

the lower panel shows an immunoblot probed with an antibody against D. discoideum CaM.  
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These results showed that the 17-kDa LC must be either Dictyostelium CaM or the closely related 

calmodulin-like protein B (CalB) (146, 147).  To confirm its identity, the 17-kDa LC was excised 

from SDS gels, digested with trypsin and chymotrypsin and subjected to mass spectrometry 

analysis.  A Mascot Search showed that the top scoring match was Dictyostelium CaM 

(Probability Based Mowse Score of 229) based on the identification of four separate peptides 

representing 31% of the sequence.  

 Identification of the MyoE Myosin LC 3.4.2

The MyoE myosin LCs were identified by expressing the motor domain (MyoE-M) or 

the motor domain fused to the two IQ motifs in the neck (MyoE-IQ1,2) in D. discoideum with a 

Flag-tag (Figure 3.2A). MyoE-M and MyoE-IQ1,2 were expressed as soluble proteins and were 

purified to homogeneity as described above for the MyoA constructs. SDS-PAGE analysis 

showed that a 17-kDa myosin LC co-purified with MyoE-IQ1,2 but not MyoE-M (Figure 3.2B). 

Densitometry of Coomassie blue-stained SDS gels yielded a mean of 1.18 ± 0.25 myosin LCs 

bound per MyoE-IQ1,2 for four different preparations. The 17-kDa myosin LC shifted its 

mobility on SDS gels in a Ca2+-dependent manner and reacted with a monoclonal antibody to D. 

discoideum CaM (Figure 3.2C). Analysis of the 17 kDa myosin LC by mass spectrometry showed 

that the top scoring match was D. discoideum CaM (Probability Based Mowse Score of 92) based 

on the identification of two separate peptides representing 17% of the sequence.  The results show 

that both MyoA and MyoE have CaM as a myosin LC. 

 

 CaM Binds to MyoA and MyoE in the Presence of Ca2+ and the Tail 3.4.3

MyoA-IQ1,2 and MyoE-IQ1,2 were purified from D. discoideum using buffers 

containing EDTA and EGTA in order to minimize proteolysis. To examine whether CaM remains 

bound to MyoA-IQ1,2 and MyoE-IQ1,2 in the presence of Ca2+, actin filament sedimentation  
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Figure 3.2 CaM is the myosin LC for D. discoideum MyoE.   

(A) Domain structure of the MyoE constructs used in this study. (B) The Coomassie blue-stained 

SDS gel shows Flag-tagged MyoE-M and MyoE-IQ1,2 purified from D. discoideum as described 

in “Experimental Procedures”.  The location of the MyoE MHC and 17-kDa myosin LC are 

indicated. (C) Immunoblot analysis using an antibody against D. discoideum CaM of Myo1E-

IQ1,2 subjected to SDS-PAGE in the presence and absence of 1 mM Ca2+. The 17-kDa myosin 

LC reacts with the anti-CaM antibody and undergoes a Ca2+-dependent mobility shift.  
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assays were carried out. Actin filaments were added to MyoA-IQ1,2 and MyoE-IQ1,2 in the 

presence or absence of Ca2+ and the resulting complex was collected by centrifugation. Analysis 

of the complex by SDS-PAGE showed that CaM remains associated with MyoA-IQ1,2 and 

MyoE-IQ1,2 in the presence of up to 100 µM Ca2+ (Figure 3.3A).  Densitometry showed no 

significant difference in the amount of CaM that precipitated with MyoA and MyoE across the 

three Ca2+ conditions tested (data not shown). CaM was also found to co-purify with MyoA and 

MyoE constructs that contain only the first IQ motif (Figure 3.3B) and with full-length MyoA and 

MyoE constructs that contain the tail domain (Figure 3.3C).  

 

 Binding of CaM to IQ Motif Peptides 3.4.4

The sequence of the MyoE IQ1 motif corresponds exactly to the consensus IQ motif 

sequence, whereas MyoE IQ2 and MyoA IQ1 and IQ2 differ from the consensus sequence at one 

or more positions (Figure 3.4). The most divergent sequence is MyoA IQ1, which has Gly in 

place of the highly conserved Gln at position 2 and a Lys-Met sequence in place of the Arg-Gly 

sequence at positions 6 and 7. ITC was used to examine the ability of CaM to bind to peptides 

corresponding to each of the MyoA and MyoE IQ motifs in the presence and absence of Ca2+. 

Apo-CaM bound to all four of the MyoA and MyoE IQ motif peptides (Figure 3.5, left hand 

panels). The binding curves could be fit well by a single-site model, yielding Kd values that 

ranged from 0.39 µM for MyoE IQ1 to 2.9 µM for MyoA IQ2 (Table 3.1). A binding 

stoichiometry of close to 1.5 peptides per CaM was obtained. This suggests that a fraction of the 

apo-CaM may be able to bridge two IQ motif peptides.  

In the presence of Ca2+, CaM bound to the IQ motif peptides in a biphasic manner (Figure 

3.5, right hand panels). The data could be fit well by a two-site model, yielding Kd values of 0.27 

to 4.27 nM for the high affinity interaction and 0.62 to 3.32 µM for the low affinity interaction  
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Figure 3.3 CaM binds to MyoA and MyoE in the presence of Ca2+ and the tail.  

(A) The Coomassie-blue stained SDS gels show MyoA-IQ1,2 and MyoE-IQ1,2 precipitated with 

actin filaments in the absence of ATP and with the indicated concentration of Ca2+.  CaM remains 

bound to MyoA-IQ1,2 and MyoE-IQ1,2 in the presence of Ca2+.  (B) Flag-tagged constructs 

consisting of the MyoA and MyoE motor domain fused to the first IQ motif (MyoA-IQ1 and 

MyoE-IQ1) were purified from D. discoideum and analyzed by SDS-PAGE. The upper panels 

show SDS gels stained with Coomassie blue to visualize the MHCs. The lower panels show an 

immunoblot probed with an antibody against D. discoideum CaM. (C) Flag-tagged full-length 

MyoA and MyoE were immunoprecipitated from D. discoideum cell extracts using an anti-FLAG 

antibody.  Immunoblot analysis was performed using anti-FLAG antibody (upper panels) and 

antibody against D. discoideum CaM (lower panels).  CaM binds to full-length MyoA and MyoE 

but not MyoA-ΔIQ and MyoE-ΔIQ.  
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Figure 3.4 Amino acid sequences of the MyoA, MyoB, MyoC and MyoE IQ motifs.  

Residues that match the consensus sequence for the IQ motif are highlighted in black. Mutations 

of the highly conserved Gln at the +2 position of the IQ motif are shown in grey. Residues in the 

MyoA and MyoE IQ motifs that correspond to the 1-5-8-14 hydrophobic motif are underlined and 

the Pro in the MyoC IQ3 motif is boxed.  
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Figure 3.5 ITC analysis of CaM binding to MyoA and MyoE IQ motif peptides.  

The ability of CaM to bind peptides corresponding to the MyoA and MyoE IQ motifs was 

analyzed by ITC in the absence (left panels) or presence (right panels) of Ca2+. The binding 

isotherms show the total heat per injection (kcal/mol of ligand injected) plotted against the molar 

ratio of peptide to CaM. Each dot represents an injection of the IQ motif peptide into the ITC cell 

containing 50 µM CaM. The solid line represents the best fit to the data for a one-site model in 

the absence of Ca2+ and a two-site model out in the presence of Ca2+. The calculated binding 

parameters are given in Table 1. ITC experiments were performed as described in “Experimental 

Procedures”.  The results shown are representative plots from three independent experiments. 
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Table 3.1 Binding constants for the interaction of CaM with IQ motif peptides as 

determined by ITC. 

N = Stoichiometry of peptide/ CaM  
  

Peptide 
EGTA Ca2+ 

N Kd N Kd 
  MyoA IQ1 1.38 ± 0.04 0.52 µM ± 0.05  µM 

 
1.07 ± 0.04 
1.34 ± 0.01 

0.27 nM ± 0.06 nM   
1.23 µM ± 0.4 µM 

  MyoA IQ2 1.54 ± 0.03 2.9 µM ± 0.15 µM 1.09 ± 0.02 
1.29 ± 0.02  

2.40 nM ± 1.8 nM 

1.38 µM ± 0.1 µM 

  MyoE IQ1 1.49 ± 0.02 
 

0.39 µM ± 0.8 µM  
 

0.97 ± 0.01 
0.82 ± 0.04 

3.65 nM  ± 1.2 nM 

0.62 µM ± 0.1 µM 

  MyoE IQ2 1.58 ± 0.05 
 

1.80 µM ± 0.6 µM 0.83 ± 0.01 
1.25 ± 0.02 

4.27 nM ± 0.8 nM 

3.32 µM ± 0.4 µM 
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(Table 3.1).  The high and low affinity interactions both occurred with a stoichiometry of close to 

1, indicating that the N- and C-terminal domains of Ca2+-CaM each bind to a separate IQ motif 

peptide. 

 

 ATPase Activity of MyoA and MyoE 3.4.5

D. discoideum class I myosins exhibit an actin-activated Mg2+ATPase activity only when 

the TEDS site in the motor domain is phosphorylated (34, 38). For the studies reported here this 

requirement was eliminated by mutating the TEDS sites of MyoA (Ser-335) and MyoE (Ser-334) 

to Glu. 

MyoA-M exhibited only a minimal actin-activated Mg2+ATPase activity, which was 

increased significantly when IQ1 and IQ2 were fused to the motor domain (Figure 3.6A). The 

addition of Ca2+ did not alter the actin-activated Mg2+ATPase activity of the MyoA constructs. 

Thus, the presence of CaM on the IQ motifs, but not its Ca2+-induced conformational change, is 

required for the activity of MyoA. In contrast, the actin-activated Mg2+ATPase of MyoE-IQ1,2 

was only about 50% higher than that of MyoE-M (Figure 3.6B). Again, no effect of Ca2+ on the 

actin-activated Mg2+ATPase activity of MyoE was observed. 

Many myosins display a non-physiological ATPase activity in 0.5 M KCl that is 

maximally activated by EDTA (148). MyoA-IQ1,2 and MyoE-IQ1,2 exhibited negligible K+-

EDTA-ATPase activities (< ~0.001 s-1). This distinguishes MyoA and MyoE from MyoB, MyoC 

and MyoD, which display K+-EDTA-ATPase activities of between 1 and 10 s-1.  Moreover, it 

suggests an explanation for why purification schemes based on K+-EDTA-ATPase activity have 

failed to recover MyoA or MyoE (149).  Similarly, neither MyoA nor MyoE displayed detectable 

Ca2+ATPase activity. 
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Figure 3.6 Actin-activated Mg2+-ATPase activities of MyoA and MyoE.  

