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Abstract 

Title of Dissertation: Small Ankyrin-1 and Obscurin as a Model for Ankyrin Binding Motifs  

Chris D. Willis, Doctor of Philosophy, 2011 

Dissertation Directed by: Robert J. Bloch, Ph.D., Professor, Department of Physiology 

Small ankyrin-1 binds with high affinity to two regions within obscurin A.  This 

interaction provides a molecular link between the sarcoplasmic reticulum and myofibrils in 

striated muscle.  Here, I show that four hydrophobic residues within the hydrophobic “hotspot” 

of the ankyrin-like repeats of sAnk1 are involved in binding obscurin.  Alanine scanning 

mutagenesis of each of the four residues inhibits binding to the high affinity binding site, 

Obsc6316-6345, whereas two of the mutations had no effect on binding to the lower affinity site, 

Obsc6231-6260.  Mutagenesis identified three central residues within Obsc6316-6345 that are critical 

for binding sAnk1, but no single residue within Obsc6231-6260 that is essential.  Instead, only a 

triple mutant of neighboring residues of Obsc6231-6260 decreases binding.  This suggests the 

positional importance of the hydrophobic residues within the central region of Obsc6316-6345 that 

have a direct role in docking to sAnk1, in contrast to a more general, hydrophobic contribution of 

the hydrophobic residues of Obsc6231-6260.  Modeling of sAnk1 and Obsc6316-6345 are consistent 

with the idea that specific hydrophobic residues interact in the docked complex.  Using the 

identified hydrophobic and previously reported charged amino acids of obscurin involved in 

binding, I identify two classes of ankyrin binding motifs (ABMs)  The first, type 1, contains 

~35% α-helix, between two less structured regions.  The second, type 2, contains~17% α-helix at 

its amino-terminal, flanked by a disordered carboxy-terminal sequence.  Using a custom matrix, I 

classify several known ABMs as type 1 or 2 by structural comparison and sequence alignment 



within the ABM-specific matrix.  I use this matrix to predict ABMs in proteins that bind 

ankyrins.  This method identified a type 1 ABM in histone deacetylase-4 and in retinoblastoma 

protein that bind their ligands, RFXAnk and gankyrin, respectively.  I confirm this binding with 

in vitro assays and the ~30% helical content of retinoblastoma by circular dichroism.  The 

method also identified a type 2 ABM in the retinoblastoma protein that binds gankyrin in vitro 

and has ~15% helical content.  I conclude that my methods can be used to predict ABMs from 

primary sequence which will be applicable to the prediction of other protein-protein interactions. 
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Chapter 1: Introduction 

Skeletal Muscle Biology 

Physiological Overview 

 Skeletal muscle represents the largest tissue in the human body and contributes a mass of 

28
 
kg to the average body mass of 70-kg (Lui et al., 2006).  There are over 650 different 

examples of skeletal muscles found throughout the body.  The biceps represents a classic 

example of a skeletal muscle that is involved in voluntary contraction.  Skeletal muscle such as 

the biceps typically extends from one myotendinous junction (MTJ), a highly organized region 

of the sarcolemma linking the myofibrils and the collagen-rich tendon (Trotter et al., 1985), to 

another, with the muscle fibers arrayed more or less in parallel in between.  Each muscle is 

composed of many muscle fibers which in turn contain bundles of myofibrils, the force 

generating structures.   

Bundles of myofibrils run longitudinally from end to end of the myofiber and are aligned 

laterally for maximal force transmission.  Each myofibril is organized as a repeating series of 

sarcomeres, composed of the myofilaments that are responsible for contraction.  Actin and 

myosin are the main components of the myofilaments and comprise the thin and thick filaments, 

respectively.  The repeating patterns of thin actin and thick myosin filaments appear light and 

dark alternating bands in optical microscopes under polarized light (Sanger et al. 2004).  The 

bands, termed A (anisotropic) and I (isotropic), arise from observations that each has different 

polarizing light profiles.  The A and I bands represent the regions of the sarcomere containing 

the thick and thin filaments, respectively (Figure 1.1), and are characteristic of healthy striated 

muscle. 
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Figure 1.1.  Distinct compartments and myofilaments which make up the sarcomere.  A 

single sarcomere represents the most basic repeating unit of striated muscle. It is separated into 

distinct compartments, which include the A- and I- bands.  Within these regions are the structural 

components, the M band and Z disks. Within the I-bands are the thin filaments containing actin 

while A-bands contain the thick filaments mainly composed of myosin. The Z-disks at the 

periphery of the sarcomere represent the boundaries.  The distance between Z-disks is about 2µm 

in a typical sarcomere of skeletal muscle at resting length. Adapted from Gregorio et al., 2000.  

 

 

 

The Sarcomere 

 Sarcomeres are the basic repeating contractile unit of skeletal muscle, and are arrayed in 

series within the myofibrils.  One single muscle cell from a biceps may contain ~10,000 

sarcomeres.  A sarcomere, which is roughly cylindrical in shape, spans from Z-disk (Z-line) to Z-

disk and at rest is typically estimated to be ~2µm long and ~1 µm in diameter.  More recent 
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studies have shown that the distance between Z-disks is variable and in one study varied between 

2.2µm and 4.0µm in vivo for the same muscle of different rabbits (Ward et al., 2009).  The Z-

disks, referred to as the “central structure” of sarcomeres, anchor the thin filaments, comprised 

mainly of actin (Hoshijima, 2006).  Thin filaments are the major structure present in the I-band 

(see Figure 1.1) (Hoshijima, 2006).  An example of the high level of organization within skeletal 

muscle is represented by specific proteins that localize to Z-disks, including α-actinin which has 

been shown to bind to titin (Lane et al., 1977; Young et al., 1998).   

Titin, at ~3.8 MDa, is the largest known molecular weight of a protein.  Equidistant 

between the Z-disks of a sarcomere is the M-band, located in the middle of the H-zone where 

proteins such as the 185kDa myomesin also organize through binding to the thick myosin 

filaments and again, titin (Grove et al., 1984; Clark et al., 2002).  As seen in Figure 1.1, the M-

band region divides the A-band, comprised of thick filaments, into two symmetric halves. 

 Many other proteins are also responsible for the high level of organization within each 

sarcomere.  One of the best documented examples is the previously mentioned, giant ~3.8MDa 

cytoskeletal protein, titin (also known as connectin).  Titin spans the distance of half a 

sarcomere, stretching from the Z-disk to the M-band (Gregorio et al., 1998).  At both of these 

dense structures, as well as throughout the sarcomere, titin binds to a number of targets as shown 

in Figure 1.2 (Lange et al., 2006; Kontrogianni-Konstantopoulos et al., 2009). 

 

Figure 1.2.  Identified protein binding partners of titin.  The many protein binding partners of 

titin, which spans from (A) Z-disk to I-band, and continues (B) from the I-band to M-band.  The 

location of binding sites for interacting proteins is highlighted above the respective binding 

domain.  Some of the 244 domains that do not have identified ligands such as Z6-Z-9 and I40-
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I70 are not shown.  Note sites for binding sAnk1 at the N-terminus and obscurin at the C-

terminus.  Adapted from Kontrogianni-Konstantopoulos et al., 2009.  

 

 

 

Titin functions as a template for organizing many sarcomeric proteins along each half-

sarcomere (see Figure 1.2).  Titin also contributes to the elasticity of striated muscle, mainly 

through its I-band region (Wang et al., 1991).  Specifically, the PEVK region of titin, that is rich 

in proline, glutamate, valine and lysine residues, regulates the overall extensibility of the 

sarcomere at rest and during contraction (Linke, 2000).  Therefore, titin is a key regulator of both 

the passive and active properties of striated muscle (Fukuda et al., 2008).  Mutations within the 

titin gene have been frequently linked to diseased muscle phenotypes including, but not limited 

to, familial hypertrophic cardiomyopathy and tibial muscular dystrophy (Itoh-Satoh et al., 2002; 

Siu et al., 1999; Hackman et al., 2002).  

Titin has been shown by electron microscopy and binding assays to interact with myosin 

with ~20nM affinity (Houmeida et al., 1995).  Immunoblot studies have also revealed that the A-

band domain of titin is responsible for the binding of myosin, and so helps to determine the 

properties of the thick filaments within the A-band (Wang et al., 1992).  The formation of the 
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complex containing titin and myosin occurs early as well as later in the development of  skeletal 

muscle, suggesting that titin molecules help to organize sarcomere formation and stabilization 

through binding myosin heavy chain (Isaacs et al., 1992). 

Nebulin is another sarcomeric protein that, along with titin, is in the class of large 

modular proteins (LMPs).  Nebulin has a molecular weight of between 500 and 800 kDa and 

immunoelectron microscope evidence has shown a single molecule is able to span the entire 

length of the thin filament (Wang et al., 1988).  At the N-terminus of nebulin is a binding site for 

the thin filament, pointed-end capping protein, tropomodulin (McElhinny et al., 2001) while the 

C-terminus of nebulin binds, among others, the barbed-end capping protein CapZ (Witt et al., 

2006).  Together, these capping proteins have the ability to regulate the length of the actin 

microfilaments that form the thin filaments.   

The majority of nebulin is composed of repeating actin-binding modules that each binds 

its own molecule of actin, which also contributes to the regulation of thin filament length (Labeit 

et al., 1995).  Further evidence for the role of nebulin as a regulator of thin filament length stems 

from studies of a nebulin “knock-out” mouse, which consistently showed ~25% shorter thin 

filaments (Bang et al., 2006).  Nebulin is therefore a key regulator of muscle function, as the 

overlap of thin filaments with thick filaments is essential for force production (Burkholder et al., 

1994). 

 

Molecular Mechanism of Muscle Contraction 

 The process by which skeletal muscle contracts involves a long signaling cascade, with 

many checkpoints that must be precisely timed and regulated.  The sarcomere is the downstream 

target where the thick and thin filaments form cross-bridges, triggered by Ca
2+

 within the 
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myoplasm. Repetitive cycling of the cross-bridges results in the shortening of each sarcomere, or 

contraction.  For the cross bridges to form, action potentials are first generated by the motor 

cortex, which activates motor neurons in the lateral horn of the spinal cord.  Their firing of action 

potentials results in the release of acetylcholine at the neuromuscular junction (NMJ).  The free 

acetylcholine within the NMJ then binds to nicotinic receptors, depolarizing the postsynaptic 

membrane and resulting in an action potential that propagates down the surface membrane of the 

muscle fiber and into a network of invaginations known as the transverse tubule system (t-

system).  The localization of the t-system also varies between muscle types and in mammalian 

skeletal muscle is present at the periphery of the junctions of the A- and I-band of the contractile 

apparatus, whereas in cardiac muscle the t-system surrounds the Z-disk (Lamb, 2000).  

The t-system has high concentrations of the dihydropyridine receptor protein (DHPR), 

also known as the voltage gated L-type calcium channel or Cav1.1, which acts as a voltage 

sensor (Schneider, 1994).  The ~210 kDa DHPR allows for the influx of Ca
2+

 ions into the cell, 

and also causes a conformation change in the ryanodine receptor (RyR).  The RyR is a 

homotetramer of ~535 kDa subunits.  These two proteins are physically coupled in skeletal 

muscle so that the activation of the DHPR results in the conformational change of the RyR from 

its closed to its open state (Tanabe et al., 1990; Flucher et al., 1996; Franzini-Armstrong et al., 

1981).  RyR1 is the predominant isoform in skeletal muscle (Sorrentino et al., 1993) and further 

considered in the background section below. 

The RyR is an integral membrane protein of the sarcoplasmic reticulum (SR) that 

localizes to the junctional compartment of the SR.  The RyR is responsible for the Ca
2+

 release 

from the large stores within the SR (Protasi, 2002).  The SR is another internal membrane 

compartment that is primarily responsible for maintaining an approximately 100,000x 



7 

 

concentration difference of total free and bound Ca
2+

 between its lumen and the cytoplasm in 

resting muscle.  The release of Ca
2+

 from the SR through the opening of the RyR is therefore 

energetically favorable, due to the steep concentration gradient.  Free Ca
2+

 in the myoplasm 

binds troponin C, which results in translocation of tropomyosin so that it no longer blocks the 

myosin binding site on actin.  Troponin can therefore be considered a major regulator of force 

production, as the binding of troponin to Ca
2+

 during this cascade triggers the formation of cross-

bridges between the thin and thick filament (Gomes et al., 2002).  Adenosine-5'-triphosphate 

(ATP) hydrolysis catalyzed by the ATPase activity of the myosin head domains is the source of 

energy that moves the thin filaments toward the center of the sarcomere during contraction 

(Gordon et al., 2000).  The hydrolysis of ATP is accompanied by the formation of the actin-

myosin cross bridges via the myosin heads groups. 