Constructs of (A) MyoA and (B) MyoE were assayed for Mg2+-ATPase activity in the presence or 

absence of actin filaments and the presence or absence of 100 µM Ca2+ as described in 

“Experimental Procedures”. Reactions were supplemented with 10 µM CaM to ensure that the 

MyoA and MyoE IQ motifs were fully occupied.  The results shown represent the mean ± SD for 

six independent experiments. 
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 MyoC Binds a Novel Two EF-hand Myosin LC 3.4.6

The neck region of the long-tailed MyoC contains three IQ motifs (Figure 3.7A). A 

construct consisting of the MyoC motor domain (MyoC-M) was expressed in D. discoideum cells 

at a high level, but little or no expression was detected for a construct consisting of the MyoC 

motor domain fused to the three IQ motifs (MyoC-IQ1-3) (Figure 3.7B). It was reasoned that the 

poor expression of MyoC-IQ1-3 might be due to a lack of the appropriate myosin LC, since 

unliganded IQ motifs can result in aggregated and non-functional myosin (150).  The co-

expression of CaM, MlcB or MlcD did not rescue the expression of MyoC-IQ1-3 (Figure 3.7C). 

Attention was therefore directed towards other CaM-like proteins that could potentially function 

as myosin LCs. One of these proteins is MLC-1, a two EF-hand protein of unknown function (5, 

25). The studies described below show that MLC-1 is a myosin LC for MyoC and so we will 

henceforth refer to it as MlcC, for Myosin light chain for MyoC. 

The co-expression of MlcC did not affect the expression of MyoC-M but significantly 

enhanced the expression of MyoC-IQ1-3 (Figure 3.7B and C). This result suggests that MlcC 

binds to and stabilizes the MyoC IQ motifs. MlcC co-immunoprecipitated with MyoC-IQ1-3 in 

the presence and absence of Ca2+ but did not co-immunoprecipitate with MyoC-M (Figure 3.7D). 

These results show that MlcC binds specifically to the MyoC IQ motifs. 

 Purification and Characterization of MlcC 3.4.7

MlcC consists of 74 residues and has a molecular mass of 8,630 Da. Sequence alignments 

show that MlcC is most closely related to MlcB, the only other single lobe myosin LC in D. 

discoideum, and the C-terminal domain of CaM (Figure 3.8A). To characterize its properties His-

tagged MlcC was expressed in E. coli and was purified using a procedure that results in 

proteolytic cleavage of the His-tag (Figure 3.8B). Subsequent studies showed that the presence or 

absence of the His-tag had no effect on the properties of MlcC.  
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Figure 3.7 MlcC binds to MyoC. 

(A) Domain structure of MyoC constructs used in this study.   (B) Flag-tagged MyoC-IQ1-3 or 

MyoC-M were expressed in D. discoideum either with or without MlcC fused to MBP.  Total cell 

lysates were immunobloted using an anti-FLAG and an anti-MBP antibody. The co-expression of 

MBP-MlcC greatly enhanced the expression of MyoC-IQ1-3 but not MyoC-M. (C) Total lysates 

of D. discoideum cells expressing Flag-tagged MyoC-IQ1-3 along with the indicated MBP fusion 

protein were probed using an anti-FLAG antibody. Only co-expression of MBP-MlcC enhanced 

the expression of MyoC-IQ1-3. (D) Flag-tagged MyoC-IQ1-3 or MyoC-M were co-expressed in 

D. discoideum with MBP-MlcC and immunoprecipitated using anti-FLAG agarose beads. The 

beads were washed and then eluted using the Flag peptide (Eluate) as described in “Experimental 

Procedures”. Samples were immunoblotted using an anti-Flag and anti-MBP antibody. MlcC co-

purified with MyoC-IQ1-3, but not MyoC-M, in the presence and absence of Ca2+. 
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Figure 3.8 Purification and characterization of MlcC.  

(A) Alignment of the amino acid sequences of MlcC (dictyBase Gene ID DDB_G0289563; 

GenBank EAL62662), the C-terminal domain of D. discoideum CaM (CaM(C)) 

(DDB_G0279407, Genbank EAL67642) and MlcB (DDB_G0290077, Genbank EAL62399). 

Residues within the two EF-hand Ca2+-binding loops are numbered according to their position.  In 

both of the MlcC EF-hands the conserved Glu at position 12 is mutated. (B) Coomassie blue-

stained SDS gel showing recombinant MlcC purified from E. coli without the N-terminal His-tag 

as described in “Experimental Procedures”. (C) The far-UV CD spectrum of MlcC was measured 

in the presence of EDTA, Mg2+ or Ca2+ as described in “Experimental Procedures”. Divalent 

cations did not induce a conformational change in MlcC. 
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To determine its native size, MlcC was analyzed using sedimentation velocity 

experiments. The sedimentation coefficient distribution showed a single major peak (91% of 

total) at 1.31 S, which corresponds to a molecular mass of 9.2 kDa indicating that MlcC is 

primarily a monomer in solution. CD spectroscopy was used to determine whether MlcC 

undergoes a conformational change in response to divalent cations. In the absence of Ca2+ the far-

UV CD spectra of MlcC exhibited a large positive peak of ellipticity at 196 nm and negative 

peaks of ellipticity near 208 and 222 nm (Figure 3.8C). Analysis of the spectrum indicates an α-

helical content of 57% and a β-sheet content of 10%. The addition of 0.2 mM Ca2+ or 0.2 mM 

Mg2+ produced no detectable change in the CD spectrum of MlcC (Figure 3.8C). Similarly, ITC 

experiments showed no evidence for a binding interaction between MlcC and Mg2+ or Ca2+ ions 

(data not shown).  

 MlcC Binds to IQ1 and IQ2 of MyoC 3.4.8

The ability of MlcC to bind to peptides corresponding to IQ1, IQ2 and IQ3 of MyoC was 

examined using ITC (Figure 3.4). MlcC bound to the MyoC IQ1 and IQ2 peptides but not to the 

IQ3 peptide (Figure 3.9A). The binding curves could be fit well by a one-site model that yielded 

Kd values of 71 nM for IQ1 and 460 nM for IQ2 (Table 3.2). No effect of Ca2+ on the binding of 

MlcC to the IQ peptides was observed (data not shown).   

The ability of the MyoC IQ3 motif to bind a myosin LC was investigated by expressing a 

construct in D. discoideum that consisted of the MyoC motor domain and only IQ3 (MyoC-IQ3) 

(Figure 3.7A).  MyoC-IQ3 was expressed at high levels and could be purified to homogeneity but 

did not co-purify with a myosin LC (Figure 3.9B). MlcC did not co-immunoprecipitate with 

MyoC-IQ3, confirming that it binds specifically to the first two IQ motifs of MyoC (Figure 

3.9C).   
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Figure 3.9 MlcC binds to synthetic peptides corresponding to the MyoC IQ motifs.  

(A) ITC was used to analyze the binding of MlcC to peptides corresponding to MyoC IQ1, IQ2 

and IQ3 motifs. The solid line represents the best fit to the data using a one-site model.  The 

calculated binding parameters are given in Table 2. The results shown are representative plots 

from three independent experiments for each peptide.  (B) The silver-stained SDS gel shows 

Flag-tagged MyoC-IQ3 purified from D. discoideum.  No LC co-purified with MyoC-IQ3.  (C) 

MyoC-IQ3 was co-expressed in D. discoideum with MBP-MlcC and immunoprecipitated using 

anti-FLAG agarose beads. Samples were immunoblotted using an anti-Flag and anti-MBP 

antibody. MlcC did not co-purify with MyoC-IQ3. (D) ITC profile of the binding of MlcB and 

MlcC to a peptide corresponding to the MyoB IQ1 motif. The results shown are representative 

plots from three independent experiments for each protein. 
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Table 3.2 Binding constants for the interaction of MlcC with IQ motif peptides as 

determined by ITC.  

 

 

 

 
 
 
 

N = Stoichiometry of peptide/ CaM  
ND = Not detected 

  

Peptide N Kd
 

MyoC IQ1 1.06 ± 0.06 71 nM ± 6 nM 

MyoC IQ2 1.09 ± 0.05 0.46 µM ± 0.04 µM 

MyoC IQ3 

MyoB IQ 

ND 

ND 

ND 

ND 
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MlcB and MlcC are the only CaM family proteins in the Dictyostelium genome that consist of 

two-EF-hands (Figire 3.8A) (5, 25). MlcB is the myosin LC for MyoB and binds to a peptide 

corresponding to the MyoB IQ motif with a Kd value of about 500 nM (Figure 3.9D) (25). MlcC 

was unable to bind to the MyoB IQ motif, showing that MlcB and MlcC exhibit a different 

selectivity for IQ motifs (Figure 3.9D).     

 

 Discussion 3.5

 D. discoideum Class I Myosin LCs 3.5.1

The myosin LCs are integral components of the myosin molecule complex and have both 

structural and regulatory functions.  In this study we have identified LCs for three D. discoideum 

class I myosin isozymes: the short-tailed MyoA and MyoE have CaM as a myosin LC and the 

long-tailed MyoC has MlcC, a novel two EF-hand protein, as a myosin LC. The myosin LCs for 

all the D. discoideum class I myosin isozymes, with the exception of MyoF and the third IQ motif 

of MyoC, are now known (Table 3.3) (25, 26). MyoK has no neck region and is not expected to 

bind a myosin LC.   

Four different CaM family proteins have now been found to function as D. discoideum 

class I myosin myosin LCs. They can be divided into a pair of four EF-hand proteins, CaM and 

MlcD, and a pair of two EF-hand proteins, MlcB and MlcC. One member of each pair binds Ca2+ 

with micromolar affinity and undergoes a Ca2+-dependent conformational change (CaM and 

MlcB), whereas the other member has lost the ability to bind Ca2+ (MlcC and MlcD) (25, 26). 

 CaM Binds to the MyoA and MyoE IQ Motifs 3.5.2

MyoA and MyoE are the first D. discoideum myosins to be identified that employ CaM 

as a myosin LC. CaM also functions as the myosin LC for class I myosins in yeast and mammals.  
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Table 3.3 Summary of the LC composition of Dictyostelium class I myosin isozymes. 