 Following the contraction, the Ca
2+

 is taken back up into the SR against its concentration 

gradient through the action of the SR Ca
2+

 ATPase, also known as the SERCA pump 

(Toyoshima et al., 2000).  Myosin binds ATP while disengaging from actin, which allows the 

filaments to slide back into their resting location until the next contraction.  This concludes one 

complete cycle of excitation-contraction (EC) coupling.  Much of the research that has focused 

on studying conditions of muscle disease has pinpointed dysregulation of individual steps with 

this sequence of events as an underlying cause of various myopathies or muscular dystrophies. 

 

Myofibrillogenesis and Development 

 Myofibrillogenesis is the process by which the contractile apparatus is assembled during 

development.  Like the precise timing associated with contraction, myofibrillogenesis requires 
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the precise integration of a multitude of proteins serving distinct functions within the sarcomere 

at distinct times.  A variety of cell culture systems have been applied to study myofibrillogenesis, 

such as myotubes from the C2C12 cell line (Kontrogianni-Konstantopoulos et al., 2006) and 

primary cultures of muscle cells (Sanger et al., 2002).  Cardiac muscle also has been used as a 

source of striated muscle for an in vitro model, i.e., cardiomyocytes from explants of precardiac 

mesoderm (Du et al., 2003) and embryonic or neonatal rodent hearts (Du et al., 2008).  The 

process of myofibrillogenesis is not yet clear, and there are multiple hypotheses regarding how 

the mature sarcomere is assembled. 

 Currently there are four conflicting models of sarcomere assembly.  The first, known as 

the “template model,” is based on the hypothesis that stress fiber-like structures exist in the 

developing myocyte that include non-muscle proteins and that serve as a temporary template for 

single myofibrils to assemble (Schultheiss et al., 1990).  The second model has been coined the 

“independent subunit assembly” or “stitching” model.  The independent subunit model postulates 

that the earliest precursors within I-Z-I bodies and A-bands assemble independently of each 

other, before titin comes along to stitch the two randomly distributed structures together into 

mature myofibrils (Holtzer et al., 1997).  A third hypothesis, the “direct assembly” model, 

developed from a report describing the spontaneous assembly of myofibrils in zebrafish 

embryos, with no intermediate stages (Costa et al., 2002).  The fourth, or “premyofibril” model, 

postulates that myofibrils assemble in three distinct steps (Figure 1.3). I consider this model in 

more detail below. 
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Figure 1.3.  The premyofibril model of myofibrillogenesis.  This model postulates a distinct 

three step process that begins with minisarcomeres composed of α-actinin, actin and non-muscle 

myosin.  Development continues to a nascent myofibril stage which includes the incorporation of 

titin, as well as the transition from non-muscle to muscle myosin.  The final step in maturation 

involved the addition of structural components such as at the M-band where proteins such as 

myomesin can bind to titin. Progression from embryonic to mature structures is from bottom to 

top.  Adapted from Sanger et al., 2005.  

 

 

 

In the “premyofibril” model, development of the contractile apparatus begins with the 

formation of premyofibrils at the edges of the muscle cell.  Sarcomeric proteins exist within 

“minisarcomeres” of premyofibrils in the Z-bodies, enriched in α-actinin, the thin filaments with 

bundles of actin as well as non-muscle myosin IIB filaments (Sanger et al., 1986; Hilenski et al., 

1992; Ehler et al., 1999).  The actin filaments and Z-bodies assemble together to give the 
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appearance of I-Z-I brushes, or primitive I-bands and Z-disks (Briskey, 1970).  As the transition 

to nascent myofibrils begins, these primitive Z-bands in adjacent fibrils begin to align.  In 

addition, the non-muscle myosin IIB is replaced by muscle myosin II at the newly formed A-

bands at a time when titin molecules are also present (Holtzer et al., 1997).  Titin assembles first 

at the Z-bodies, where as it extends lengthwise it can begin to serve as a template for the 

coordinated assembly of the overlapping thick filaments (Wang et al., 1979).  The final 

transformation results in mature sarcomeres and includes the incorporation of M-line proteins 

such as myomesin, which contribute to overall stabilization (van der Ven et al., 1997).  At this 

stage, all of the non-muscle myosin is replaced and the thick filaments with myosin assume their 

mature conformation in A-bands.  As this occurs, the immature Z-bodies become fully mature Z-

disks, with all the necessary components for muscle contraction.  

 Although the process by which particular proteins assemble into different regions of the 

sarcomere remains controversial, many steps in myofibrillogenesis are well established.  As 

previously mentioned, the SR is where the large store of Ca
2+

 are held that, upon release, 

interacts with the sarcomeric proteins to allow contraction.  During myofibrillogenesis, the SR 

evolves from the endoplasmic reticulum (Flucher et al., 1993). The transformation includes the 

incorporation of SR- specific proteins, including RyR at the junctional face of the terminal 

cisternae and SERCA at the free or network compartment of the SR (Franzini-Armstrong et al., 

1994; Kontrogianni-Konstantopoulos et al., 2009).  As this occurs, calsequestrin accumulates 

specifically in the SR lumen, where it associates with the RyR and acts as a low affinity, high 

capacity Ca
2+

 binding protein (Flucher et al., 1993; Arai et al., 1992).  Other proteins, such as 

triadin, junctin, and junctophilin, also partition into the SR, primarily in terminal cisternae, as it 

develops.  All of the incorporated proteins mediate the ability of the differentiated SR to dock to 
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the t-tubules, and, in some cases, the surface membrane of the muscle cell (Takekura et al., 

2001).  When properly aligned, these junctional complexes allow the signal transmission from 

the DHPR to the RyR that initiates EC coupling, leading to muscle contraction (Protasi, 2002).  

In skeletal muscle, the efficacy of EC coupling requires that the DHPR in the t-tubule membrane 

are properly aligned with the Ca
2+

 release unit, the RyR, in the terminal cisternae of the SR.  The 

high degree of specificity necessary for proper EC coupling represents one of the reasons why 

skeletal and cardiac muscle can be referred to as a classic biological structure-function 

relationship. 

 

Obscurin 

Gene Products  

 Although the obscurin, or obscurin-MLCK gene, maps to chromosomes 1 in humans, 10 

in rats and 11 in mice, a large amount of sequence conservation exists in the exons of known 

transcripts of obscurin in mammals, as well as vertebrates in general.  The high degree of 

sequence homology suggests the importance of obscurin in striated muscle in vertebrates (Dr. 

Ben Busby, Ph.D., dissertation, University of Maryland Baltimore, 2009).  The human gene is 

located on chromosome 1q42 and spans between nucleotides 226,462,484 and 226,633,198 

(Young et al., 2001).  It contains 117 exons that are subject to extensive alternative splicing 

(Fukuzawa et al., 2005).  For example, the obscurin A isoform, a focus of this thesis, is encoded 

by 91 exons, but the many splice donor and acceptor sites for the exons encoding the N-terminal 

Ig domains are mutually compatible with each other, which leads to a greater number of potential 

isoforms (Kontrogianni-Konstantopoulos et al., 2009).  Exons not contained within obscurin A, 

that encode the myosin light chain kinase (MLCK) domains, are expressed at the C-terminal 
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region of obscurin B, but are also expressed as unique gene products, in much shorter transcripts 

(Fukuzawa et al, 2005).       

Evidence for the importance of obscurin in invertebrate as well as vertebrate muscle 

comes from the identification of an obscurin homolog, unc89, in C. elegans (Benian et al., 1996).  

Sequence analysis of the cDNA encoding unc89 confirmed the presence of similar amino acid 

motifs, albeit in a somewhat different order.  The proteins function in C. elegans muscle is 

similar to that in vertebrates, where it serves as a giant template for protein-protein interactions 

and organizes M- and A- bands.  The complete coding sequence of unc89 predicts a total of 6632 

amino acids, which is similar to the 6620 amino acids of obscurin A (Benian et al., 1996).  

Alternative splicing of unc-89 also uses the MLCK domain to create at least three unique 

transcripts (Small et al., 2004).   

 

Protein Domains 

Obscurin was originally identified as the third giant protein from vertebrate muscle, along 

with titin and nebulin.  The molecular mass of obscurin, 720-900 kDa, makes it the second 

largest protein of skeletal muscle, larger than nebulin but considerably smaller than titin.  

Obscurin A is expressed exclusively in skeletal and cardiac muscle (Young et al., 2001). 

Obscurin was given its obscure name due to the initial difficulty in studying it in Western blots 

(Young et al. 1998), though this was subsequently rectified (Kontrogianni-Konstantopoulos et al. 

2003).  Due to these difficulties, the initial quantification of obscurin reported values at 1/10 the 

level of the similar molecular weight muscle protein nebulin (Sanger et al., 2001).  More current 

research has shown large quantities do indeed exist in striated muscle.  
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To date, five different obscurin isoforms have been studied: obscurin A, obscurin B, 

obscurin-kinase single, obscurin-kinase tandem, and obscurin mini, all shown in Figure 1.4 

(Fukuzawa et al., 2005).  

 

Figure 1.4.  Identified isoforms of obscurin.  Multiple different isoforms are generated from 

alternative splicing of the 117 exons within the obscurin gene. The larger isoforms differ in their 

C-terminal domains; the kinase domains of obscurin B are also expressed independently in 

smaller isoforms. The cardiac A isoform, the focus of this thesis, contains a non-modular C-

terminal region which confers specificity to small ankyrin-1.  Adapted from Fukuzawa et al., 

2005. 

 

 

 

Obscurin A contains 6620 amino acids and has a apparent molecular mass of ~720kDa.  

The protein domains of obscurin A include a combination of signaling domains and adhesion 

modules, consisting of >67 IG domains, two fibronectin-III (FnIII) domains, a conserved 

calmodulin binding IQ motif, a Src-homology-3 (SH3) domain, and a Rho-guanine nucleotide 

exchange factor (RhoGEF) domain with a neighboring pleckstrin homology (PH) domain.  These 

domains vary in size between ~23 amino acids (IQ) to ~112 (SH3) amino acids (Sanger et al, 

2001).  Each of the two binding sites for small ankyrin 1 (sAnk1 or Ank1.5), an integral protein 
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of the network SR membrane, are found in the C-terminal region of obscurin, previously referred 

to as “non-modular.” These sites consist of motifs that, as they both contain 30 or fewer residues, 

are small compared to most of obscurin A’s other structural domains, but they are structurally 

distinct (Busby et al., 2010).  The obscurin B isoform is also present in striated muscle and is 

bigger (~900kDa) than the A isoform, due to the addition of tandem serine/threonine kinase 

domains at the C-terminus (Russell et al., 2002).  Both of these kinases show weak homology to 

both myosin light chain kinases and other giant muscle protein kinases, suggesting that they are 

functionally distinct.  Nevertheless, the exact functional role or the phosphorylation targets of the 

obscurin kinases has yet to be determined.   

 

Localization in Striated Muscle 

Our laboratory has proposed that obscurin is involved in providing a molecular link 

between the SR and the contractile apparatus of each sarcomere.  Some of the first studies 

involving obscurin showed that during embryonic development, the timing of localization for 

obscurin is at the Z-line first, followed by a transition to the M-band upon maturation (Young et 

al., 2001) although since then, our laboratory has observed the opposite.   

Antibodies have been generated to various domains within obscurin, which at first 

complicated the picture of its precise localization.  The antibodies generated against the Ig 

domains as well as the RhoGEF domain showed primary staining in adult myocardium at the M-

band (Bang et al., 2001; Young et al., 2001).  The same antibodies also predominantly stained 

the M-band of cardiac myocytes (Cunha et al., 2008).  Other studies that used an antibody 

specific for the C-terminus of obscurin showed staining at both the M-band and Z-disk in adult 

rat cardiac cells and skeletal muscle fibers (Kontrogianni-Konstantopoulos et al., 2003).  The 
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varying localization of different regions of obscurin suggested that different isoforms of obscurin 

and its splice products traffic differently in muscle cells.   

Bowman et al. (2007) clarified these observations by creating antibodies specific to the 

various isoforms.  Antibodies specific to the C-terminal, non modular region of obscurin A were 

shown to localize in skeletal myofibers at both the Z-disk and the M-band as shown in Figure 

1.5. 

 

Figure 1.5.  Localization pattern of obscurin A in skeletal muscle.  Localization studies of 

adult rat EDL muscle revealed that antibodies specific for the unique C-terminus of obscurin A 

(left) show staining at the level of the M-band and Z-disk. α-actinin is used as a marker for Z-

disks (middle). These proteins colocalize at the Z-disk as seen in the overlay in right panel.  

Adapted from Bowman et al., 2007.  