  Isozyme Tail # of IQ 
Motifs 

IQ Motif 
Residues 

LC LC MW 
(Da) 

Ca2+-
Binding 

MyoA Short 1 

2 

725-746 

747-768 

CaM 

CaM 

17151 

17151 

Yes 

Yes 

MyoB Long 1 696-717 MlcB 8296 Yes 

MyoC Long 1 

2 

3 

703-720 

721-738 

739-760 

MlcC 

MlcC 

- 

8629 

8629 

- 

No 

No 

- 

MyoD Long 1 692-713 MlcD 16519 No 

MyoE 

 

Short 1 

2 

698-719 

720-741 

CaM 

CaM 

17151 

17151 

Yes 

Yes 

MyoF Short 1 

2 

741-762 

781-802 

- 

- 

- 

- 

- 

- 

MyoK None None - - - - 
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Some class I myosins, including budding yeast Myo5p, fission yeast Myo1p and vertebrate 

Myo1a, Myo1b and Myo1c, contain one or more IQ motifs that bind CaM weakly in the presence 

of Ca2+ (151-155). As a result, CaM dissociates from the neck region when Ca2+ levels increase 

and the ability of the class I myosins to move actin filaments is severely inhibited. The 

dissociation of CaM also induces a conformational change that promotes binding of the Myo5p 

tail to its targets (156).  Other class I myosins, including mammalian Myo1d and Myo1e, bind 

CaM in both the presence and absence of Ca2+ (64, 157).  The studies reported here show that D. 

discoideum MyoA and MyoE fall into the latter category. Indeed, ITC analysis showed that in the 

presence of Ca2+ the affinity of CaM for the MyoA and MyoE IQ motifs increased ~1000-fold 

(Table 1). These results are consistent with previous studies showing that an unidentified short-

tailed D. discoideum class I myosin binds to a CaM affinity column in the presence of Ca2+ (137).   

IQ motifs that bind Ca2+-CaM with high affinity often contain a 1-5-8-14 pattern of 

hydrophobic residues characteristic of canonical Ca2+-dependent CaM-binding motifs (16). This 

pattern of hydrophobic residues is conserved in all four of the MyoA and MyoE IQ motifs (Fig. 

4). The MyoA and MyoE IQ motifs also exhibit an overall positive charge, another feature typical 

of Ca2+-CaM target sequences. The ITC experiments clearly show that in the presence of Ca2+ 

each CaM molecule binds to two IQ motif peptides. This suggest that Ca2+-CaM bridges two IQ 

motif peptides, with one lobe binding to a peptide with a nanomolar affinity and the other lobe 

binding to a second peptide with a micromolar affinity. Studies with the individual lobes of CaM 

show that the C-terminal lobe is most likely to be responsible for the high affinity interaction with 

the IQ motif peptide (62, 63).  Ca2+-CaM has previously been shown to bind peptides based on 

the myosin V IQ3 and IQ4 motifs with a 2:1 stoichiometry (62, 63).  The physiological 

significance of the 2:1 binding mode is not clear, but raises the possibility that Ca2+-CaM can 

cross-link two class I myosin molecules via their IQ motifs.  
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  The fusion of the IQ motifs to the motor domain significantly enhanced the actin-

activated Mg2+-ATPase activity of MyoA but had only a small effect on the activity of MyoE.  

Although this result provides evidence that the neck region can influence motor activity, no effect 

of Ca2+ on the actin-activated Mg2+-ATPase activity of MyoA or MyoE was observed. This is in 

contrast to mammalian Myo1d and Myo1e, where a Ca2+-induced conformational rearrangement 

of CaM on the IQ motifs produces a 2-3-fold decrease in actin-activated Mg2+-ATPase activity 

(64, 157).  Further studies will be required to determine whether Ca2+ binding to CaM regulates 

the conformation of MyoA and MyoE or the properties of the motor domain. Studies on a MyoE 

motor domain attached to a synthetic lever arm consisting of α-actinin repeats show that it 

switches its properties from those typical of a fast moving motor towards one designed for 

tension generation depending on the Mg2+ concentration (133).  It will be interesting to determine 

whether CaM within a native neck region renders the motile and tension generating properties of 

MyoA or MyoE sensitive to Ca2+. 

 

  MlcC Binds to IQ1 and IQ2 of MyoC 3.5.3

Several lines of evidence indicate that MlcC, a novel protein consisting of two EF-hands, 

is a myosin LC for the first two IQ motifs of MyoC. First, the co-expression of MlcC 

significantly elevated the expression level of a MyoC motor-neck domain construct (MyoC-IQ1-

3) showing that it is able to stabilize the IQ motif sequences. Second, MlcC co-

immunoprecipitated with MyoC-IQ1-3, but not MyoC-M or MyoC-IQ3, illustrating that it 

interacts specifically with IQ1 and IQ2. Third, recombinant MlcC bound tightly to peptides 

corresponding to MyoC IQ1 and/or IQ2 but not IQ3. MyoC IQ3 contains a Pro residue at position 

13 (Figure 3.4).  Pro residues, which break α-helices, are normally excluded from IQ motifs, 

suggesting that IQ3 may not be a functional binding site for LCs (16).   
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The lack of expression of MyoC-IQ1-3 in D. discoideum contrasts with the high level of 

expression of MyoA-IQ1,2 and MyoE-IQ1,2.  It can be postulated that this difference in 

expression levels reflects the relative intracellular free concentrations of MlcC and CaM. In 

mammalian cells at resting levels of Ca2+ the free CaM concentration is estimated to be 

approximately 10 µM (158). A comparable concentration of apo-CaM in D. discoideum would be 

sufficient to saturate the MyoA and MyoE IQ motifs and allow for expression of soluble protein.  

MlcC, as a specialized myosin LC, is likely to be present at much lower levels than CaM. 

Overexpression of MlcC is therefore required for sufficient protein to be present to occupy the IQ 

motifs and prevent aggregation and degradation of MyoC-IQ1-3.    

MlcC shares a much higher degree of sequence identity with the CaM C-terminal domain 

(43%) than with the N-terminal domain (28%). In the D. discoideum genome the C-terminal 

domain of CaM (residues 78-152) is encoded by a separate exon (159).  Duplication of this exon 

would result in an independently folding domain with Met79 as the translation initiation site, 

which corresponds exactly to the start site of MlcC (Figure 3.8A). It therefore seems plausible 

that MlcC arose via duplication of the C-terminal CaM exon.  MlcB, on the other hand, exhibits 

the same amount of sequence identity (~29%) with both the N- and C-terminal domains of CaM 

(25).   

Both of the EF-hand motifs of MlcC contain mutations that would be expected to 

severely impair Ca2+ -binding (Figure 3.8A). Canonical EF-hands contain a 12-residue long Ca2+-

binding loop, in which residues at positions 1, 3 5 and 12 provide side chain oxygen ligands for 

the Ca2+ ion (160). In functional EF-hands position 12 is invariably filled by a glutamate or 

aspartate residue, which provides a bidentate oxygen ligand for Ca2+. In the first EF-hand of 

MlcC position 12 is occupied by a Tyr and in the second EF-hand it is occupied by a Thr (Figure 

3.8A). These two mutations are likely to account for the inability of MlcC to bind Ca2+. 
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 Model for Binding of MlcC to the MyoC IQ Motifs 3.5.4

The first two IQ motifs of MyoC are unusually short, with only 18 residues separating 

IQ1 from IQ2 and IQ2 from IQ3 (Figure 3.4). This compares to the IQ motifs in MyoA and 

MyoE, which are 22 residues in length, and murine myosin V, which are 23 or 25 residues in 

length (Figure 3.4) (65). The structure of apo-CaM bound in tandem to the first two IQ motifs of 

myosin V shows that when the IQ motifs are 23 residues in length the N- and C-terminal lobes of 

the two adjacent CaM molecules interact (65). The MyoC IQ1 and IQ2 motifs are therefore too 

short to be able to bind both the N- and C-terminal lobes of a conventional myosin LC without 

considerable steric hindrance.   

Homology modeling of the structure of MlcC in a complex with MyoC IQ1was carried 

out using the program Modeller with the structure of the C-terminal lobe of apo-CaM bound to 

IQ1 of myosin V as a template (Figure 3.10). The top ranked model predicts that MlcC can adopt 

a structure virtually identical to that of the C-terminal lobe of apo-CaM when bound to the IQ 

motif. Hydrophobic interactions between the CaM C-terminal lobe and residues in IQ1 motif of 

myosin V (Leu766, Ala769, Cys770, Ile773, Ile777 and Trp780) are largely conserved in the 

model between MlcC and equivalent hydrophobic residues in the MyoC IQ1 motif (Trp701, 

Met704, Ala705, Ile708, Tyr712 and Tyr715). 

MyoC IQ1 and IQ2 are unusual in that they have a Lys at position 2 instead of the highly 

conserved Gln that is normally present at this position (Figure 3.4). In the model the Lys at 

position 2 (Lys709 in MyoC IQ1) forms a salt bridge with Asp39, which is located in the loop 

connecting the two EF-hands of MlcC (Figure 3.10). A comparison of the sequences of IQ1 and 

IQ2 of MyoC with the IQ motif of MyoB, to which MlcC does not bind, shows that the Lys at 

position 2 is one of the few significant differences between these sequences (Figure 3.10).  
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Figure 3.10 Model of MlcC bound to the MyoC IQ1 motif.  

The model of MlcC (green) bound to MyoC IQI (red) was generated by the program 

Modeller using the structure of the C-terminal lobe of apo-CaM bound to murine myosin 

V IQ1 (PDB ID code 2IX7) as a template.  Residues at the beginning and end of the IQ 

motif and those involved in salt bridge interactions are shown in stick representation. The 

model shown had the lowest modeller objective function out of 100 models generated. 
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The model indicates that a second salt bridge can be formed between Lys716 at position 

9 in the IQ motif and Glu45 in MlcC (Figure 3.10). However, this interaction cannot account for 

the specific binding of MlcC since many other D. discoideum class I myosin IQ motifs, including 

the MyoB IQ motif, have a Lys or Arg at this position (Figure 3.7A). The analysis suggests that 

the short length of the MyoC IQ1 and IQ2 motifs combined with the presence of Lys at the +2 

position may contribute to the specificity of binding of MlcC.  

The studies reported here show that CaM is the myosin LC for two short-tailed D. 

discoideum class I myosin isozymes, MyoA and MyoE. In contrast, each of the long-tailed D. 

discoideum class I myosin isozymes, MyoB, MyoC and MyoD, are now known to bind a unique 

myosin LC (MlcB, MlcC and MlcD, respectively). The diversity in myosin LC composition is 

likely to contribute to the specialized functions of the individual class I myosin isozymes, both in 

terms of their ability to respond to changes in intracellular Ca2+ levels and to generate movement 

or force. 
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Chapter 4 

Solution Structure of the Dictyostelium discoideum Myosin Light Chain 

MlcC 

 Abstract 4.1

The small (8.6 kDa) Ca2+-insensitive D. discoideum LC MlcC binds specifically to the 

first two IQ motifs in the neck region of MyoC, in which the IQ dyad within the consensus 

sequence is substituted by IK. This interaction rescued expression of a MyoC motor domain-neck 

region construct in D. discoideum, which led to the suggestion that MlcC binding to the neck 

region imparts stability to this class I myosin. Here, we determined the solution NMR structure of 

MlcC, which adopts a compact four-helix bundle strikingly similar to several myosin LCs 

including the C-terminal lobe of apo-CaM.  The primary structural difference between MlcC and 

the other single-lobe D. discoideum myosin LC, MlcB, is that in the latter protein helix 1, which 

is involved in MyoB IQ recognition, is splayed from the rest of the helical bundle. Preliminary 

NMR-based chemical perturbation mapping studies suggested that MyoC IQ motif binding 

induces a significant structural change in the MlcC structure, reminiscent of the ‘closed to semi-

open’ conformational change observed in CaM. A structural computational model of a 

MlcC:MyoC IQ complex suggests that this mode of IQ recognition by MlcC is feasible.  

 

 Introduction 4.2

The class I myosins are a widely expressed group of single-headed, non-filament-forming 

myosins that constitute the second largest myosin class following the well-characterized class II 

muscle myosins (10, 107). They localize to densely populated regions of the cell periphery and 

function in processes such as cell motility, actin dynamics, and endocytosis (107). The class I 
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myosin structure comprises of three domains: a highly conserved N-terminal motor domain with 

sites for actin and ATP binding, a flexible α-helical neck that typically contains at least one 

myosin LC-binding IQ motif, which loosely conforms to the consensus sequence 

IQXXXRGXXXR, and a C-terminal tail domain.  The class I myosins are further classified as 

short- or long-tailed, with the former presenting a phospholipid-binding tail homology domain 

and the latter hosting this domain as well as an actin-binding GPA-rich domain, and a protein-

protein interaction SH3 domain (107). 

D. discoideum is a highly motile amoeba that has been used extensively to study myosin 

structure, function, and regulation. It possesses three long-tailed class I myosins (MyoB, MyoC, 

and MyoD), three short-tailed class I myosins (MyoA, MyoE, and MyoF), and a class I myosin 

(MyoK) that lacks a neck and tail (5). Recent efforts towards developing a comprehensive 

understanding of the function and regulation of the class I myosins, have targeted the 

identification and characterization of the LCs that bind to the IQ motifs of their respective neck 

regions. Specific LCs for the short-tailed MyoA and MyoE and the long-tailed MyoB, MyoC and 

MyoD, have been isolated and characterized. The well-characterized myosin LC CaM was 

identified as the specific LC for MyoA and MyoE (Chapter 3) while the CaM-like LC MlcD, 

which lacked the ability to bind Ca2+, was found to associate with MyoD in vitro and in vivo (26). 

The novel MyoB-specific LC, MlcB, was the first single-lobe myosin LC to be identified. Only 

one of its two EF-hand Ca2+-binding motifs were found to be functional and it bound to the sole 

MyoB IQ motif with submicromolar affinity both in the absence and presence of Ca2+ (25). 

Subsequent NMR-based structural analysis of apo-MlcB and its interaction with the MyoB IQ 

motif revealed a unique mode of IQ recognition when compared to other myosin LCs (Chapter 2).  

Most recently, we identified MlcC, which was originally designated MLC-1 (5), as the specific 

single-lobe LC for two of the three IQ motifs in MyoC both of which contained an IK rather than 
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an IQ within the consensus sequence (Chapter 3).  Notably, MlcC also rescued expression of a 

MyoC motor domain-neck construct in D. discoideum cells. Thus, the apparent specificity of 

MlcC for IK-containing IQ motifs and the importance of the interaction between MlcC and the 

MyoC neck interaction in stabilizing the myosin warranted a detailed structural analysis of this 

single-lobe LC.  

Here, we used an automated NMR-based approach to determine the solution structure of 

MlcC. The MlcC structure displayed a higher degree of structural similarity to the C-terminal 

lobe of apo-CaM than to the other single-lobe D. discoideum myosin LC, MlcB (Chapter 2). 

These observations, and those from structural homology-based molecular modeling and 

molecular dynamics simulations, where the apo-CaM:myosin V IQ12 complex served as a 

structural template for the MlcC:MyoCIQ complexes, and preliminary NMR chemical shift 

perturbation mapping experiments involving MyoC IQ1 are discussed in the context of the 

varying modes of IQ recognition that D. discoideum myosin LCs, and in particular MlcC display. 

 Experimental Procedures 4.3

 Plasmid Constructs 4.3.1

The construction of the MlcC-expressing pET28a plasmid was performed as described in 

Chapter 3. Synthetic gene constructs for the MyoC IQ1 (residues 699-721 of MyoC) and MyoC 

IQ2 (residues 719-739 of MyoC) were cloned into a pJexpress 411 vector encoding an N-terminal 

hexahistidine affinity tag upstream of the small ubiquitin-like modifier (SUMO), herein referred 

to as SUMO-MyoC IQ1 and SUMO-MyoC IQ2, respectively. The DNA sequences were 

optimized for E. coli expression using DNA 2.0.  

 

 



96 

 

 Protein Expression and Purification 4.3.2

Recombinant MlcC was expressed in E. coli strain BL21(DE3) and purified in a similar 

manner to that described in Chapter 3. For NMR structural studies, uniformly 13C/15N-labeled 

recombinant MlcC was expressed in bacteria grown on M9 minimal medium supplemented with 

1 g/L 15NH4Cl, 2 g/L 13C-glucose, and 10 mL/L of 13C/15N-BioExpress-1000 medium (Cambridge 

Isotope Laboratories). Recombinant protein expression was induced at an A600 of 0.6 with 1 mM 

isopropyl β-D-thiogalactopyranoside and cell growth continued with shaking at 37 oC for 6 h.   

SUMO-MyoC IQ1 and SUMO-MyoC IQ2 plasmid constructs were transformed into the 

E. coli BL21(DE3) strain for bacteria expression. Bacterial cultures were grown in LB medium 

supplemented with 100 μg/L kanamycin at 37 °C to an A600 of 0.6. Upon addition of isopropyl β-

D-thiogalactopyranoside to a final concentration of 1 mM bacterial cells expressing SUMO-

MyoC IQ1 were moved to 24 °C with shaking for an additional 19 h while cells expressing 

SUMO-MyoC IQ2 were grown for additional 6 hours with shaking at 37 °C.  Bacterial cells were 

harvested by centrifugation, resuspended in 25 mM Tris-HCl, pH 8.0, 250 mM NaCl (buffer A) 

containing 0.2 mg/ml lysozyme and 1mM phenylmethanesulfonyl fluoride, lysed by sonication (3 

× 30 s) at room temperature, and centrifuged at 15,000 × g for 1 h. The soluble cell lysate was 

loaded onto a Ni2+-nitriloacetic acid column (Novagen) pre-equilibrated with buffer A, washed 

with buffer A containing 25 mM imidazole, and eluted with buffer A containing 500 mM 

imidazole. The elution fractions were pooled and applied to a Hi-Load 16/60 Superdex 75 size 

exclusion column (GE Healthcare) pre-equilibrated with 10 mM HEPES, pH 7.4, 50 mM NaCl. 

Fractions containing the respective SUMO-MyoC IQ constructs were pooled and concentrated at 

4 oC using Amicon Ultra centrifugal filters (Millipore Corp.) with a molecular weight cut off of 

10 kDa. 
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 NMR Spectroscopy and Structure Calculation 4.3.3

Multi-dimensional heteronuclear NMR datasets were recorded on a single protein sample 

containing 1mM 13C/15N-labelled MlcC in 10 mM HEPES, pH 6.8, 50 mM NaCl, 90% H2O/10% 

D2O at 30 oC on Varian 500 and 800 MHz spectrometers equipped with pulse field-gradient 

triple-resonance cyoprobes. Sequential backbone and side chain chemical shift assignments were 

made using a 2D 1H-15N HSQC, HNCACB, CBCCACONH, C(CO)NH, HC(CO)NH, HCCH- 

and CC-TOCSY experiments. Interproton distance constraints were derived from NOE cross peak 

intensities observed in three-dimensional 15N-NOESY-HSQC, aliphatic and aromatic 13C-

NOESY-HSQC datasets with mixing times 100 ms. Datasets were processed using NMRPipe 

(115) and analyzed using NMRView (116). 

 Amino acid residue chemical shift values and NOESY-derived unassigned peak lists 

were used as inputs in CYANA 2.1 (161) for automated NOE assignment and structure 

calculation. Seven cycles of NOE assignment and structure calculation of 100 conformers per 

cycle using random torsion angle values were calculated with 10,000 steps of torsion angle 

dynamics-driven simulated annealing. Structures were refined using an iterative approach in 

which the twenty best conformers from the previous cycle guide structure calculation in the 

subsequent cycle. 1279 NOE-based distance restraints and 120 backbone dihedral angle restraints 

were used for the final structure calculations. The angle restraints were obtained from 1Hα, 13Cα, 

13Cβ, 13C’ and 15N chemicals shifts using TALOS (118) with a minimum range of ± 30°. The 

twenty structures with the lowest target function from the last iterative cycle were subjected to 

water refinement with CNS using the ABACUS approach (162). The structural quality of the 

ensemble of conformers was assessed using PROCHECK-NMR (120) and RFP web server (163, 

164). PyMOL (122) and MOLMOL (121) were used for visualization and figure generation. 
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 Two-dimensional 1H-15N HSQC datasets of 0.6 mM 13C/15N MlcC in the absence and 

presence of 0.67 mM synthetic MyoCIQ1 peptide comprising residues 699-722 of MyoC (Ac-

RAWHDMASRIKNAYRNYKAFQFEC-NH2) were recorded at 30 oC on a Varian 500 MHz 

spectrometer equipped with a pulse field-gradient triple-resonance cryoprobe. Sample conditions 

included 10 mM HEPES, pH 6.8, 50 mM NaCl, 5 mM dithiothreitol, 90% H2O/10% D2O. 

Datasets were processed and analyzed using NMRPipe (115) and NMRView (116), respectively. 

 

 Homology Modeling of the MlcC:MyoC IQ1 and MlcC:MyoC IQ2 Complexes 4.3.4

Homology models of the MlcC:MyoC IQ2 complex were generated using Modeller (144) 

in a similar manner to the MlcC:MyoC IQ1 complex (Chapter 3), with the exception that here the 

C-terminal lobe of apo-CaM bound to murine myosin V IQ2 (PBD ID code 2IX7) was used as 

the template. The top ranked model used for analysis was chosen based on the lowest Modeller 

objective function score and validated for appropriate stereochemistry and structure quality using 

PROCHECK (119) and ProSA (145), respectively.   