 

 

 

  

Isoform specific antibodies to obscurin B showed it to localize to both the M-band and Z-

disk and, like obscurin A, surrounds the sarcomeres instead of being incorporated within the 

sarcomere like titin and nebulin (Bowman et al., 2007).  The observation of staining at the Z-disk 
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for the C-terminal region antibody of obscurin A was thought to result from alternatively spliced 

forms that traffic to the Z-disk.  Antibodies to both the N-terminus and RhoGEF domain also 

label costameres at the sarcolemma.  The observed reticular pattern of labeling in cross sections 

of adult skeletal muscle fibers further suggests the obscurin is not within the sarcomere, but 

instead wraps around the contractile apparatus.  The peripheral location of obscurin around the 

sarcomere has also been observed in studies of human skeletal and cardiac muscle (Carlsson et 

al., 2008).  Therefore, obscurin should be regarded as an additional component of the 

extrasarcomeric cytoskeleton, enriched at structures that surround M-bands and Z-disks.  

 

Functional Roles 

 Studies of the localization of obscurin have contributed to its characterization in striated 

muscle.  It was originally proposed that the modular nature of obscurin and its isoforms 

suggested multiple functions important to cardiac and skeletal muscle physiology (Russell et al., 

2002).  The initial work done in adult muscle fibers and showed obscurin in close association 

with the contractile apparatus (Bang et al., 2001; Young et al., 2001; Kontrogianni-

Konstantopoulos et al., 2003).  This close association is likely due to binding of obscurin to a 

number of contractile proteins, discussed below, and perhaps also to its binding to sAnk1 

(Kontrogianni-Konstantopoulos et al. 2003, Bagnato et al., 2003), an integral membrane protein 

of the SR (Porter et al., 2005).  The interaction with sAnk1 may enable the SR to anchor to the 

C-terminus of obscurin while the rest of the giant protein is available to interact with binding 

partners within the sarcomere.  Reducing the levels of obscurin with targeted siRNA disrupts the 

organization of sAnk1, suggesting that obscurin may be required for the stabilization of the 

network SR (Kontrogianni-Konstantopoulos et al., 2006).  sAnk1 organization was also shown to 
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be disrupted in skeletal muscle of obscurin “knockout” mice (Lange et al., 2009).  Without the 

correct anchoring, longitudinal SR architecture is impaired in these knockout mice.  Despite the 

fact that knockout mice had altered longitudinal SR structures, that failed to extend the length of 

the A-band of the sarcomeres, proteins anchored at the junctional SR, such AnkB remained 

unaffected (Lange et al., 2009).  Taken together, studies of the knockout mice and of myotubes 

in which obscurin levels were reduced with siRNA point to a role for obscurin in properly 

linking the contractile apparatus to the network SR. 

  In addition, obscurin may also function in the assembly and organization of myosin into 

regular A-bands during myofibrillogenesis. The hypothesis that obscurin may play a critical role 

in the assembly of thick filaments during myofibril formation was tested during developmental 

studies that overexpressed the C-terminal domain.  Adenovirus-mediated gene delivery to 

overexpress the C-terminal region of obscurin A in primary cultures of postnatal day one skeletal 

myotubes reduced the organization of myosin into A-bands, whereas other sarcomeric proteins, 

such as the Z-disk marker α-actinin, remained unaffected (Kontrogianni-Konstantopoulos et al., 

2004).  These over-expression studies also showed that the myosin remained in small, punctate 

structures within the cytoplasm, similar to its localization in the “premyofibril” stage of 

myofibrillogenesis (Sanger et al., 2004).   

siRNA knockdown of obscurin also altered the assembly and organization of myosin into 

regular A-bands.  The first study using cardiomyocytes discovered the absence of well-formed 

A-bands in newly developed contractile structures that was accompanied by diffuse distribution 

of myosin (Borisov et al., 2006).  Similar studies done in skeletal myotubes revealed that M-

bands failed to form while A-bands never organized properly when siRNA knocked down 

obscurin levels by >80% (Kontrogianni-Konstantopoulos et al., 2006).  By contrast, Z-disks and 
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I-bands were not disrupted with the addition of obscurin siRNA, showing the specificity for 

obscurin’s role in the assembly of A-bands.  Protein levels of obscurin are also naturally 

decreased during cardiac ischemic events as a result of compromised myofilament structure, in 

particular at the M-band (Warren et al., 2010). 

Obscurin may also play a role in aligning neighboring myofibrils in heart and skeletal 

muscle.  Obscurin siRNA studies in cardiomyocytes showed disruption of the lateral alignment 

of myofibrils when obscurin expression was reduced (Borisov et al., 2006).  The lack of lateral 

alignment suggests that obscurin may play a role in linking neighboring myofibrils to one 

another.  Further supporting evidence comes from studies performed in zebrafish using 

morpholino technology.  Even with mild reduction of obscurin levels, morphological 

abnormalities were observed that included misaligned (Raeker et al., 2006).  Taken together, 

these studies implicate obscurin as an essential component of developing muscle, both for the 

lateral alignment of myofibrils and for the organization of the SR (Bloch et al., 2002).  

 

Obscurin Binding Partners  

Due to its size, localization, early incorporation during myofibrillogenesis, and multiple 

domains implicated in protein-protein interactions, obscurin, along with the other giant muscle 

proteins, titin and nebulin, was proposed to serve as a molecular ruler for the sarcomere and a 

molecular template for other striated muscle proteins.  The ongoing research to test these ideas 

has not yet yielded definitive answers.  However, these studies have identified many binding 

partners of obscurin within and around the contractile apparatus.  These proteins interact with 

obscurin A from its far N-terminal Ig domains to its non-modular C-terminal region.  
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 Obscurin was first identified as a ligand for the Z-disk domains, Z9 and Z10, of titin 

(Young et al., 2001).  The predominantly -sheet, 58-59 Ig domains, N-terminus to the second 

FNIII domain of obscurin, are responsible for binding titin, and also contribute to anchoring of 

the two proteins at the Z-disk (Fukuzawa et al., 2005).  Of clinical relevance, obscurin has been 

directly linked to hypertrophic cardiomyopathies through familial studies that identified an 

Arg4344Gln mutation, within the titin binding site (Arimura et al., 2007).  A smaller isoform of 

titin also exists that is ~700kDa and binds obscurin at these same Ig domains (Bang et al., 2001).  

The interaction between these two proteins also extends to the N-terminal Ig domains of 

obscurin, which binds the M10 region of titin both in a yeast-two hybrid screen and in vitro 

binding assays (Fukuzawa et al., 2008).  This correlates with the previously discussed 

localization of obscurin at the M-band in mature muscle fibers.  The M10 binding region of titin 

is considered a hotspot for mutations linked to disease, as multiple mutations within this region 

cause hereditary myopathies.  Both tibial muscular dystrophy and limb girdle muscular 

dystrophy 2J are caused by missense or deletion/substitution mutations in this region (Pollazzon 

et al., 2009; Udd, 2008). 

 The N-terminus of obscurin also binds other sarcomeric proteins at the M-band.  One 

recently identified ligand of obscurin, that binds to the Ig domain adjacent to the one that binds 

titin at the N-terminus, is an unusual variant of myosin binding protein-C slow (MyBP-C slow) 

(Ackermann et al., 2009).  This previously unidentified variant of MyBP-C slow contains a 

unique C-terminal 26 amino acid sequence that confers specificity for the Ig2 domain of obscurin 

(Kontrogianni-Konstantopoulos et al., 2009).  Like obscurin, this variant of MyBP-C slow 

concentrates around the M-band of skeletal myofibers (Ackermann et al., 2009).  The interaction 

between obscurin and MyBP-C slow is proposed to contribute to the assembly of A-bands 
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through formation of a stable complex.  Myomesin is another of obscurin’s binding partners that 

associates with its N-terminal region, in this case with the next Ig domain, Ig3.  Binding is 

specific for the gene product of MYOM1, which is ubiquitously expressed in muscle, but not , 

MYOM2 or MYOM3, that are selectively expressed in fast twitch and slow twitch muscles, 

respectively (Fukuzawa et al., 2008).  Therefore, this interaction is likely to contribute to the 

formation and stability of the M-band in both types of skeletal muscle. 

 A number of interactions between obscurin and signaling molecules have also been 

identified.  As previously mentioned, C-terminal to the Ig domains, mentioned above, is an IQ 

motif, defined by its ability to bind the calcium sensor, calmodulin (CaM) and its short, basic,  

~22 amino acid α-helical structure (Bahler et al., 2002).  Although the interaction is not well 

characterized, it is likely to be a result of the flexible nature of CaM, which is in part responsible 

for the promiscuous nature of CaM binding (Yamniuk et al., 2004).  The signaling that results 

from the interaction between the IQ domain of obscuring and CaM has not been studied, but 

some other muscle proteins might provide some clues.  For example, myosin contains IQ motifs 

that bind Ca
2+

 -CaM to regulate membrane trafficking, cell movement and organization, and 

signal transduction (Mermall et al., 1998).  As we propose obscurin is responsible for linking the 

SR with the large stores of deployable Ca
2+

 to the contractile apparatus, calcium-dependent 

signaling by obscurin and CaM will be worth exploring.  

 Other binding partners of obscurin have been discovered as ligands to the RhoGEF 

signaling domain.  One of these targets is Ran binding protein-9 (RanBP9) which associates with 

the RhoGEF domain of obscurin with ~2µM affinity (Bowman et al., 2008).  The role of 

RanBP9 within skeletal muscle has not been characterized, other than the observation that these 
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two proteins both associate with titin and influence formation of the Z-disk (Bowman et al., 

2008).   

The RhoGEF domain has also been shown to bind and activate the small GTPase, RhoA, 

leading to the altered expression of downstream kinases both in vitro and in vivo (Ford-Speelman 

et al., 2009).  This is reminiscent of data showing an interaction between the DH-PH region of 

the obscurin homolog, UNC-89 and Rho-1, the C. elegans homolog of Rho A (Qadota et al., 

2008).  Furthermore, obscurin and RhoA were shown to colocalize at the M-band, although 

RhoA translocated to the Z-disk under conditions of stress.  The interaction between obscurin 

and small GTPases also extends to the protein, TC10, which is activated by the RhoGEF domain 

(Coisy-Quivy et al., 2009).  Previously thought not play a significant role in skeletal muscle, 

TC10 activation by the obscurin RhoGEF domain may be involved in myofibril maturation in 

developing myotubes.  The RhoGEF domain of obscurin is specific for RhoA and TC10, as it 

does not bind or activate other small GTPases, such as Rac and Cdc42.  It is common for 

RhoGEF domains to be found adjacent to PH domains, and in the case of obscurin both are 

necessary in tandem to bind TC10 (Coisy-Quivy et al., 2009). 

 Further C-terminal to the RhoGEF and PH domains lies the C-terminal, non-modular 

region, that is specific to obscurin A and most relevant to the research I present in this thesis.  All 

the proteins know to interact with this region are splice variants of the ankyrin gene family that 

includes Ank1.5, Ank1.9, and Ank2.2 (Mohler et al., 2004; Armani et al., 2006; Kontrogianni-

Konstantopoulos et al., 2009).  Ank1.5, referred to as sAnk1 in the later Chapters of this thesis, 

has been the most widely studied, due to its abundance in striated muscle.   

The function of Ank1.5 (and Ank1.9, which is less well studied and much less abundant 

in skeletal myofibers (Dr. M. Ackermann, personal communication), has been proposed to 
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connect the SR to the contractile apparatus via its ability to bind to obscurin (Kontrogianni-

Konstantopoulos et al., 2003; Bagnato et al 2003).  Consistent with this, these small variants of 

Ank1 have been shown to concentrate at M-bands with obscurin, although at this point there is 

still some controversy surrounding the precise localization of the less studied variants.  Similarly, 

a splice form of AnkB, Ank2.2, which contains an amino acid stretch with high sequence 

homology to sAnk1 within its unique splice sequence that creates an additional ankyrin-like 

repeat (Mohler et al., 2004; Borzok et al., 2007), also accumulates at M-bands.  These ankyrins 

are further discussed in the next section and are shown in Figure 1.6 (Borzok et al., 2007). 

 

Figure 1.6.  Primary sequence analysis of ankyrin isoforms including sAnk1.  There is a 

large amount of sequence conservation between the ankyrin-like repeats of Ank1.5 and multiple 

other ankyrin isoforms. Shown are isoforms that contain one or both of the regions of positive 

charge that have been shown to be necessary to bind to obscurin.  Highlighted in black are these 

conserved charged regions that contain the previously identified key electrostatic binding 

residues. Adapted from Borzok et al., 2007.   
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In this thesis I aim to characterize the nature of the binding interactions between obscurin 

and sAnk1, focusing on the conserved hydrophobic residues within the binding regions of 

Ank1.5, and the C-terminal non-modular region of obscurin where the two short binding sites for 

sAnk1 are located. 

 

The Interaction with Small Ankyrin-1 

 The Bloch laboratory has characterized the binding between the C-terminus of obscurin 

and the cytoplasmic portion of sAnk1 extensively (Kontrogianni-Konstantopoulos et al. 2003; 

Borzok et al., 2007; Busby et al., 2010; Busby et al., 2011).  The binding mechanism is likely to 

apply to other ankyrin-like ligands of obscurin, including Ank2.2.  Also, since sAnk1 represents 

one member of the large family of proteins with ankyrin-like repeats, the binding mechanism is 

likely to be pertinent to a wide variety of potential protein-protein interactions mediated by 

ankyrin repeat domains.  In Chapter 3, I confirm this prediction through the successful 

identification of short ankyrin binding motifs in several proteins that are otherwise unrelated to 

obscurin.   

The initial observation of binding between the C-terminal region of obscurin and sAnk1 

were made in our laboratory concurrently with the Sorrentino group (Kontrogianni-

Konstantopoulos et al., 2003; Bagnato et al., 2003).  Both identified sAnk1 as the major ligand 

for obscurin, but the sites on obscurin involved in binding differed, despite the fact that both fell 

within the C-terminal region.  

The first, identified by Kontrogianni-Konstantopoulos et al., described the binding 

sequence as amino acids 6314-6434 and confirmed it through pull downs and blot overlays with 
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sAnk1.  The initial observation of binding between the C-terminal region of obscurin and sAnk1 

were made in our laboratory concurrently with the Sorrentino group (Kontrogianni-

Konstantopoulos et al., 2003; Bagnato et al., 2003).  Both identified sAnk1 as the major ligand 

for obscurin, but the sites on obscurin involved in binding differed, despite the fact that both fell 

within the C-terminal region.  

The second binding sequence of obscurin was identified ~100 amino acids N-terminal to 

the site we characterized and consists of a shorter, 25 amino acid stretch between residues 6236-

6260 (Bagnato et al., 2003).  The studies of this site were initially only qualitative, until our 

laboratory’s later work quantified the binding affinity to be 384 nM, ~3 fold lower than the site 

at residues 6316-6345, by surface plasmon resonance (SPR), (Busby et al., 2010) . The five 

amino acids at the N-terminus, constituting residues 6231-6235 of obscurin A, were included in 

the 30-mer construct, as the previously identified sequence, 6236-6260 did not bind in vitro as a 

fusion protein, probably for steric reasons.  I discuss this caveat in Chapter 2.  As shown in 

Figure 1.7, these differences in overall binding affinity Obsc6231-6260 and Obsc6316-6345 are the 

result of differences in the values for koff.  

 

Figure 1.7.  Kinetics of binding of GST-Obsc6231-6260 and GST-Obsc6316-6345 to MBP-sAnk129-

155.  SPR was used to determine the kinetics of binding to sAnk1 for both regions 6316-6345 and 

6231-6260 of obscurin.  The association phase (A), described by kon, shows no significant 

difference between the obscurin sites.  The dissociation phase (B), represented as koff, shows a 

three-fold difference between the two regions of obscurin. This difference in dissociation values 

results in a three-fold difference in the overall binding affinity, KD, (C) with the more C-terminal 

site showing the tighter affinity.  *= p<0.05 
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 The physiological significance of the fact that obscurin has two binding sites for sAnk1 is 

of great interest, as both sites are likely to compete for the same binding surface of sAnk1.  Both 

regions of obscurin A contain high concentrations of glutamate and other electronegative amino 

acid side chains that could bind to lysine and arginine residues of sAnk1.  Our laboratory has 

identified specific lysine and arginine residues on the surface of the ALRs that are involved in 

binding the higher affinity C-terminal site of obscurin (Borzok et al., 2007).  Further studies, in 

which I have been involved, introduced the idea of position specific electrostatic pairs that match 

four of these lysine and arginines with particular glutamate residues in the high affinity binding 

site and confirmed them with double mutant cycle experiments (Busby et al., 2011).  Ultimately, 

a docked model for the center of the high affinity binding site of obscurin with the ALRs of 

sAnk1 was generated in collaboration with Drs. Taiji Oashi and Alex MacKerell, in the 

Department of Computer-Aided Drug Design at the UMB School of Pharmacy.  This model is 

shown in Figure 1.8. 

 

Figure 1.8.  Docked model of Obsc6322-6339 and sAnk157-122.  These models were selected from 

six potential models obtained from Brownian dynamics simulations performed by the MacKerell 

laboratory, followed by further refinement using 70ns MD simulations. This figure is a 
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representative structure from the 70ns MD simulation of (A) model 2 and (B) model 10. 

Glutamate residues in Obsc6322-6339 involved in binding (E6327, E6329, and E6330) are shown in 

red; lysine and arginine residues on sAnk1 involved in binding (R69, R104, and K105) are 

shown in blue. These residues are also indicated by yellow arrows.  K6338 of obscurin and D111 

of sAnk1 (white arrows) are predicted to interact by both models.  Stick and surface 

representation are used in Obsc6322-6339 and sAnk157-122, respectively. 

 

 

 

 

In addition to identifying a previously undiscovered electrostatic interaction, the 

generated docked structure allowed us to predict additional hydrophobic interactions.  The 

hydrophobic interactions are discussed in Chapter 2 and led to the identification of a specific 

hydrophobic interaction between the high affinity binding site on obscurin and sAnk1. 

Competition experiments using wild type and mutant fusion proteins have shown that, 

when both binding sites of obscurin are present, the more C-terminal high affinity binding site 
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dominates (Busby et al., 2010).  This result would suggest that the contribution of residues 6231-

6260 to binding sAnk1 in vitro is less significant when both sequences are present.  There is also 

the possibility that both sites bind to the cytoplasmic portion of neighboring sAnk1 molecules, 

organized as disulfide-linked dimers (Porter et al., 2005).  For this to happen, the amino acids 

between the two sites of obscurin would have to adopt a secondary structure allowing for this 

conformation, such as a compact -sheet.  Further studies in the laboratory are underway to 

understand how these two sites might work in tandem and are discussed in Chapter 4. 

Another explanation for the differences in affinity observed for the two obscurin binding 

sites may result from differences I have observed in the secondary structure between the 30mers. 

Figure 1.9 shows that, in the presence of 30% TFE, the circular dichroism spectrum of the C-

terminal Obsc6316-6345 oligopeptide consistently shows ~35% α-helicity whereas the more N-

terminal Obsc6231-6260 oligopeptide gave spectra indicating ~17% α-helicity (Busby et al., 2010).  

 

Figure 1.9. Alpha helical content of peptides for Obsc6316-6345 versus Obsc6231-6260.  

Oligopeptides for regions 6231-6260 (circles) and 6316-6345 (triangles) were created and used 

for these circular dichroism experiments. Trifluoroethanol was present in the buffer along with 

the peptides in order to stabilize backbone hydrogen bonds and stimulate secondary structure 

formation. In the presence of 30% TFE, the high affinity 6316-6345 region showed 35% α-

helical content while the more N-terminal 6231-6260 region of obscurin showed 17% α-helical 

content.  
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As discussed in Chapter 3, the binding sites of many different proteins that bind to 

ankyrin-repeat containing proteins are of similar lengths and have similar levels of α-helicity.  

The circular dichroism experiments I performed do not describe which specific residues are 

contained within secondary structures, so I also used algorithmic predictions and homology 

modeling to create models for each obscurin binding site.  In Obsc6316-6345, the helix is predicted 

to be localized centrally and to be flanked by short stretches of less ordered residues, whereas the 

model of the shorter helix of Obsc6231-6260 is predicted to be near its N-terminus, followed by a 

longer disordered region (Busby et al., 2010).  Therefore, the sub-micromolar binding affinity of 

both sites within obscurin for sAnk1 could be explained by the high level of organization for 

several of the electronegative residues on one face of the predicted α-helix, where they could 

interact with many of the same lysine and arginine residues of sAnk1 that have been shown to 

mediate binding. 
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The Ankyrin and Ankyrin-Like Repeat Superfamily  

Consensus Ankyrin Repeats 

The ankyrin repeat (AR) motif is one of the most common, modular amino acid 

sequences in the eukaryotic proteome; it functions primarily to mediate protein-protein 

interactions.  The human genome encodes approximately 640 proteins that contain several to 

many ankyrin repeat (AR) motifs, aligned in tandem to compose an ankyrin repeat domain 

(ARD).  This motif is ubiquitous in nature: ARs exist in organisms of all phyla, but the majority 

are found in eukaryotes.  ARs are also seen in virus and bacteria, but this is likely a result of 

horizontal gene transfer (Bork, 1993).  These proteins serve a multitude of cellular functions and 

can be transcription factors, toxins, positive/negative modulators of cell cycle regulation, ion 

transporters, signal transducers, cytoskeletal linkers, or mediators of endocytosis and 

inflammatory responses (Li et al., 2006).   

An individual AR motif is comprised of approximately 33 amino acids.  Several to many 

of these ankyrin tandem repeats can pack into a linear array of repeating antiparallel helix-turn-

helix bundles, linked by -hairpin loops, to form ARDs (Gorina et al., 1996).  The size of the 

loop between helices varies among AR proteins, but it does not affect the stacking of the helices 

as the loop protrudes at a 90 degree angle.  The number of repeats varies between proteins with a 

minimum of 1 and a maximum of 34 in the ORF EAA39756 from Giardia lamblia, although the 

most common is between 2 and 6 AR’s (Mosavi et al., 2002; Mosavi et al., 2004).  Solved 

structures have revealed that each of these repeats is L-shaped and that when several are stacked 

together side by side they adopt a curved shape with concave and convex surfaces, the sizes of 

which increase with the number of ARs.  The D34 fragment of Ank1, or AnkR, best represents 
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this phenomenon; it is the largest AR protein whose structure has been solved for 12 of the 24 

ARs of the ARD (Michaely et al., 2002).  Having two distinct faces allows for protein-protein 

interactions to occur simultaneously on both surfaces. 

Many key amino acids that comprise AR consensus sequences have been reported and 

are shown in Figure 1.10. 

 

Figure 1.10.  The primary sequence and secondary structure of a consensus ankyrin repeat.  

The 33 amino acid consensus ankyrin repeat sequence is comprised of amino acids of varying 

degree of conservation.  The first helix is commonly initiated by a TPLH motif which provides 

stability to the overall ankyrin repeat.  Other highly conserved residues shown in red include 

hydrophobics buried with the helices providing more stability and helix terminating glycine 

residues. Adapted from Li et al., 2006.   

 

 

 To initiate the first α-helix, a highly conserved Thr-Pro-Leu-His tetrapeptide motif is 

present at positions 4-7 of the AR repeat domain (Mosavi et al., 2004).  The proline allows the L-

shaped structure of an AR initiating a tight turn, and is stabilized by the histidine and threonine 

also within this motif.  Within the second helix of an AR repeat sits another conserved repeat 
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sequence at positions 17-22, Val/Ile-Val-XXX (hydrophilic)-Leu/Val-Leu-Leu (Li et al., 2006).  

The highly hydrophobic nature of this sequence stabilizes intra- and inter-AR hydrophobic 

networks within the overall ARD (Sedgwick et al., 1999).  Both the first and second helices of 

ARs terminate in conserved glycines at position 13 and 25, which lead into the β-hairpin loop 

region (Mosavi et al., 2004).  The conserved nature of the identified residues can account for the 

stability of AR proteins, but it does not indicate how or even if the residues mediate protein-

protein interactions.  The more solvent-accessible residues have been reported to be less 

conserved, and are thought to mediate distinct electrostatic, hydrophobic and hydrogen bonding 

interactions between different AR proteins and their ligands.  Due to these differences, ankyrin 

binding motifs have not yet been predicted algorithmically based on conserved amino acid 

position.   

Although proteins that contain a single AR exist, an isolated AR cannot on its own adopt 

a folded structure without another AR present.  It is not clear whether proteins that contain a 

single AR are either functional, or if they contain a neighboring unidentified ankyrin-like repeat 

(ALR) that contributes to stability.  Chapter 4 discusses the potential role of a flanking terminal 

ALRs within ARD proteins.  The AR protein p18INK4c is an example that contains two C-

terminal ARs that form a minimal stable ARD (Sklenovsky et al., 2008).  The mechanism of 

folding of AR domains also varies, based on their location within the protein.  The D34 fragment 

of AnkR exhibits two different folding mechanisms (Werbeck et al., 2008).  The unfolding of the 

N-terminal portion is dependent on a folded C-terminal portion.  Once this intermediate with the 

unfolded N-terminal is achieved, the C-terminal is free to unfold in a manner similar to a single 

ARD.  The phenomenon of C-terminal ARs folding first to form a “structural scaffold” 

represents another mechanism to account for their high degree of stability.  
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 ALRs have been much less studied, due to the lack of homogeneity of their structure and 

consensus amino acids.  Numerous solved crystal structures have showed that ALRs lie at both 

the termini of consensus ARs as well as between them.  There are several rationales for 

considering them ALRs, especially their being formed from ~33 amino acids, having a helix-

loop-helix secondary structure, and participating in the main function of ARs, that is mediating 

protein-protein interactions. 