 

 Molecular Dynamic Simulations 4.3.5

Molecular dynamic (MD) simulations were performed on the model of the MlcC-MyoC 

IQ1 complex using the program Gromacs v. 4.5.5 (165) using the OPLS/AA forcefield. The 

complex was solvated in a 6.8 nm by 5.6 nm by 5.6 nm box containing 6545 TIP4P water 

molecules and 5 Na+ ions to neutralize its overall -5 charge. The initial structure was subjected to 

energy minimization using the steepest descents algorithm for about 10000 steps until the 

maximum force was less than 100 kJ/mol/nm. The energy minimized structure was then subjected 

to two position-restrained MD runs of 100 ps each in order to settle the water molecules around 
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the protein and peptide complex. The first was a NVT simulation using v-rescale temperature 

coupling, while the second was a NPT simulation using the same temperature coupling and 

Parrinello-Rahman pressure coupling. Following the two position-restrained runs, a full NPT MD 

simulation of 20 ns in length was run. All MD simulations were done at 298 K. Electrostatics 

were treated using the particle-mesh Ewald model (PME) with van der Waals and coulombic 

cutoffs of 1 nm. 

 

 Results 4.4

 Solution NMR Structure of MlcC 4.4.1

Initial structural analysis of MlcC involved the collection a 2D 1H-15N HSQC spectrum, 

which displayed excellent chemical shift dispersion of resonances with uniform line widths, 

including several with chemical shifts > 8.5 ppm (Figure 4.1). These spectral features indicated 

that MlcC maintained a stably-folded and monomeric state in solution consistent with our 

biophysical observations presented in Chapter 3. The assignment of 98% of the backbone and 

96% of the side chain 1H, 13C, and 15N chemical shifts for the 77-amino acid residue MlcC 

construct (Figure 4.1A) were used as inputs for automated NOE peak assignment and structure 

generation protocol of CYANA 2.1 (161). The final solution NMR structure of MlcC was 

determined using 1279 NOE-based distance and 120 TALOS-derived dihedral angle restraints. 

Structural statistics are summarized in Table 4.1. 

One issue regarding automated protein structure determination using NMR-based 

restraints has been the lack of tools to cross-validate the 1H-1H NOE networks present in the 

protein structure and those in the corresponding input peak lists.  To address this concern recall  

 



100 

 

 



101 

 

Figure 4.1 NMR spectroscopy of MlcC. 

(A) Sequence of MlcC construct used for NMR structure determination. The residues coloured 

red are remnants from the expression vector after thrombin cleavage. The non-functional Ca2+-

binding loops are underlined. (B) 1H-15N HSQC spectrum of uniformly labeled 13C/15N MlcC. 

The peaks are labeled according to one-letter amino acid codes and to their position in the protein 

sequence in (A). Resonances corresponding to asparagine and glutamine side-chain protons are 

connected by a line.  
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Table 4.1 Structural statistics for MlcC 

 Restraints used for structure calculations 
 Short Range ( l i-j l <1) 661 

Medium Range (1< l i-j l <5) 337 
Long Range ( l i-j l≥5) 281 
Dihedral restraints (Φ, Ψ) 120 

Energies (kcalmol-1) 
Total -2323.38 ± 77.81 
Van der Waals -534.66±9.91 

Rmsd from experimental restraints 
 Dihedral angles 0.3323 ± 0.1135 

Distances 0.0160 ± 0.0024 
Rmsd from idealized geometry 

 Bond (o) 0.0140 ± 0.003 
 Angle (Å) 0.8676 ± 0.0179 

RPF Validation  
Recall 0.911 
Precision 0.873 
F-score 0.892 
Discriminating Power 0.76 

Ramachandran statistics (%) 
 Residues in most favored regions 90.8 

Residues in additionally allowed regions 9.2 
RMSD to mean structure (Å)  

 Residues 7-70: 
 Backbone atoms  0.69 ± 0.13 

Heavy atoms 1.16 ± 0.12 
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precision factors (RPF) and discriminating power (DP) coefficients have been implemented as 

robust indicators of structural quality.  The validation of the MlcC structural ensemble (Figure 

4.2A) was performed using the RPF webserver (http://nmr.cabm.rutgers.edu/rpf/) (163, 164), 

which gives a quantitative measure of the structure accuracy by comparing the NOEs represented 

in the structure to the input NOE datasets. Of the total input NOESY-based 1H-1H interactions 

91% were accounted for in the MlcC structure (i.e. the recall score). A precision value of 0.87 

indicated that of the total number of 1H-1H interactions observed in the final MlcC structure 87% 

were represented in the input NOESY peaklists. The DP score, which compares the query 

structure to a randomly coil structure thereby indicating the accuracy of the fold determined, was 

0.76, which together with the other structural statistics suggested that the MlcC structure was of 

good quality and accurately fit the input data.  

Overall, the MlcC structure was well defined by the NMR data, with the exception of the 

six N-terminal residues (Met1-Thr6) and the final three residues (Phe71-Asp74), and formed a 

globular four-helix bundle with overall dimensions of 19 Å × 18 Å × 32 Å (Figure 4.2). The 

r.m.s.d. of the MlcC structure ensemble from the minimized average structure (Figure 4.2B), 

defined by Lys7-Leu70, was 0.69 ± 0.13 Å and 1.16 ± 0.12 Å for backbone and heavy atoms, 

respectively. The structure comprised two non-functional EF-hand helix-loop-helix Ca2+-binding 

motifs defined by helix 1 (α1: Lys7-Phe17), a non-functional Ca2+-binding loop (Asp18-Tyr29), 

helix 2 (α2: Val27-Glu36) and helix 3 (α3: Ala43-Ala53), a second non-functional Ca2+-binding 

loop (Asp54-Thr65), and helix 4 (α4: Tyr63-Leu70), respectively. A 6-residue loop region 

(Leu37-Pro42) connected the EF-hand motifs and two short β-strands of the two non-functional 

Ca2+-binding loops (Tyr24-Thr26; Tyr60-Gln62) form an antiparallel β-sheet, typical of EF-hand 

Ca2+-binding proteins (29).  Overall, the MlcC surface displayed substantial electronegative  
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Figure 4.2 Three-dimensional solution structure of MlcC.  

(A) Backbone superposition (N, Cα, C’ atoms) of the twenty lowest-energy NMR-derived 

structures. (B) Ribbon diagram of the energy-minimized average NMR solution structure of 

MlcC, with the four α-helices indicated in sequential order. The N- and C-termini are labeled N 

and C, respectively. (C) The electrostatic surface representations of MlcC with red and blue 

representing negatively and positively charged regions, respectively.  
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character consistent with its isoelectric point of 4.1, with interspersed subtle hydrophobic and 

electropositive patches, however no obvious IQ motif-binding surface is observed (Figure 4.2C). 

 

  Structural Comparison of MlcC to other Myosin LCs 4.4.2

To assess the structural similarity of MlcC to members of the EF-hand superfamily 

including myosin LCs, a structural homology search of the Protein Data Bank with the MlcC 

coordinates was performed using the DALI search engine (123).   The CaM domain of the non-

vertebrate protein kinase 1 in a variety of ligand-free and ligand-bound states displayed the 

highest sequence similarity to MlcC (Table 4.2; Z score 8.0-8.3). Many myosin LCs were also 

identified in the absence and presence of IQ motifs and included the myosin A tail interacting 

protein from T.gondii (Z score 7.2-7.8), Mlc1p from S.cerevisae (Z score 6.9-7.2), and the 

essential LC in complex with IQ motifs from skeletal and smooth muscle myosins (Z score 6.9-

7.1). CaM (Z score 7.7), calbindin D9k (Z score 6.9), and troponin C (Z score 6.4) were also 

identified.  

The MyoB-specific LC MlcB was the first single-lobe D. discoideum LC to be identified, 

to have its structure determined, and to have a putative IQ motif-binding site localized o n its 

surface (Chapter 2). However, the apo-MlcB structure coordinates had not been deposited in the 

Protein Data Bank so a direct comparison of MlcC and MlcB was warranted. These two single-

lobe myosin LCs share 28% sequence identity and display global structural similarities (backbone 

r.m.s.d. of 2.2 Å), particularly for helices 2, 3, and 4 (Figure 4.3A). Unlike the compact four-helix 

bundle observed in the MlcC structure, helix 1 of apo-MlcB is somewhat displaced from the 

remaining helices in the apo-MlcB structure. In contrast, MlcC exhibited much higher sequence 

identity (42%) and significant structural similarity (backbone r.m.s.d. 1.2 Å) to the C-terminal 

lobe of CaM (Figure 4.3B). These observations were reinforced by a quantitative  
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Table 4.2 Structural homologs of MlcC 

Protein Homolog Z score 

CaM domain protein kinase 1 8.0 -8.3 

T.gondii MyoA tail interacting protein 7.2-7.8 

Skeletal and Smooth muscle essential light chain 6.9-7.1 

CaM 7.7 

Calbindin 6.9 

Troponin C 6.4 
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Figure 4.3 Structural comparisons of MlcC.  

(A) MlcC overlaid with the closely related D. discoideum myosin LC, MlcB (Chapter 2). (B) 

MlcC is compared to the C-terminal lobe of apo-CaM (PDB 1DMO) (23). The structures are 

shown in two orientations and the root mean square deviation (RMSD) of the backbone atoms is 

indicated. 
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analysis of the interhelical angles in these proteins (Table 4.3). The interhelical angles of MlcC 

were almost identical to those of the C-terminal lobe of apo-CaM while significant differences 

were observed for the 1/2, 1/3 and 1/4 interhelical angles of MlcC compared to apo-MlcB. The 

similarity of the MlcC structure with that of apo-CaM and our previous findings that MlcC and 

MlcB display specificity for IQ motifs of MyoC (Chapter 3) and MyoB (25), respectively suggest 

that the mode of IQ recognition used by MlcC more closely resembles that of CaM. 

 

  MyoC IQ1 Binding Induced a Global Conformational Change in MlcC  4.4.3

Given the excellent spectral quality of MlcC (Figure 4.1B), NMR-based chemical shift 

perturbation studies were attempted to identify those MlcC resonances affected by the MyoC IQ1  

and MyoC IQ2 binding. Initially, synthetic MyoC IQ1 and MyoC IQ2 peptides were used to form 

the complex with MlcC. However, substantial precipitation was observed upon addition of either 

MyoC IQ peptide to 13C/15N-MlcC, which could be dissolved upon increasing the pH of the 

solution to 10. After slowly lowering the pH of the 13C/15N-MlcC:MyoC IQ1 solution to 7 and 

removing the precipitate, which SDS-PAGE analysis suggested was predominantly the MyoCIQ1 

peptide with a trace amount of MlcC, a 1H-15N HSQC spectrum was collected, which displayed 

excellent resolution and uniform intensity for most resonances (red, Figure 4.4). An overlay of 

the 1H-15N HSQC MlcC spectra in the absence and presence of the MyoC IQ1 peptide showed 

that the binding of MyoC IQ1 induced chemical shift changes of a substantial number of 

resonances. These preliminary observations are suggestive of a more global MyoCIQ1-induced 

conformational change, such as the closed to semi-open transition of CaM (23), rather than the 

localized chemical shift perturbations seen for apo-MlcB (Chapter 2).  However, additional 

studies, including overcoming issues with precipitation, are required.  
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Table 4.3 Interhelical angles in MlcC, apo-MlcB, and apo-calmodulin 

Protein 1/2 1/3 1/4 2/3 2/4 ¾ 

MlcC 142 -63 155 152 -29 135 

Apo-MlcB 120 -71 -144 151 -30 126 

Apo-C-terminal- CaM 144 -63 151 147 -31 140 

 

 

 

 

 

 

 

 

 

*Calculated using interhlx (K. Yap, University of Toronto). MlcC helices were 

defined as 7-17, 27-36, 43-53, 63-70. Apo-MlcB helices were defined as 2-15, 25-

33, 40-50, 60-69; Apo-C-terminal CaM (PDB accession 1DMO) helices were 

defined as 82-90, 102-112, 118-127, 138-143. 
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Figure 4.4 MyoCIQ1-induced chemical shift changes on MlcC.  