The exact number of amino acids within an ALR is more variable than that of ARs, due 

to the disordered amino acids that flank the helix-loop-helix motif.  The solved crystal structure 

(PDB ID: 2FO1) of the signaling protein Notch 1 (Figure 1.11a), on which sAnk1 was originally 

modeled (Borzok et al., 2007), shows seven helix-loop-helix structures, including 2 ALRs, in 

similar conformations (Nam et al., 2006).   

 

Figure 1.11.  The secondary structure of Notch1 with the consensus ankyrin repeats. (A) 

The signaling protein Notch1 contains seven neighboring helix-loop-helix motifs that are 

involved in mediating protein-protein interactions while also stabilizing the molecule. (B) 

Notch1 contains five consensus AR sequences. ALRs can be observed both between ankyrin 

repeats two and three as well as at the C-terminus. These ALRs correspond to residues 1123-

1161 and 1270-1297 in crystal structure 2FO1. Both these regions contain helix-loop-helix 

motifs that are likely to be integral to overall protein function. Adapted from Wilson et al., 2006 

(PDB ID 2FO1).  
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Notch 1 contains what I have considered an ALR of 39 amino acids between the second 

and third AR.  It fits the profile for an ALR, as it is organized as a helix-loop-helix structure and 

flanks a consensus AR.  This sequence, residues 1123-1161 of Notch, is shown in Figure 1.11b.  

A similar helix-loop-helix motif is also observed at the C-terminus of the consensus ARs of 

Notch 1, within residues 1270-1297 (also in Figure 1.11b).  In both cases, these regions fall 

below the consensus threshold for ARs due to the lack of key conserved residues at specific 

positions.  Nevertheless, they stabilize neighboring ARs and participate in protein-protein 

interactions (Gorina et al., 1996).  As a result, in the literature Notch1 has interchangeably been 

referred to as a five, six, or seven AR protein although technically it should be considered a five 

AR, two ALR protein.  The two ALR amino acid sequences should also be able to serve as 

templates for this novel domain family and are discussed further in Chapter 4. 

The threshold for identifying ARs also varies, depending on which of the different 

domain algorithms is used.  The simple modular architecture research tool (SMART) predicts the 

1166 amino acid AR protein tankyrase to have five sets of three neighboring ARs.  In contrast, 
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the Pfam database, which includes a large collection of protein families, each represented by 

multiple sequence alignments and hidden Markov models, predicts a sixteenth AR that is 

contained between the fourth and fifth set of triplicate ARs.  I have created in Figure 1.12 a 

sequence alignment of the tankyrase sequence, recognized as an AR by Pfam but not SMART, 

and compared it to the consensus AR sequence. 

 

Figure 1.12.  Sequence alignment of the amino acids of tankyrase C-terminal to the twelfth 

consensus ankyrin repeat.  This region is detected by the Pfam database as an AR but not by 

SMART.  Many of the key positions are still conserved as the stars indicate with 34% overall 

sequence identity.  There is also 75% sequence similarity represented in blue and green.  

 

 

 

Figure 1.12 shows 34% sequence identity and 75% sequence similarity between the 

sequences.  Most importantly, the regions of highest homology consist of many, but not all, of 

the consensus residues shown in Figure 1.10.  Both the Pfam and SMART database can therefore 

be considered highly stringent in assigning domain algorithm predictions.  It is likely that many 

ALRs are not detected, due to their variable size and divergence from the consensus sequence.  

In order to classify them, a less strict position specific matrix will need to be developed.  
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Due in part to the lack of a reliable way of identifying ALRs from their sequences, their 

exact function has not been elucidated.  It is likely that they function in tandem with neighboring 

ARs, as seen in the p50-p65 heterodimer/IκBα co-complex (Jacobs et al., 1998).  The tandem 

function of ALRs and ARs are also illustrated by the 1127 amino acid, p53-binding protein 2 

(p53bp2).  This protein contains two algorithmically predicted ARs with an ALR flanking them 

on either side, as shown in Figure 1.13a.  I have identified that a skeletal muscle specific isoform 

of p53bp2 exists, albeit in much less abundance, that is alternatively spliced to eliminate one 

exon (Figure 1.13b).  This splice variant eliminates a single C-terminal AR along with the 

flanking ALR.  The tandem AR and ALR binds to p53, in a manner that is disrupted by many 

oncogenic mutations of p53 (Gorina et al., 1996).  The small isoform, missing the second 

algorithmically predicted AR and its flanking ALR, would leave just one AR, which as 

previously mentioned is not sufficient for proper folding.  The idea that nearby ALR can stabilize 

a solo AR is therefore of considerable interest for understanding the regulation of p53 function, 

and its relevance to oncogenesis.  It is also of interest for proteins like sAnk1, which contain two 

previously uncharacterized ALRs.    

 

Figure 1.13.  p53bp2 protein isoforms secondary structure in complex with p53.   (A) The 

p53bp2 protein contains two central ankyrin repeats flanked on either side by ankyrin-like 

repeats, recognizable from their helix-loop-helix motifs, shown here. The N-terminal ankyrin-

like repeat structure (residues 327-359) and the C-terminal ALR (residues 422-459) are shown. 

(B) The exon structure for the p53bp2 protein is shown. The exon that is missing in a skeletal 

muscle-specific isoform is circled.  This exon contains the C-terminal ankyrin-repeat and C-
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terminal ankyrin-like repeat. The co-crystal structure shows that these two regions in tandem are 

responsible for conferring specificity for binding to p53. Adapted from PDB ID: 1YCS.   

 

 

Role in Striated Muscle 

 Although ankyrin was originally characterized for its role in red blood cells, proteins 

containing AR domains occur ubiquitously across cell types.  One role for the family of ankyrins 

in striated muscle is to act as a cytoskeletal scaffold that links proteins at the plasma membrane 

to intercellular proteins.  Three different genes, ANK1 (ANKR), ANK2 (ANKB), AND ANK3 

(ANKG), encode a large set of different ankyrins that serve as linkers, with apparently similar 

functions.  The canonical ankyrins encoded by these three gene share a similar structure and have 

molecular masses of ~200kDa (Bennett et al., 1992).  The N-terminal portion of these canonical 

proteins consists of ~24 algorithmically predicted ARs that interact with integral membrane 

proteins (Mosavi et al., 2004).  For example, in cardiac muscle AnkB has been shown to bind to 

the RyR, inositol triphosphate receptor (IP3R), sodium-potassium exchanger, sodium-calcium 

exchanger and dystrophin (Bourguignon et al., 1995; Mohler et al., 2004; Morrow et al., 1989; 
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Ayalon et al., 2008).  In addition, AnkG binds to the voltage gated sodium channel, sodium-

potassium ATPase, dystrophin and -dystroglycan
 
(Van Wart et al., 2005, Cunha et al., 2006; 

Hopitzan et al., 2005; Ayalon et al., 2008).  The large canonical ankyrins also share a central 

spectrin binding domain, capable of binding I and II, and perhaps other, spectrins (Bennett, 

1982).  The interaction between AnkB and the spectrin II subunit allows for the proper 

localization of spectrin at the M-band in cardiac cells, showcasing the role of an ankyrin as a 

cytoskeletal scaffold (Mohler et al., 2004).   

 

Muscle Specific Ankyrin Isoforms 

 The full length ANK1 gene contains 42 exons spanning a distance of >160 kb and is 

located on human chromosome 8 (Gallagher et al., 1997).  Alternative splicing leads to the 

formation of five small muscle-specific isoforms of the Ank1 protein that share sequence 

homology (Armani et al., 2006; Borzok et al., 2007).  The five Ank1 isoforms are termed 

Ank1.5-Ank1.9 and are all transcribed by an alternate promoter located between exon 39 and 40 

(Gallagher et al., 1998; Birkenmeier et al., 1998).  While the large, 200kDa Ank1 protein 

localizes to the sarcolemma, the smaller five isoforms share homology at the N-terminus which 

has been characterized in Ank1.5 as a membrane spanning domain that targets the protein to the 

SR membrane (Porter et al., 2005).  Ank1.5 represents the most abundant of the isoforms and has 

been the most studied within the small ankyrins family although like Ank1.5, Ank1.9 (but not 

Ank1.6 and Ank1.7) binds to obscurin in yeast two-hybrid assays and pull-down experiments, 

albeit with a lower avidity than Ank1.5 (Armani et al., 2006). It is likely Ank1.6 and Ank1.7 

both do not bind obscurin because they do not contain the conserved C-terminal binding amino 
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acids shared by Ank1.5 and Ank1.9 (see Figure 1.6).  The functions of the transcripts of Ank1.6-

1.8 are not well understood despite their similar molecular weights of ~20kDa.  Our laboratory 

has referred to Ank1.5 – Ank1.9 collectively as “small ankyrins”, or sAnk1, and has used this 

term specifically to refer to the isoform that binds to obscurin, Ank1.5, the major isoform in 

skeletal muscle.  In the results section, I focus on the hydrophobic residues that are conserved 

between isoforms, and are located within both the unique and conserved binding regions of 

sAnk1.  

 The ANK3 gene also undergoes alternative splicing that leads to at least six small 

transcripts that share considerable homology with the two obscurin binding regions within the 

ALRs of Ank1.5 (Borzok et al., 2007).  The 76 amino acid region conserved between the small 

Ank1 and Ank3 isoforms has been termed the “obscurin/titin-binding-related domain” (OTBD) 

(Hopitzan et al., 2006).  Although these smaller isoforms are muscle specific, they do not 

localize to the network SR like Ank1.5, but instead concentrate a costameres at the sarcolemma, 

where the physiological significance of a possible interaction with obscurin remains unclear 

(Hopitzan et al, 2006). 

 

Small Ankyrin-1 

 Like obscurin, sAnk1 concentrates at the periphery of the M-band and Z-disk of mature 

striated muscle (Zhou et al., 1997; Kontrogianni-Konstantopoulos et al., 2003).  Developmental 

studies have shown that sAnk1 incorporates at the level of the Z-disk as early as embryonic day 

14 of rodent skeletal muscle (Giacomello et al., 2009), although our laboratory has been unable 

to replicate these results.  sAnk1 is considered one of the earliest among the SR proteins to 
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become incorporated into the developing SR, as its organization precedes that of other SR 

proteins, such as SERCA and the RyR (Giacomello et al., 2009).  The same studies done in 

postnatal rodent skeletal muscle revealed that, starting at postnatal day 1, sAnk1 is found at the 

level of both M-bands and Z-disks (Giacomello et al., 2009).  This could explain the observation 

that myotubes treated with siRNA targeted to sAnk1 have a major effect on proteins of the 

network SR such as SERCA (e.g., Figure 1.14: Dr. Maegen Ackermann, dissertation).  The 

major effect is specific to the network compartment, as the sAnk1 siRNA only has minor effects 

on proteins of the triad junction and the sarcomere.     

 

Figure 1.14.  The effect of siRNA on network SR proteins.  When sAnk1 is present, (D, G), 

two proteins of the network sarcoplasmic reticulum, SERCA and sarcolipin, are properly 

organized (D’, G’). When siRNA targeted to sAnk1 reduces the endogenous levels of the protein 

(A, E), SERCA and sarcolipin become disorganized (A’, E’). Adapted from Dr. Ackermann, 

dissertation.  
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Efforts to solve the structure of cytoplasmic portions of sAnk1, studied as either the 

complete cytoplasmic region (amino acids 29-155) or the ALR domain (amino acids 60-130) , 

which I found bind with similar affinity to amino acids 6316-6345 of obscurin, have not proved 

successful in our laboratory.  6-His fusion constructs of both these sequences at high 

concentrations have not adopted a folded conformation in vivo and instead precipitate when they 
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are concentrated to the high levels suitable for nuclear magnetic resonance (NMR) experiments, 

as discussed in Chapter 4.  Since sAnk1 is an integral membrane protein, we have found it 

difficult to mimic the cellular environment outside the SR membrane, despite trying numerous 

buffers.  Also, sAnk1 lacks a signature AR TPLH tetrapeptide motif, which is an important 

contributor to overall conformational stability (Guo et al., 2010).  In fact, a screening of patients 

with hereditary spherocytosis identified a His276Arg mutation within the TPLH domain of AR 

nine of Ank1 that alters function (Leite et al., 2000).  Therefore, we have used molecular 

modeling to understand how the cytoplasmic portion of sAnk1 folds and how it can bind to its 

major ligand, obscurin. 

 The original homology model of residues 57-122 of sAnk1 was based on ARs five and 

six of Notch1, due to the high degree of similarity in the order of hydrophilic and hydrophobic 

residues (Borzok et al., 2007).  A third AR or ALR at the C-terminus has also been proposed 

(Jim Nicholson, personal communication) but this lies outside the obscurin binding site and has 

not yet been modeled.  (No binding partners have been identified for the C-terminal region of 

sAnk1 but the possibility of the third AR or ALR providing additional binding sites for other 

novel ligands in muscle seems likely.) Following the completion of the homology model, our 

collaboration with the MacKerell laboratory used minimization calculations and dynamics 

computer simulations to show that the last turn of the initiating α-helix of the first ALR tended to 

project out and open slightly (Busby et al., 2011). 