(A) Overlay of the 1H-15N HSQC spectra of 13C/15N MlcC in the absence (black) and presence 

(red) of MyoCIQ1 synthetic peptide. Significant changes in most amide resonances are observed. 
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In an attempt to overcome the precipitation that resulted from the addition of MyoC IQ1 

or MyoC IQ2 we pursued the production of recombinant MyoC IQ peptides as small ubiquitin-

like modifier (SUMO) fusion constructs in an E. coli expression system from a codon optimized 

plasmid. After achieving a yield of 50-70 mg of purified SUMO-MyoC IQ1 from a one litre 

bacterial culture, the formation of the MlcC:SUMO-MyoC IQ1 complex was monitored by size 

exclusion chromatography. These experiments revealed that instead of the 1:1 MlcC:SUMO-

MyoC IQ1 complex, based on the findings presented in Chapter 3, a large aggregate eluted in the 

void volume (data not shown). While attempting to overcome these protein solubility issues, 

structural homology modeling was pursued to characterize the binding interaction of MlcC with 

its IQ motifs based on the high degree of structural similarity of MlcC with the C-terminal lobe of 

apo-CaM (Figure 4.3). 

 

  Homology Models of MlcC:MyoCIQ Complexes 4.4.4

The X-ray crystal structure of apo-CaM bound to the first two IQ motifs of a murine class 

V myosin was used as a template to model the D. discoideum MlcC:MyoC IQ complexes. The 

homology model of the MlcC:MyoC IQ1 complex, presented in Chapter 3, and the MlcC-IQ2 

complex presented here (Figure 4.5) are similar which is not surprising given the high sequence 

similarity of the MyoC IQ motifs (Figure 3.4). As observed in many other CaBPs, the 

hydrophobic core of the protein plays an important role in target recognition. The MlcC sequence 

comprises ~30% hydrophobic residues and in the homology model Met704, Ile708, Tyr712, and 

Tyr715 of MyoC IQ1 and Cys722, Ile726, Phe730, and Tyr733 of MyoC IQ2 anchor the peptide 

in the shallow hydrophobic cleft created by the opening of helices in each EF-hand motif. 

Although not obvious from the model, molecular dynamic simulations suggested that Tyr700,  
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Figure 4.5 Models of the MlcC:MyoC IQ 1 and IQ2 complex. 

(A) Homology model of MlcC (cyan) bound to the MyoCIQ1 motif (red). (B) Homology model 

of MlcC (cyan) bound to the MyoCIQ2 motif (red). The sequence of the IQ motifs is given above 

each model. Residues postulated to be interacting in the complex are indicated with the three-

letter amino acid code and a number reflecting their position in the sequence. N and C designate 

the N- and C-termini of the proteins, respectively.    
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Trp701 and Phe718 of MyoC IQ1 and Phe720 and Tyr736 of MyoC IQ2 provided additional 

hydrophobic contacts to MlcC. 

The acidic nature of MlcC does not appear to contribute significantly to MyoC IQ 

binding. Rather, the acidic residues are dispersed throughout MlcC with the exception of the 

surface around helix 3, where several acidic residues are localized (Figure 4.2). Polar residues of 

the MyoC IQ motifs are either solvent exposed or make contact with MlcC. Specifically, Lys709  

and Arg713 in MyoC IQ1 appear to be involved in electrostatic interactions with Asp38 and 

Glu45 of MlcC, respectively (Figure 4.5). Complementary molecular dynamic simulations 

indicated that Lys716 potentially interacts with Glu48 of helix 3 in MlcC. These interactions 

would also be conserved in the MlcC-IQ2 complex since chemically equivalent amino acids are 

found at these positions in MyoC IQ2. 

Given the conservation of the MlcC interactions with MyoC IQ1 and IQ2 peptides, the 

different affinities reported in Chapter 3 of MlcC for these IQ motifs must stem from sequence 

differences N-terminal to the core consensus sequence. Molecular dynamic simulations using the  

MlcC:MyoC IQ1 complex show that Tyr700 and Trp701 can interact with hydrophobic residues 

in helix 1 and 2 of MlcC. This may serve to further secure the MyoC IQ motif into its binding site 

on MlcC. Although Phe720 of MyoC IQ2 may participate in similar interactions, it may not be 

sufficient to provide the same degree of binding as observed with MyoC IQ1. Despite its 

presence, nearby Phe718 seems too far away from the hydrophobic core to make any useful 

contribution to the binding affinity. 

 

 Discussion 4.4.5

In the present study, we determined the solution structure of the second single-lobe D. 

discoideum myosin LC, MlcC. Automated protocols for structure determination and validation 
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greatly improved the turnaround time from protein expression and NMR data collection to 

obtaining the refined three-dimensional structure.  

A structural comparison of MlcC with apo-MlcB, the other single-lobe D. discoideum 

LC, revealed a significant deviation in the orientation of helix 1, where it is somewhat splayed 

away from the remaining three helices in the MlcB structure (Figure 4.3A). These observations 

provide a potential structural explanation for the specificity that MlcC and MlcB display for their 

respective MHCs. A non-polar surface surrounded by electronegative patches formed by helix 1, 

the first EF-hand Ca2+-binding loop, and helix 4 forms the putative MyoBIQ binding site on 

MlcB (Chapter 2). However, an analogous surface on the MlcC structure could not be definitively 

identified purely based on the qualitative assessment of its electrostatic surface potential map 

(Figure 4.2C).  

The compact four-helix bundle fold of MlcC is very similar to the C-terminal lobe of 

apo-CaM (Figure 4.3B), which suggested that the binding of MyoC IQ1 and IQ2 by MlcC could 

be similar to that of apo-CaM (ie. close to semi-open conformational change). This possibility is 

supported by the preliminary NMR chemical shift perturbation mapping studies, where 

substantial changes in the spectral features of MlcC were observed in the presence of the 

synthetic MyoC IQ1 peptide. While unfortunate, the significant precipitation observed when 

MlcC and the MyoC IQ peptides were combined also supports the notion that there are significant 

structural changes induced in MlcC upon complexation with the MyoCIQ.  

To address issues with precipitation, particularly with the MyoC IQ peptides, we 

generated SUMO-MyoCIQ fusion constructs with the hope that a fused protein domain would 

increase solubility of the MyoC IQ motifs. While the presence of the SUMO domain alleviated 

observable precipitation, the construct formed large aggregates in solution. Potential solutions 

going forward include the use of a larger fused protein domain, such as maltose-binding protein 
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(166), or creation of a bicistronic plasmid in which MlcC and the MyoC IQ motifs are 

simultaneously expressed, which may aid in complex formation and structural determination.  

In vivo post-translational modifications of MlcC and/or MyoC may impact their 

interaction and thus MyoC function. It may also represent an alternative approach towards 

solubilizing and stabilizing a MlcC:MyoCIQ complex. For example, two EF-hand containing 

LCs, Ca2+-binding protein 1 and Ca2+- and integrin-binding protein 1, that bind to the IQ motifs of 

the neck region of mammalian MyoC are myristoylated. Also, they compete with CaM in the 

presence of Ca2+ and are thought to influence the subcellular localization of MyoC (167). Despite 

their differences to MlcC, their structure and interaction with myosin IQ motifs could inform our 

studies. 

D. discoideum MyoC localizes to the leading edge of the cell much like the similarly 

structured class I myosins MyoB and MyoD, thereby implicating it in cell migration and actin 

restructuring (100, 101, 168). Although a specific role has not been determined for MyoC, the 

lack of conservation of the Gln residue at position 2 in two of the IQ motifs is quite intriguing. 

Despite the common reference to the IQ motifs as poorly conserved sequences in the literature 

(15, 16), the Gln residue represents the most conserved residue across most IQ motif-containing 

species, not only in myosins but also in the Na+ and Ca2+ voltage channels and in many neuronal 

proteins (16, 18). The strong conservation of this residue is suggestive of its importance in 

recruiting specific LCs. Structural studies of target-IQ complexes reveal participation of Gln in 

hydrogen bonding interactions with residues in the cognate EF-hand containing protein (65). Our 

computational models showed that the Lys residue, which replaces the highly conserved Gln 

within the IQ motif, is able to form an electrostatic interaction with MlcC and that hydrophobic 

residues within the IQ motif were important for docking MyoCIQ 1 or 2 into an exposed 

hydrophobic cleft between the helices of MlcC (Figure 4.5). Comprehensive insight into the 
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specific interactions dictating MlcC specificity for MyoCIQ 1 and MyoCIQ 2 will require the 

determination of a MlcC:MyoCIQ complex, which we are currently pursuing. 
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Chapter 5 

General Discussion 

Myosins are motor proteins involved in many crucial cellular processes, such as cell 

movement, muscle contraction and intracellular transport, and a comprehensive knowledge of 

their mechanism of action and their regulation is paramount to our understanding of these 

fundamental processes. As highlighted in Chapter 1, the myosin LCs play a critical role in 

stabilizing the LCBD of the MHC thereby allowing for the amplification of conformational 

changes occurring in the motor domain in response to ATP hydrolysis and actin binding (14). 

Additionally, some myosin LCs have been shown to regulate myosin function through Ca2+-

binding in their EF-hand motifs or in a phosphorylated state (15, 56-58). Despite the existence of 

numerous biochemical studies on myosin LCs from various organisms prior to my undertaking 

the work presented in this thesis, the catalogue of myosin LC:MHC associations for class I 

myosins in D. discoideum was incomplete and there was lack of complementary structural studies 

providing insight into the molecular determinants dictating the recruitment of D. discoideum 

myosin LCs by their cognate MHCs. The findings presented here have provided biochemical and 

structural insight into myosin function and regulation in D. discoideum through the identification 

and characterization of myosin LCs associated with members of class I myosins. 