The first stage of refinement of the structure of the ARs of sAnk1 included 30ns 

molecular dynamics (MD) simulations with empirical force field calculations, and employed 

CHARMM and NAMD to test the stability of the model of residues 57-122 of sAnk1 (Busby et 

al., 2011).  Further refinement entailed Brownian dynamics (BD) simulations using the program 
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MacroDox, with sAnk157-122 fixed at the center of the simulation system.  One of the 

representative structures from cluster four is shown in Figure 1.15 and corresponds to the 

structure the sAnk157-122 is predicted to adopt in aqueous solution.  The structure in Figure 1.15 

shows four intact, helical cores, predicted for the two neighboring ARs by our homology model.   

 

Figure 1.15.  Refined model of sAnk1 ALRs following molecular dynamics simulations.  

Residues 57-122 of sAnk1, including both ALRs, are predicted, by molecular dynamics 

simulations to adopt a conformation similar that of the original homology model. The core 

containing four helices remained intact although the second helix of the second ankyrin-like 

repeat projects outward from the plane of the neighboring helices. All identified binding residues 

to obscurin are exposed on the surface of the folded protein, allowing for proper complex 

formation.   

 

 

 

As the binding region of sAnk1 does not meet the criteria of ARs based on consensus 

sequence, and it adopts helix-loop-helix structures that deviates from a standard AR, we consider 
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it to contain ALRs.  The biggest structural deviation from the original model is seen in the 

second helix of the second ALR.  The projecting terminal α-helix is common among previously 

mentioned ALR domains, such as the p53bp2 protein.  Although sAnk1 was originally modeled 

after the ARs of Notch1, it may share more structural homology with the ALRs of Notch1 

presented in Figure 1.11. 

 Our more recent molecular dynamics calculations also suggest that the four electrostatic 

residues that participate in binding to obscurin are indeed on the surface of sAnk1 (Busby et al., 

2011).  In addition, the original prediction from sAnk1 modeling of a hydrophobic hotspot, 

containing residues Val-70, Ile-102 and Ile-103, has also been confirmed by molecular dynamics 

simulations.  These more recent calculations further suggest that Phe-71 also forms part of this 

hydrophobic hotspot.  The incorporation of Phe-71 in the solvent-exposed surface model is likely 

due to the predicted projection of the second ALR, which relaxes the overall structure in the 

middle of the molecule. Chapter 2 of this thesis focuses on how the hydrophobic hotspot of 

sAnk1 regulates binding to both the high and low affinity sites of obscurin.      

 

Gankyrin 

 The AR protein gankyrin is the 26S non-ATPase regulatory subunit 10 of the 

proteosome.  Gankyrin is a 226 amino acid, 24kDa protein that contains five algorithmically 

predicted central ARs that are flanked on either side by an ALR, as shown in Figure 1.16  

(Krzywda et al., 2003).  
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Figure 1.16.  The secondary structure of the ARD protein gankyrin (A) The solved solution 

structure of gankyrin (PDB ID: 1UOH) shows seven helix-loop-helix motifs, five of which have 

amino acid sequences recognized as consensus ARs. These five ARs are flanked by helix-loop-

helix motifs that fit the criteria for ALRs. (B) Amino acids residues 4-39 of the structure 

represents an example of an ALR flanking consensus ankyrin repeats. (C) Residues 201-224 

represent another example of an ALR marked by a helix-loop-helix motif bookending consensus 

ankyrin repeats. 

 

 

 

 

Gankyrin acts as a regulatory subunit of the 26S proteosome, which is involved in the 

ATP-dependent degradation of ubiquitinated proteins.  It was first identified as a six AR protein 

that accelerated degradation of retinoblastoma (Rb) protein following association (Higashitsuji et 

al., 2000).  In hepatocellular carcinoma patients, the overexpression of gankyrin leads to 

increased phosphorylation and destabilization of Rb (Park et al., 2001).  Binding studies of 

gankyrin and Rb identified a key L-x-C-x-E motif within the ARD of gankyrin that confers 

specificity (Ying et al., 2006).  In Chapter 3, I identify the short amino acid sequences within Rb 

that mediate binding to gankyrin and show that this sequence shares some similarity with the 

sAnk1-binding sequences of obscurin.   
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The p53 tumor suppressor protein is another negatively regulated protein of gankyrin that 

goes though accelerated proteosomal degradation via double minute 2 protein (Higashitsuji et al., 

2005).  The accelerated degradation of p53 is promoted initially by gankyrin, which can lead to 

the proliferation of human pancreatic cancer cells (Meng et al., 2010).  This is another example 

of the promiscuity of ARs, ALRs, and the proteins that bind to them. 

The mechanical unfolding of the combined seven ARs and ALRs of gankyrin has also 

been studied.  Gankyrin has several unfolding pathways, which are not cooperative, and unfold 

one repeat at a time (Serquera et al., 2010).  The unfolding pathway for the ARs of gankyrin, 

were compared to the consensus-designed five AR protein NI3C.  Differences were observed 

when both the consensus five ARs and the five ARs along with the flanking ALRs of gankyrin 

were subjected to a force of 125pN (Serquera et al., 2010).  Unfolding proceeded C-terminal to 

N-terminal and is likely a result of the C-terminal ALR deviating the most from a consensus, and 

more stable, AR.   

The intermediate states during unfolding may provide insights into how ARs are able to 

have so many binding partners, due to their ability to assume multiple conformations at 

intermediate stage of folding and unfolding.  By characterizing the ALR domain, it will be 

possible to group unfolding profiles for proteins that contain ALRs alongside neighboring ARs 

in a similar manner to gankyrin to derive some general principles of the stability and dynamics of 

this protein family. 

 

RFXANK   

 RFXANK, or regulatory factor X ankyrin repeat family A protein 1, has at least four 

ARs, and functions to activate transcription from class II major histocompatibility complex 
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(MHC) promoters.  RFXANK has a molecular weight of 28kDa; its structure has not been 

solved, although structural comparisons link it most closely to the AR protein p16INK4a (Kopp 

et al., 2004).  In Figure 1.17, I show that the Hierarchical Neural Network (HNN) secondary 

structure predicts a helix-loop-helix between residues 83-122, before the first predicted AR 

begins at residue 123, consistent with the fact that ALRs flank terminal ARs in other ARD 

proteins. 

 

Figure 1.17.  The predicted secondary structure N-terminal to the ARs of RFXANK.  The 

primary sequence of RFXANK from residues 83-123 is shown with the hierarchical neural 

network secondary structure predictor that shows a combination of coil (c) and helix (h). This 

amino acid region precedes the first consensus AR. Although the solution structure for RFXANK 

has not been solved, this region is likely to contain an ALR that flanks the neighboring ARs. 

 

 

 

 

The four predicted ARs are at the C-terminus of RFXANK and mediate binding to 

histone deacetylase-4 (HDAC4), a class II histone deacetylase.  The initial interaction was 

characterized in a yeast two-hybrid screen that found association between the ARD of RFXANK 

and amino acid regions 118-279 and 448-666 of HDAC4 (Wang et al., 2005).  The binding 

between HDAC4 and RFXANK is associated with repression of MHC II genes unless HDAC4 is 
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phosphorylated, which causes nuclear export of the complex and the activation of MHC II genes 

(McKinsey et al., 2006).  Although the location of the HDAC4 binding site has been mapped to 

the C-terminus of RFXANK, it is not clear whether it is the last AR or the more C-terminal 

amino acids that confer specificity to the large identified regions of HDAC4 involved in binding.  

I show in Chapter 3 that similar to obscurin, HDAC4 contains a motif of ~30 amino acids that 

confers specificity to ARD proteins. 

 

DARPins as Therapeutics 

 The recent trend to use proteins as therapeutics has also translated to the AR family.  Due 

to their molecular stability, propensity to participate in protein-protein interactions, and their 

relatively small size compared to other protein therapeutics, such as monoclonal antibodies, 

DARPins (designed ankyrin repeat proteins) have emerged as candidates that offer advantages  

for target-based drug discovery.  A five AR DARPin, 3H10, has been co-crystallized with the 

Ser/Thr protein polo-like kinase-1, to which it binds with a 50nM affinity (Bandeiras et al., 

2008).   

The clinical possibilities have just begun to be explored by the company, Molecular 

Partners, which recently initiated a phase 1 trial for the ability of the DARPin MP0112 to inhibit 

vascular endothelial growth factor A (VEGF-A) as a therapy for wet age-related macular 

degeneration.  Later Chapters of this thesis discuss the categorization of the ligands that bind to 

ARs and ALRs and their binding sites, which may ultimately be useful in future high throughput 

screens.  Furthermore, understanding the role of flanking ALRs could prove useful in the design 

of novel DARPins.               
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Ankyrin Binding Proteins 

Co-crystal Structures 

 Although AR consensus sequences have been reported, to date no consensus sequences 

have been developed for the binding partners of ARs.  One powerful tool that has made possible 

the identification of specific amino acids involved in binding to AR and ALR proteins is the 

solved crystal structures of complexes of AR domain proteins and their ligands.  To date, ten 

different native protein co-crystal structures have been solved that make it possible to categorize 

the different types of secondary structures that ligands adopt while bound to their respective ARs 

and ALRs.  Some overlap exists among the ten solved complexes, as three include the cell 

division protein kinase 6 (CDK6) protein bound to similar AR proteins, p16-INK4, p18-INK4 

and p19-INK4.  Nonetheless, studies of crystal structure (PDB ID: 1bi7) have allowed the 

specific AR interacting residues of CDK6 to be identified and characterized (Russo et al., 1998).  

Three neighboring residues of CDK6 contacting the two ARs of p16INK4, D102, Q103, and 

K111, are in a short α-helix (Li et al., 2006).  These residues are conserved in CDK4 and also 

used to bind the ARD of p16INK4a. 

 Other key residues of ligands that bind to ARs can be deduced from the solved structure 

of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) bound to the AR 

protein, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IκBα 

PDB ID: 1nfi) (Jacobs et al., 1998).  The complex shows that hydrophobic interactions are also 

essential for formation of a tight complex.  The interacting residues include Phe-309, Ile-312, and 

Met-313 from the RelA (p65) subunit of NFκB bound to residues Phe-77, Leu-80, Ala-81, Leu-

89, and Val-93 within the first AR of IκBα.  All the residues within RelA are found in a longer 
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helix than the AR binding region of CDK6, creating a possible second unique template for an 

AR binding site.  

 

Nuclear Factor Kappa-Light-Chain-Enhancer 

 The NFκB protein is a transcription factor involved in the regulation of over 150 target 

genes.  The majority of the targeted genes such as those for cytokines and MHC molecules, 

participate in the host immune response, (Pahl, 1999).  The two AR, two ALR protein, 

myotrophin stimulates the transcriptional activity of NFκB by increasing its nuclear 

translocation.  In cultured rat neonatal ventricular cardiomyocytes, myotrophin-induced NFκB 

activation results in cardiac hypertrophy, as observed on cover slips (Gupta et al., 2002).   

As previously mentioned, NFκB also binds the AR protein, IκBα which blocks 

transcriptional activity by sequestering NFκB (Verma et al., 1995).  It is the ALR following the 

five ARs of IκBα that is responsible for occluding the NFκB DNA-binding cleft (Jacobs et al., 

1998).  The hydrophobic residues responsible for binding are contained within the nuclear 

localization sequence of the p65 subunit of NFκB and contribute to its tight (40pM) binding 

affinity for IκBα (Bergqvist et al., 2006).  Similar to the high affinity binding site for sAnk1 

within obscurin, the high affinity of NFκB for IκBα is a result of a stable complex that kinetic 

studies have shown dissociates very slowly.  Therefore it is likely that hydrophobic residues 

within obscurin contribute to the tight overall affinity for sAnk1 in a similar fashion to the NFκB 

and IκBα complex. 

 

Retinoblastoma 

 The Rb protein is a tumor suppressor in a variety of cell types, and with 928 amino acids 

has a molecular mass of 106 kDa.  Its main function is to act as a transcription repressor of E2F1 
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target genes (Knudsen et al., 2006).  The hypophosphorylated, maximally active form of Rb 

interacts with E2F1 and represses its transcription activity of key proteins involved in the cell 

cycle (Cobrinik, 2005).  Phosphorylation of Rb inactivates its tumor suppressing function 

through dissociation from the E2F transcription factor, leading to progression of the cell cycle 

(Knudsen et al., 1997).  

Rb also regulates the cell cycle through its binding to the AR protein gankyrin. As 

previously mentioned, the interaction was identified by the consensus Rb binding sequence L-x-

C-x-E motif within the ARD of gankyrin (Ying et al., 2006).  The solved structure of gankyrin 

shows the Rb binding motif to be buried within the ARD, making the exact binding mechanism 

still unclear.  Gankyrin binding to retinoblastoma causes Rb hyperphosphorylation, so that it 

releases the E2F transcription factor and allows the cell cycle to continue (Dawson et al., 2006).  