 

 Specificity of Recognition: Lessons from Myosin LC-IQ Interactions 5.1

Identification of the myosin LCs bound to the LCBD of the six myosin-I MHCs was the 

first step towards assessing their role in myosin function and regulation. The definitive 

identification of CaM as the LC for MyoA and MyoE (Chapter 3) was necessary because 

although CaM is assumed to be the LC for unconventional myosins, this has not always proven to 
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be the case, as seen for MlcB and MyoB (25), and MlcC and MyoC (Chapter 3). However, given 

the vast amount of information available on CaM-target recognition and the high degree of 

sequence conservation of the MyoA and MyoE IQ motifs to the IQ consensus sequence, my focus 

was instead on the structural characterization of the novel single-lobe myosin LCs, MlcB 

(Chapter 2) and MlcC (Chapter 4). These studies have contributed novel structural, biochemical 

and biophysical information to the myosin LC family of proteins, as before my studies not much 

was known about the recruitment of single-lobe myosin LCs to the LCBD of myosins. 

Specifically, the solution structures of MlcB and MlcC shed light on the molecular determinants 

associated with their binding of specific IQ motifs. This is especially important as the myosin 

superfamily has expanded considerably over the last ten years and efforts are underway to 

characterize newly discovered myosins.   

In the myosin superfamily, there are more IQ motifs present in the many MHCs than 

there are myosin LCs. This suggests that there is significant IQ motif binding promiscuity among 

the myosin LCs. For instance, in S. cerevisiae the CaM-like myosin LC Mlc1p interacts with the 

class II myosin Myo1p and class V myosins Myo2p and Myo4 (24, 169, 170). This degree of 

binding promiscuity in a system that comprises only five myosins can be expected even more 

with increasing organism complexity. In D. discoideum with its complement of thirteen myosins, 

one might expect some promiscuity in myosin LC recruitment. However, it is interesting that the 

three long-tailed class I myosins have each been shown to recruit a different specific myosin LC. 

From my structural work, it is clear now that the different conformations assumed by MlcB and 

MlcC influence the recognition of their respective IQ motifs such that different binding modes 

have been proposed.   The selective binding of MlcB to the sole IQ motif of MyoB and MlcC 

binding to two of the three MyoC IQ motifs may be reflective of highly specialized roles for these 

myosins. To date, functional studies performed have been ineffective in deciphering the specific 
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roles of MyoC, if any exist. On the contrary, MyoB has been shown to be important in cellular 

translocation, the suppression of lateral pseudopods formation, and rapid intracellular particle 

motility, functions which are not compensated for by the presence of other class I myosins (96).        

The role of the IQ motif sequence and the conformation of the myosin LC must be 

examined to understand specific recognition. In Chapter 1, the influence of the IQ motif sequence 

on the mode of myosin LC recognition was apparent for bilobal myosin LCs (Figure 1.6). They 

were shown to interact with all IQ motifs investigated in an antiparallel manner in which their C-

terminal lobes gripped the N-terminal portion of the IQ motif while their N-terminal lobes did or 

did not make contact with the C-terminal IQ motif sequence (11, 65, 71).  The poor conservation 

of the GXXXR part of the IQ motif was implicated in the two types of complex structures 

observed. The identification of single-lobe myosin LCs increased the chances for additional 

modes of IQ motif recognition by myosin LCs. In fact, a novel recognition mode is proposed for 

MlcB binding to the MyoB IQ motif (Chapter 2), although this is likely due to the unique 

conformation of MlcB compared to the individual lobes of bilobal myosin LCs and MlcC than the 

IQ motif sequence of MyoB which is consensus-like with the exception of Asn instead of Gly at 

position 6 (Figure 1.8). On the contrary, the structural similarity of MlcC to CaM seems to dictate 

a similar mode of recognition of the IQ motifs with the binding of its IQ motifs in a hydrophobic 

groove created by the opening of helices in the EF-hand motifs. This interaction likely differs 

from other CaM-IQ complex structures because the unique features of the IQ motifs, especially 

the substitution of the highly conserved Gln to Lys at position 2 of MyoC IQ1 and IQ2, 

contribute added specificity to the interaction. These findings support the additional 

characterization of the interactions of newly discovered myosin LCs with different IQ motifs to 

further our understanding of the requirements for myosin LC recruitment and the subsequent 

effect on myosin function.   
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 Are LCs Required for Regulating D. discoideum Class I Myosin Function? 5.2

Since all myosin LCs are EF-hand containing proteins, they have the potential to regulate 

myosin function in response to Ca2+ fluctuations in the cell. Using CaM as an example myosin 

LC, it tends to bind to the IQ motifs of myosins at low Ca2+ concentrations resulting in the 

activation of myosin function. As the Ca2+ concentrations rise in the cell, binding of Ca2+ by the 

bound CaM results in the well-documented conformational change which either causes the 

release of CaM from or its rearrangement on the LCBD.  This results in the inactivation of 

myosin function.  

These functions that the myosin LCs may be regulating through Ca2+-binding varies for 

the different myosins and can make pinpointing them a challenging task. We used the actin-

activated ATPase assay and saw no effect of Ca2+ on the MyoA, MyoE or MyoB activity. Hence 

the respective myosin LCs CaM and MlcB are unable to regulate the turnover of ATP by these 

myosins despite their ability to bind Ca2+. The inability for MlcB to regulate this activity is 

consistent with my findings in Chapter 2 that showed the presence of Ca2+ does not alter the 

binding to its cognate MyoB IQ motif. This is not surprising given that MlcB has only one 

functional Ca2+-binding motif and the conformational response tends to be aided by the 

communication of responses occurring in both paired EF-hand motifs. However, the absence of 

regulation by CaM for MyoA and MyoE is surprising, but together with the results obtained for 

MlcB, they may suggest that Ca2+-binding to myosin LCs is not a regulatory mechanism used by 

D.discoideum class I myosins. 

  This idea is further supported by the existence of other class I myosin LCs to which 

Ca2+ binding is ineffective due to the substitution of EF-hand residues critical for Ca2+ 

coordination. The reported Ca2+ affinity of Kd of 52 µM for MlcD, the bilobal specific LC for 

MyoD, suggested it would not sense physiological changes in intracellular Ca2+ levels (26) while 
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MlcC, the single-lobe LC for MyoC, displayed no detectable binding to Ca2+ (Chapter 3). As a 

result, the mode of regulation involving Ca2+-binding to the myosin LCs, as observed with CaM 

and some unconventional myosins, would be ineffective at least for the long-tailed D. discoideum 

class I myosins and possibly even for the short-tailed myosins that bind CaM. This leaves the 

potential for a different regulatory mechanism or the possibility that these myosin LCs do not 

play a regulatory function at all.  

One possibility is the scenario in which multiple myosin LCs recognize the same IQ 

motif, and can compensate for the lack of regulatory function by one of the myosin LCs. In S. 

cerevisiae the first IQ motif of the class V myosin Myo2p has been shown to interact both with 

the Ca2+-insensitive LC Mlc1p and CaM. Although both Mlc1p and CaM are bilobal myosin LCs 

recognizing the same IQ motif sequence, different modes of interaction were observed. CaM 

interacts using both of its lobes and Mlc1p interacts only with its C-terminal lobe while its N- 

terminal lobe is freely available to engage in other interactions (69, 72, 73). The functional 

outcome of these different modes of recognition is not definitively known. However, in light of 

studies with mammalian class V myosins that exhibit unfolded and folded states due to 

interactions between the motor and tail domains, the occurrence of a fully bound bilobal myosin 

LC compared to a partially bound myosin LC at the LCBD is predicted to affect the folding-

unfolding dynamic (69).  

Preliminary in vitro work has shown that in addition to MlcB, Ca2+-CaM can also bind to 

the D. discoideum MyoB IQ motif (Dr. Scott Crawley, personal communication). This 

observation creates the possibility for regulation of MyoB function in response to Ca2+ although 

by a different myosin LC. Given that the affinity of MlcB and Ca2+-CaM for the sole MyoB IQ 

motif is similar, I postulate that differential expression of MlcB will govern which LC is bound to 

MyoB. Northern blot analysis revealed that the D. discoideum class I long-tailed myosins have 
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similar expression patterns and are all highly expressed during cell migration (77). Furthermore, 

MyoB has been shown to be recruited to the plasma membrane in response to cell migration and 

plays a role in pseudopod formation (96, 103, 171). MlcB may be required for either the 

recruitment of MyoB to the plasma membrane or for its functioning there and would be expressed 

accordingly. The complex lifecycle of D. discoideum, in which it can exist as a single amoeba or 

a multicellular organism, is consistent with this idea of the need for differential expression of the 

myosin LCs to perform specific functions at a precise time.           

Also, it is worthwhile to consider that the function of the D. discoideum class I myosins is 

already regulated by MHC phosphorylation at the TEDS site in the motor domain, and hence the 

need for regulation at the LCBD may be negated (31, 149). In fact, MHC phosphorylation can 

also be regulated by Ca2+, in which Ca2+-CaM prevents activation of the myosin I MHC kinase by 

acidic phospholipids thereby inhibiting the phosphorylation and subsequent activation of the 

myosin’s actin-activated ATPase activity (58). In contrast, heavy chain phosphorylation at the 

TEDS site in vertebrate class I myosins is not required due to the presence of Asp or Glu 

mimicking the phosphorylated state (107) . Rather, these myosins are regulated at the LCBD 

through the interactions of myosin LCs in which high levels of Ca2+ inhibit myosin motility (151, 

172). Based on these observations, only one type of regulation by Ca2+ of the class I myosins 

seem to be required and it occurs in the motor domain or the LCBD.   

Apart from Ca2+-binding to the myosin LCs bound at the LCBD, other modes of 

regulation have been noted and need to be considered. For example, as described in Chapter 1, 

phosphorylation of the regulatory LC bound activates smooth, skeletal, cardiac and nonmuscle 

class II myosins to varying degrees (173).  The possibility that the class I myosin LCs are 

regulating their bound myosins by being phosphorylated or in another modified state requires 

investigation.  
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Studies of the class II myosins demonstrate the occurrence of two types of myosin LCs, 

the essential and regulatory myosin LCs. The regulatory LC as previously mentioned modulates 

the myosin activity by being phosphorylated while the essential light chain is required for the 

structural stability of this region (15). I propose that a similar dichotomy of the myosin LCs may 

exist within the class I D. discoideum myosins, such that MlcB, MlcC and MlcD are the essential 

myosin LCs for MyoB, MyoC and MyoD, respectively and as such they may not be involved in 

the regulation of myosin function. 

 Implications of Single Lobe Myosin LCs on Myosin Structural Integrity      5.3

 With no role in regulating myosin function, these specific LCs solely stabilize the LCBD. 