Understanding how Rb binds to the ARs of gankyrin should also provide insight into how the 

many other proteins to which they bind share similar mechanisms. 

 

Histone Deacetylase 4 

 The HDAC4 protein is a 1084 amino acid, 119kDa protein that is responsible for the 

deacetylation of lysine residues on the N-terminal region of the core histones, an essential 

component of the mechanism for gene expression (Jenuwein et al., 2001).  HDAC4 is a member 

of the class II HDAC family, which participates in binding a limited number of transcription 

factors, at least compared to the class I family (McKinsey et al., 2006).  It plays a role in muscle 

maturation through its interaction with the amino-terminal extension of myocyte enhancer 

factors such as MEF2A, MEF2C and MEF2D (Miska et al., 1999).  
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 Although the binding sites for RFXANK have been narrowed down to amino acids 118-

279 and 448-666 of HDAC4, identifying the specific residues involved in binding will contribute 

to the characterization of common binding motifs for ARs (Wang et al., 2005).  There is also 

potential therapeutic relevance, as interfering with the interaction between HDAC4 and 

RFXANK should lead to continued expression of the MHCII genes vital to the immune 

response.  By studying multiple binding partners of ARs and ALRs, it should become possible to 

pinpoint specific positions of amino acids crucial for binding.  Just as DARPins have been 

designed by identifying key residues within consensus ARs, there is the possibility for small 

protein therapeutics based on understanding the positional specificity and structures of the 

ligands of AR and ALRs.   

 

 

Hypotheses and Significance of this Project 

Obscurin binds sAnk1 via two unique binding regions near its C-terminus.  The binding 

of these two proteins is thought to provide a link between the sarcoplasmic reticulum, where 

sAnk1 localizes, and the periphery of the contractile apparatus, where obscurin concentrates.  

The introduction summarized some work from our laboratory that showed that electrostatic 

interactions contribute to the high binding affinity between the cytoplasmic region of sAnk1 

(amino acids 29-155) and the high affinity binding site of obscurin (amino acids 6316-6345).  

These 30 amino acids bind with an affinity three times greater than the more N-terminal binding 

site of obscurin, consisting of amino acids 6231-6260 .  This three-fold difference in affinity is a 

result of differences in the dissociation phase of kinetic binding studies.  In initiating the studies 

presented in the later Chapters of this thesis, I hypothesized that hydrophobic interactions could 
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account for these differences, as both the high affinity region of obscurin is rich in hydrophobic 

residues, while sAnk1 has a “hydrophobic hotspot” on its surface adjacent to the electrostatic 

residues involved in binding.  Chapter 2 presents my results obtained from alanine-scanning 

mutagenesis that identify key residues of both sAnk1 and obscurin that contribute to the tight 

binding associated with the bound complex. 

 The discovery of two distinct binding sites within obscurin for sAnk1 lead to the 

hypothesis that ligands can bind to ARD proteins in at least two different ways.  Studies of 

minimal binding sites, presented in this Introduction, have suggested that the recognition sites 

within obscurin for sAnk1 are similar in length, at ~30 amino acids.  However, structural studies 

using CD showed that the peptides for these two regions, 6316-6345 and 6231-6260, differ two-

fold in α-helical content.  To date, no consensus binding sequences for ARD proteins have been 

reported.  I hypothesized that these two 30 amino acid sequences of obscurin can serve as 

templates for other ankyrin and ankyrin-like binding proteins.  In Chapter 3, I present evidence 

based on a combination of primary sequence similarity and secondary structure homology that at 

least two distinct classes of ankyrin-binding motifs exist. The sequence alignments I have created 

also have made it possible to identify novel primary sequences in several other proteins, that are 

of similar length to obscurin’s binding sites and that also that bind to ankyrin and ankyrin-like 

repeat proteins. 

 Despite a focus in our laboratory in characterizing the two binding sites of obscurin, our 

results are limited to in vitro conditions and do not describe the dynamic physiological setting 

where sAnk1 and obscurin localize.  As described in the Introduction, the SR stores large 

quantities of Ca
2+

 that are depleted during contraction.  With sAnk1 positioned at the surface of 

the SR and obscurin surrounding the contractile apparatus, the binding interaction is likely to 
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encounter different concentrations of Ca
2+

 (as well as different stresses and strains as muscle 

contracts and relaxes).  Chapter 4 presents preliminary evidence that the two obscurin binding 

sites display different binding profiles in the presence of varying physiological levels of free 

Ca
2+

.  These preliminary studies also include other physiological levels of cations, that may help 

to explain how obscurin and sAnk1 binding is regulated in vivo. 

  In Chapter 3, I show that the retinoblastoma protein has binding motifs for ARD proteins 

that are similar to obscurin.  Retinoblastoma protein has been characterized as a ligand for the 

AR/ALR protein, gankyrin, but its role in skeletal muscle has not been well studied.  In Chapter 

4, I present evidence that two unique regions of retinoblastoma protein also bind sAnk1 in vitro, 

and both proteins display similar localization patterns in skeletal muscle cells.  This concept of 

promiscuity of ankyrin-like binding proteins and their ligands is consistent with studies of a 

number of other proteins, such as NFκB, which has multiple ARD ligands.  As more ankyrin and 

ankyrin-like binding motifs are identified, the resulting larger databases of primary sequence and 

secondary structure should make novel ligand identification more accessible. 
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Chapter 2: Hydrophobic Interactions Mediate Binding of Obscurin and Small Ankyrin 1 

 

Abstract 

Small ankyrin-1 is a splice variant of the ANK1 gene that binds to obscurin A. Previous 

studies have identified electrostatic interactions that contribute to this interaction.  In addition, 

molecular dynamics simulations predict four hydrophobic residues in a single “hot spot” on the 

surface of the ankyrin-like repeats of sAnk1, near the charged residues involved in binding.  We 

used site-directed mutagenesis, blot overlays and surface plasmon resonance assays to study the 

contribution of the hydrophobic residues, V70, F71, I102 and I103, to binding to two different 

30-mers of obscurin that bind sAnk1, Obsc6316-6345 and Obsc6231-6260.  Alanine mutations of the 

hydrophobic residues disrupted binding to the high affinity binding site, Obsc6316-6345.  In 

contrast, V70A and I102A mutations had no effect on binding to the lower affinity site, Obsc6231-

6260.  Of the five hydrophobic residues present in Obsc6316-6345 mutated to alanine, V6328, I6332, 

and V6334 were critical for binding to sAnk1.  Individual alanine mutants of the six hydrophobic 

residues of Obsc6231-6260 had no effect on binding to sAnk1, although a triple alanine mutant of 

residues V6233/I6234/I6235 decreased binding.  We also examined a model of the Obsc6316-6345-

sAnk1 complex, following MD simulations, and found I102 of sAnk1 to be within 2.2Å of 

V6334 of Obsc6316-6345.  Mutating I102 of sAnk1 to other hydrophobic amino acids such as 

phenylalanine or leucine did not disrupt binding to obscurin.  Our results suggest that 

hydrophobic interactions contribute to the higher affinity of Obsc6316-6345 for sAnk1 and to the 

dominant role exhibited by this sequence in binding. 
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Introduction 

 Ca
2+

 -dependent contraction in striated muscle depends upon the precise spatial 

regulation of the activity of the sarcoplasmic reticulum (SR), which stores and releases Ca
2+

, 

with that of the contractile apparatus, where Ca
2+

 released from the SR stimulates myosin 

ATPase and induces muscle shortening (Ebashi et al., 1968; Endo, 1977).  To coordinate activity 

efficiently, the SR is organized around each contractile unit, or sarcomere.  In mammalian 

skeletal muscle, the two major components of the SR, the network SR (nSR) and junctional SR, 

surround each sarcomere at distinct locations, but the mechanisms that establish this organization 

and that stabilize it during the contractile cycle are poorly understood.  We have been studying 

the association of the giant modular protein, obscurin, with a small splice variant of the ankyrin 1 

gene, small ankyrin-1 (also known as sAnk1 and Ank1.5), to learn how it contributes to the 

architecture of the SR (Kontrogianni-Konstantopoulos et al., 2003; Kontrogianni-

Konstantopoulos et al., 2006; Borzok et al., 2007; Busby et al., 2010).  

sAnk1 is an integral membrane protein of the nSR that is oriented in the membrane with 

two ankyrin-like repeat (ALR) motifs exposed to the cytoplasm (Borzok et al., 2007; Porter et 

al., 2005).  In in vitro assays, these motifs bind to two nearby sites within the C-terminal, non-

modular domain of obscurin A (Kontrogianni-Konstantopoulos et al., 2003; Bagnato et al., 2003, 

Armani et al., 2006; Busby et al., 2010).  Obscurin is a member of the titin superfamily of large 

muscle proteins (Kontrogianni-Konstantopoulos et al., 2009).  The A isoform of obscurin in 

skeletal muscle localizes to both the Z-disk and M-bands of sarcomeres, where it concentrates at 

the periphery of the contractile apparatus (Young et al., 2001; Kontrogianni-Konstantopoulos et 

al., 2003, Bowman et al., 2007; Fukuzawa et al., 2008).
   

sAnk1 concentrates in the nSR at these 

same locations (Kontrogianni-Konstantopoulos et al., 2003, Zhou et al., 1997).  The binding of 
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sAnk1 to obscurin A occurs with affinities in the submicromolar range, and several experiments 

suggest that they interact in vivo to organize the nSR around each sarcomere (Kontrogianni-

Konstantopoulos et al., 2003, Bagnato et al., 2003, Busby et al., 2010).       

The molecular mechanism of binding between obscurin A and sAnk1 is an active area of 

investigation.  Recently our laboratory has determined the specific pairs of electrostatic 

interactions that contribute to the high affinity (~100nM) binding site, located within amino acids 

6316-6345 of obscurin A. (Borzok et al., 2007, Busby et al., 2011). A second site, located within 

residues 6231-6260, binds to sAnk1 but with lower affinity (~350 nM) (Busby et al., 2010).  

Both sites use negatively charged amino acids to interact with the arginine and lysine side chains 

exposed on the ALRs of sAnk1. (Borzok et al., 2010, Busby et al., 2011).  We reasoned that this 

difference in affinity is unlikely to be explained solely by the difference in electrostatic 

interactions and therefore investigated the possibility that hydrophobic interactions are required 

to achieve affinities in the sub-micromolar range.  

In an earlier study we described a homology model of sAnk1 that suggested the presence 

of a hydrophobic “hotspot” flanked by charged residues that mediate binding to obscurin 

(Borzok et al., 2007). 
 
The hydrophobic residues are exposed on the loops between the α-helices 

of each of the two ALRs that comprise the ankyrin repeat domain (ARD).  Although the 

hydrophobic residues within ankyrin repeat (AR) proteins, such as the signaling protein, Notch1, 

which served as an earlier template for modeling the structure of sAnk1 (Borzok et al., 2007) 

typically stabilize the packing of ARs, several crystal structures of complexes of AR proteins 

with their ligands, including the structure of IκBα bound to the p65 subunit of NFκB, suggest 

that hydrophobic contacts also contribute directly to binding (Jacobs et al., 1998; Huxford et al., 

1998).  Based on these precedents, we hypothesized that the hydrophobic hotspot on the surface 
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of the sAnk1 model contributes to binding to obscurin. We further hypothesized that 

hydrophobic interactions mediated by these residues are more prominent in the binding of sAnk1 

to its high affinity site than to its low affinity site on obscurin A.  The data we present here, 

based on more extensive site-directed mutagenesis studies and theoretical investigations using 

molecular dynamics (MD) simulations, verify these predictions. 

 

Materials and Methods 

Generation of GST and MBP-Fusion Constructs 

 GST constructs were previously generated with the PGEX4T-1 (Amersham Biosciences, 

http://www.gelifesciences.com) vector for Obsc6316-6435 and Obsc6231-6260 (Busby et al., 2010).  

PCR was used to amplify the sequence of interest, which was enzymatically digested with 

BamH1 and EcoR1 and ligated into the PGEX4T-1 vector.  Fused constructs were transformed 

into DH5α competent cells (Invitrogen, Carlsbad, CA, http://www.invitrogen.com).  After DNA 

was extracted, the sequence was verified by the UMB Biopolymer Core Facility.  

sAnk1-MBP constructs were created with the pMal-c2x vector (New England Biolabs, 

Beverly, MA).  PCR was used to amplify the sequence of interest, which was enzymatically 

digested with SalI and EcoR1 and ligated into the pMal-c2x vector which contains the maltose-

binding tag at the C-terminus of the fusion protein.  Constructs were transformed into DH5α 

competent cells and DNA was extracted and sequence verified. 