The need for specific myosin LCs to perform this function can be rationalized as the organism’s 

way of ensuring the long-tailed myosins can efficiently perform their specialized tasks. This is 

consistent with our findings that only in the presence of MlcC were we able to stably express the 

MyoC-IQ1-3 construct in D. discoideum (Chapter 3). This stabilizing role is also critical for 

communication between the motor and tail domains of the myosin (15). Previous structural 

studies have shown how the bilobal myosin LCs achieve the stabilization of their bound IQ 

motifs. Interaction of apo-CaM with its cognate IQ motifs stabilizes as many as 30 amino acid 

residues of the LCBD resulting in an elongated structure comparing to Ca2+-CaM, which 

stabilizes about 20 residues (58). Understanding how a single lobe myosin LC can aptly provide 

the stabilization needed for communication is unknown. My studies aimed at characterizing the 

interaction of MlcB and MlcC with their respective IQ motifs to provide some insight into this 

question.  

In the case of MyoC, the separation between the IQ1 and IQ2 motifs is smaller (18 

residues) than observed in other myosins (~22 residues). This shorter spacing reduces the length 

of the LCBD to be stabilized by a single-lobe LC. Additionally, molecular dynamic experiments 
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performed suggest that hydrophobic residues outside of what might typically be considered the 

minimal binding region may also be involved in LC interactions (Chapter 4). If MlcC interacts 

with a larger number of amino acid residues spanning the MyoC IQ1 and IQ2 than observed for 

the C-terminal lobe of CaM binding to other IQ motifs, this may compensate for the absence of a 

second lobe together with the closer proximity of the bound LCs. Since MyoB comprises a single 

IQ motif in its LCBD and the studies presented suggest a novel binding mode for this interaction, 

I propose that this unique recognition accounts for the necessary stabilization for MyoB function. 

However, the binding of a single lobe is not entirely novel since there are cases where bilobal 

myosin LCs use only one lobe to bind an IQ motif (71). The free lobe is speculated to recruit 

other proteins to the complex or serve no significant role. In this case, the single lobe by all 

reports is sufficient for providing the required stability to the LCBD for myosin function. 

Consequently, the single lobes in D. discoideum possibly represent a more efficient system in 

which the functionally irrelevant lobe no longer exists. 

 

 Relationship of D. discoideum Myosin Studies with Higher Eukaryotes 5.4

 Since work in D. discoideum and other lower eukaryotes serve to inform our 

understanding of more complex organisms, a discussion of the results presented in this thesis in 

the context of what is known about unconventional myosins, and class I myosins specifically, in 

higher eukaryotes such as humans is warranted. 

The forty myosins expressed in H. sapiens represent 12 classes, including the 8 class I 

myosins, which is very similar in number to that observed in D. discoideum (7 total). 

Interestingly, most of the H. sapiens myosins are classified as short-tailed with only two, MyoE 

and MyoF, having long tails resembling D. discoideum MyoB, MyoC and MyoD (8). 
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H. sapiens MyoE and MyoF each contain a single IQ motif in their LCBD that fails to 

conform to the consensus Gly at position 7, where the presence of a residue bearing a large side-

chain at this position has previously been shown to prevent N-terminal lobe binding of a bilobal 

myosin LC. MyoE has Lys at position 6 while MyoF has Arg. Based on our findings in D. 

discoideum where sequence divergence in the IQ motif can be a predictor of specific myosin LC 

recruitment (Chapter 3) such that divergent IQ motifs bind specific myosin LCs, I would predict 

that, like D. discoideum MyoB and MyoC, H. sapiens MyoE and MyoF recruit specific single 

lobe myosin LCs or are engaging with only one lobe in a bilobal LC. Consistent with our 

observations in D. discoideum, where the short-tail class I myosins conform closely to the 

consensus IQ motif sequence and in the case of MyoA and MyoE recruit CaM (Chapter 3), the IQ 

motifs present in the H. sapiens myosin-I short-tailed myosins also conform to the consensus and 

likely utilize CaM as the myosin LC. Although there is currently a lack of information on the full 

complement of myosin LCs associated with these H. sapiens myosins, the similarities outlined 

above to D. discoideum myosins justify the propositions made and should aid in the study of 

human myosins. 

 The unconventional H. sapiens myosin MyoX is involved in cell migration and adhesion 

(174-176). This myosin possesses three IQ motifs in its LCBD and has been shown to interact 

with both CaM and a specific myosin LC, the CaM-like protein (CLP). CLP binds Ca2+ with an 

affinity that is ~10-fold lower than CaM (Kd of 10-5 M), its expression is specific to breast, cervix, 

prostate and skin epithelial cells and has been shown to perform a chaperoning role in the 

translation of MyoX (27, 177-179). This scenario is reminiscent of recombinant MyoC expression 

in D. discoideum, where the presence of recombinant MlcC was required to rescue expression of 

the MyoCIQ1-3 construct (Chapter 3). Assessing a chaperoning role of MlcC in the translation of 

MyoC would be an intriguing study. 



126 

 

 Equally interesting were the findings from kinetic binding studies that showed CaM and 

CLP showed similar interactions with IQ1 and IQ2 but not IQ3 of MyoX (180). This observation 

suggested differing modes of IQ recognition; a hypothesis supported by mutation studies in which 

a point mutation prevents CLP but not CaM from binding to MyoX, and implicated the CLP in 

filopodial extension and motility (181). Determining if this dual recruitment of myosin LCs to the 

same IQ motif occurs in D. discoideum would be important in deciphering the roles of the 

specific LCs.   Given that MlcC and C-CaM are structurally similar (Chapter 4), like CaM and 

CLP in the example above, the possibility exists for overlap in their recognition targets such that 

they may be recruited at different times during the D. discoideum lifecycle to perform specialized 

tasks.  

 Future Directions for the D. discoideum Myosin LC Project  5.5

 Overall, this thesis reveals that CaM is the myosin LC for D. discoideum MyoA and 

MyoE and presents the solution NMR structures of the novel single-lobe D. discoideum LCs, 

MlcB and MlcC. The latter structures provide insights into IQ-motif recognition specificity 

displayed by these two myosin LCs. However, there remain several unanswered questions. 

 The myosin LC associated with MyoF, the last uncharacterized short-tailed class I 

myosin, remains to be identified. Based on the findings in this thesis, it is plausible that CaM is 

the cognate myosin LC of MyoF. Only one of the two IQ motifs present in its LCBD conforms to 

the consensus sequence however, that may not be sufficient to prevent CaM binding to both 

MyoF IQ motifs. In my studies, MyoAIQ1 is divergent from the consensus IQ motif sequence yet 

was shown to recruit CaM (Chapter 3). This observation suggests that other factors may play a 

role in IQ motif recognition/specificity among the possible myosin LCs. While the focus of this 

thesis has been on the class I myosins, identification of the myosin LCs associated with members 

of the other D. discoideum myosin classes is required. The essential and regulatory LCs have 
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been shown to bind to the conventional class II myosin (82, 83). This leaves the two class V 

myosins and the three orphan myosins as the remaining D. discoideum myosins for which LCs 

need to be identified. CaM is widely described in the literature as a myosin LC for class V 

myosins (182) and this may also be the case in D. discoideum. Additionally, the involvement of 

the class II essential LC in Class V myosin function in D. discoideum is possible given that in S. 

cerevisiae the class II essential LC Mlc1p has been shown to bind to the LCBD of Myo2p, a class 

V myosin (24).  

 The number of confirmed D. discoideum myosin LCs stands at six and includes the 

essential and regulatory LCs, CaM, MlcB, MlcC and MlcD. Phylogenetic analysis of EF-hand-

like Ca2+-binding proteins from a range of organisms, pinpoint CBP14 and CalB as putative 

myosin LCs in D. discoideum (5). Both proteins are predicted to be bilobal but differ in the 

number of apparent functional Ca2+-binding sites. Studies to assess their ability to act as myosin 

LCs, followed by structural characterization, would prove useful in obtaining a more complete 

picture of the involvement of myosin LCs in D. discoideum myosin function and regulation. The 

divergence of these proteins from CaM may make them suitable for binding non-conforming IQ 

motifs or they may recognize the same IQ motifs as CaM but elicit a different response.        

With significant biochemical and structural information on D. discoideum myosin LC-

MHC IQ interactions in hand, including data presented in this thesis, future efforts should be 

aimed at characterizing these interactions in vivo. Understanding the role of specific myosin LCs, 

especially the novel single lobe LCs, by using homologous recombination to knockout these 

genes has been complicated because of their small size. Furthermore, the high AT content of the 

sequence flanking these genes further add to the low success rate of this manipulation. 

Determination of critical residues required for binding, as performed for the CLP and MyoX, will 

allow for introduction of mutated forms of the various D. discoideum MHC that would be unable 
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to bind their cognate myosin LCs. This approach would circumvent the need to knockout MlcB 

and MlcC while at the same time reveal the specific roles of the myosin LCs. 

A detailed understanding of myosin function in D. discoideum parallels similar efforts 

aimed at studying kinesin and dynein function in this model organism which expresses 13 kinesin 

motors and 1 dynein motor (183, 184). These motors are involved in long-range transport of 

organelles and vesicles along the microtubules of the cell’s cytoskeleton and also participate in 

mitosis and RNA localization. Together, these studies will provide the framework for 

understanding how all the molecular motors function together in D. discoideum to bring about 

coordinated movement along the cytoskeleton, which is critical in processes essential to the 

viability of the organism. 

 

 Reflection: The Bigger Picture 5.6

A much larger application of my studies presented here exceeds the current focus of 

molecular motors and addresses the fundamental basis of molecular recognition. From my studies 

it is clear that sequence variability and protein conformation can influence whether two proteins 

interact and also the conformation of the resultant complex. Although IQ motifs in MHCs were 

emphasized here, they are found in other proteins, such as voltage channels and IQGAPs (16). A 

look at studies characterizing these interactions adds to our overall understanding of IQ motif 

recognition. Studies of voltage channel proteins reveal that apo-CaM interacts with their IQ 

motifs using its C-terminal lobe only (185, 186). This interaction is reminiscent of myosin LC-IQ 

interactions in which the semi-open conformation of the C-terminal lobe is also observed (65, 

185). Additionally, members of the IQGAP family of proteins have been shown to interact with 

CaM, the myosin essential LC, and S100B (187, 188). Differential binding of these EF-hand 

containing proteins is observed for the three human IQGAP proteins each possessing four IQ 
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motifs. IQ motif binding is modulated by Ca2+ for all three proteins, and also Zn2+ in the case of 

S100B (188). Structural characterization of these complexes will highlight features in the IQ 

motif that may encode for recruitment of a myosin LC and not closely related proteins. 

Determining the factors and the functional implication of various modes of recognition is 

important for a complete understanding of how various proteins work together to achieve 

different functional outcomes, and when things go wrong and disease results, these studies will 

inform the design of potential therapeutic compounds.   
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