 

 



58 

 

Site-directed Mutagenesis 

 The Quik-Change II mutagenesis kit (Stratagene, Cedar Creek, TX, 

http://www.stratagene.com/) was used to generate mutations, following the manufacturer’s 

instructions.  Briefly, primers were made to cover the site of interest and mutations were 

generated via PCR.  Template DNA was removed using Dpn-1 and the mutated plasmid was 

transformed into XL-1 competent cells.  Mutagenesis was verified by sequencing. 

 

Production of Proteins 

 DNA was transformed into competent BL21* plysS cells (Promega, Madison, WI) to 

reduce proteolytic degradation.  Cells were grown in sequentially diluted cultures, induced with 

1mM Isopropyl-β-D-thio-galactoside and allowed to produce protein for 4 h.  Soluble fusion 

constructs were extracted from sonicated supernatants and purified by gravity flow affinity 

chromatography, following procedures recommended by the manufacturers. 

 

Far-Western Blots  

Blot overlays were performed as previously described (Borzok et al., 2007; Busby et al., 

2010) 
 
with one minor modification:  we used a goat anti-mouse 800 IRDye secondary antibody 

at 1:15,000 (LI-COR Biosciences, Lincoln, NE, http://www.licor.com/) and we detected bound 

antibody with a LI-COR Odyssey Infared Imager. 
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Surface Plasmon Resonance  

Quantitative binding studies were performed by surface plasmon resonance (SPR) with a 

Biacore 3000 (GE Healthcare, http://www.gelifesciences.com), as described (Busby et al., 2010) 

To compare the ability of sAnk1-MBP wild-type and mutants to bind to GST-Obsc6316-6345 and 

GST-Obsc6231-6260, we captured the GST constructs of both sequences with antibodies to GST 

(GE Healthcare) bound to a Biacore CM5 chip (GE Healthcare).  We then applied sAnk1-MBP 

over a wide range of concentrations to determine the dissociation constant, KD.   We eliminated 

non-specific binding by subtracting the signal generated by binding of the MBP fusion proteins 

to chips bound to GST alone, as well as the signal generated by exposing the chip charged with 

GST-obscurin to a solution blank.  We fitted the data with a 1:1 binding model using the Biaeval 

software to determine the kinetic rate constants and KD for the binding of each of the GST-

obscurin constructs with all sAnk1-MBP constructs.  

 

Statistical Analysis 

 SPR data were analyzed by a one-way ANOVA.  Pair-wise post hoc comparisons were 

made based on the Student- Newman-Keuls method. Alpha was set at 0.05 for significance.  

 

Reagents 

Unless otherwise noted, all reagents were from Sigma Chemical Co. (St. Louis, MO) and 

were of the highest grade available.  All primers for site directed mutagenesis and cloning were 

made by the Biopolymer Core Facility, UMB.  The sequences of these primers are listed below: 
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L6326A – Bloc2199 

5’ CCCCAGCCCAAGTGGGCAGAGGTGGAGGAAACC 3’ 

5’ GGTTTCCTCCACCTCTGCCCACTTGGGCTGGGG 3’ 

V6328A – Bloc1768 

5’ GCCCAAGTGGTTAGAGGCGGAGGAAACCATTGAAGTC 3’ 

5’ GACTTCAATGGTTTCCTCCGCCTCTAACCACTTGGGC 3’  

 

I6332A – Bloc1766 

5’ GGTTAGAGGTGGAGGAAACCGCTGAAGTCCGGG 3’ 

5’ CCCGGACTTCAGCGGTTTCCTCCACCTCTAACC 3’ 

V6334A – Bloc2601 

5’ GAGGAAACCATTGAAGCCCGGGTAAAGAAGACAG 3’ 

5’ CTGTCTTCTTTACCCGGGCTTCAATGGTTTCCTC 3’ 

V6336A – Bloc2399 

5’ GAGGAAACCATTGAAGTCCGGGCAAAGAAGACAG 3’ 

5’ GAGGAAACCATTGAAGTCCGGGCAAAGAAGACAG 3’ 

V70A – Bloc1717 

5’ GGTCCGCCGAAGGGCCTTCCTGAAGGGG 3’ 

5’ CCCCTTCAGGAAGGCCCTTCGGCGGACC 3’ 
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F71A – Bloc2393 

5’ CGCCGAAGGGTCGCCCTGAAGGGGGATG 3’ 

5’ CATCCCCCTTCAGGGCGACCCTTCGGCG 3’ 

I102A – Bloc1715 

5’ GTCACCAAGAAGGCCATTCGAAAAGTCGTCCGACAGG 3’ 

5’ CCTGTCGGACGACTTTTCGAATGGCCTTCTTGGTGAC 3’ 

 

I103A – Bloc1713 

5’ GTCACCAAGAAGATCGCTCGAAAAGTCGTCCGACAGG 3’ 

5’ CCTGTCGGACGACTTTTCGAGCGATCTTCTTGGTGAC 3’ 

I102L – Bloc1961 

5’ GTCACCAAGAAGCTCATTCGAAAAGTCGTCCG 3’ 

5’ CGGACGACTTTTCGAATGAGCTTCTTGGTGAC 3’ 

I102F – Bloch1963 

5’ GTCACCAAGAAGTTCATTCGAAAAGTCGTCCGACAG 3’ 

5’ CTGTCGGACGACTTTTCGAATGAACTTCTTGGTGAC 3’ 

I102D – IDT  

5’ GGGCAACATTGTCACCAAGAAGGACATTCGAAAAGTCGTC 3’ 

5’ GACGACTTTTCGAATGTCCTTCTTGGTGACAATGTTGCCC 3’ 
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F35A – Bloch 2599/2600 

5’ CAAGGGTTCCCTGTGCGCTGTCCTAAAGCACATCC 3’ 

5’ GGATGTGCTTTAGGACAGCGCACAGGGAACCCTTG 3’ 

V6233A – Bloch 2511/2512 

5’ CCCGGAATTCAAAACCGCCATCATAGAGGAGACC 3’ 

5’ GGTCTCCTCTATGATGGCGGTTTTGAATTCCGGG 3’ 

I6234A – Bloch 2513/2514 

5’ CCCCGGAATTCAAAACCGTCGCCATAGAGGAGACC 3’ 

5’ GGTCTCCTCTATGGCGACGGTTTTGAATTCCGGGG 3’ 

I6235A – Bloch 2515/2516 

5’ GGAATTCAAAACCGTCATCGCAGAGGAGACCATCACC 3’ 

5’ GGTGATGGTCTCCTCTGCGATGACGGTTTTGAATTCC 3’ 

I6239A – Bloch 2517/2518 

5’ GTCATCATAGAGGAGACCGCCACCACCGTAGTGAAG 3’ 

5’ CTTCACTACGGTGGTGGCGGTCTCCTCTATGATGAC 3’ 

V6242A – Bloch 2519/2520 

5’ GAGACCATCACCACCGCAGTGAAGAGTCCTC 3’ 

5’ GAGGACTCTTCACTGCGGTGGTGATGGTCTC 3’ 

V6243A – Bloch 2521/2522 



63 

 

5’ GACCATCACCACCGTAGCGAAGAGTCCTCG 3’ 

5’ CGAGGACTCTTCGCTACGGTGGTGATGGTC 3’ 

6233/6234/6235A – Bloch 2707/2708 – ST 6234A template 

5’ CCCCGGAATTCAAAACCGCCCGCGCAGAGGAGACCATC 3’ 

5’ GATGGTCTCCTCTGCGCGGGCGGTTTTGAATTCCGGGG 3’ 

 6242/6243A – Bloch2705/2706 – ST 6242A template 

5’ GACCATCACCACCGCAGCGAAGAGTCCTCG 3’ 

5’CGAGGACTCTTCGCTGCGGTGGTGATGGTC 3’ 

 

Molecular dynamics (MD) simulations 

Empirical force field calculations were performed with the programs CHARMM (Brooks 

et al., 2009) and NAMD (Phillips et al., 2005). Calculations used the CHARMM all-atom protein 

force field (MacKerell et al., 1998) including the CMAP backbone energy correction (MacKerell 

et al., 2004).  The structure of the sAnk1-obscurin complex was taken from the 30 ns snapshot 

from our previous MD simulation
 
(Busby et al., 2011) and used as the initial structure for the 

wild-type simulation and to model mutants of the sAnk1-obscurin complex.  Images were 

generated using the VMD package. VMD is developed with NIH support by the Theoretical and 

Computational Biophysics group at the Beckman Institute, University of Illinois at Urbana-

Champaign.  The initial structures of mutant sAnk1-obscurin complexes (I102A and I102F) were 

prepared by replacing I102 with either alanine or phenylalanine in sAnk1, with the orientation of 
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the side chains based on the internal coordinates in the CHARMM force field.  Monomer sAnk1 

structures were taken from each sAnk1-obscurin complex and used as initial structures. 

Preparation for the MD simulations involved overlaying the structures of wild-type  

(I102) and two mutant sAnk1-obscurin complexes (I102A and I102F) and the corresponding 

sAnk1 monomers with 76 and 62 Å pre-equilibrated cubic boxes of TIP3P water
 
(Jorgensen et 

al., 1983) that contained 150 mM NaCl, for the complexes and monomers, respectively.  Solvent 

molecules with non-hydrogen atoms within 2.8 Å of protein non-hydrogen atoms were deleted. 

Each system was minimized and heated to 298K at a rate of 10K/ps and equilibrated in the NPT 

ensemble (1atm, 298K) (Feller et al., 1995)for 5 ns.  Simulations were performed with a 2 fs 

integration timestep using the SHAKE algorithm (Ryckaert et al., 1977) to constrain covalent 

bonds to hydrogens.  Electrostatic forces were calculated with the particle mesh Ewald method
 

(Darden et al., 1993) using a real space cutoff of 12 Å with a kappa value of 0.4 Å-1 and a 4th 

order spline interpolation. Van der Waals (VDW) forces were truncated with a cutoff distance of 

12 Å with smoothing performed using a force switching function (Steinbach et al., 1994) starting 

at 10 Å.  Production runs were performed in the NPT (1atm, 298K) ensemble for 30ns each.  

Time frames from the trajectories were saved every 5 ps for subsequent analysis. The solvent 

accessibility was calculated using the method developed by Lee and Richards
 
(Lee and Richard, 

1971) with a probe radius of 1.4 Å.  Block averages of the solvent accessibility were calculated 

for six 5 ns blocks, from which average and standard error were calculated.  
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Results 

sAnk1 Contains a Cluster of Four Hydrophobic Side Chains on its Surface  

Previously our laboratory presented a molecular model of sAnk1, based on the similar 

pattern of charged and hydrophobic residues to the ARD of human Notch1 (Borzok et al., 2007) 

This model predicted that the side chains of residues Val-70, Ile-102, and Ile-103 are clustered at 

the surface of sAnk1, where they are surrounded by the positively-charged residues that mediate 

binding to obscurin.  To test the stability of the homology model, we first subjected the modeled 

ALR regions of sAnk1 (residues 57-122) to a 30 ns MD simulation (Busby et al., 2011).  

Inspection of the resulting structure (Figure 2.1a and 2.2b) shows the two ankyrin like repeats 

(ALRs) to be maintained, indicating the stability of the original homology model based on 

hNotch1.  In the model, a fourth surface-exposed hydrophobic side chain, Phe-71 (yellow), 

clustered together with the three original residues in the hydrophobic hotspot is evident.  

The potential interactions of the sAnk1 hydrophobic residues with obscurin may be seen 

in Figures 2.1c and 2.1d.   The structure, from the 7.7 ns time frame of the sAnk1-obscurin MD 

simulation, shows the extensive interface between these regions of the two proteins.  Notable is 

the orientation of selected hydrophobic residues on the individual proteins that allow them to 

interact with the partner protein, thereby potentially contributing to binding.  

 

Figure 2.1. Images of sAnk-1 alone and the sAnk-157-122:Obsc6322-6339 complex.  A) Top and 

B) side views of the hydrophobic hotspot within the binding region of sAnk1, from the 30 ns 

time frame of the sANK-1 monomer MD simulations. The backbone is shown in red cartoon 

representation and four surface-exposed hydrophobic residues: Val-70 (green), Phe-71 (yellow), 
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Ile-102 (blue), and Ile-103 (red) are shown as surface representations,  C) Front and D) rear 

views of  the sAnk-157-122:Obsc6322-6339 complex.  sAnk-1 is shown in red, cartoon representation 

along with the four residues shown in panels A and B;  obscurin is shown in blue, cartoon 

representation with  L6326 (green), V6328 (yellow), I6332 (blue), V6334 (red) and V6336 

(cyan) shown as surface representations. Full solvent accessible surfaces representations of both 

proteins are included as white transparent surfaces.  Structures for panels C and D were from the 

7.7 ns time frame of the 30ns MD simulation of wild-type sAnk1 in complex with Obsc6322-6339, 

which has an average VDW interaction energy of 1.62 kcal/mol between I102 of sAnk1 and 

V6334 of obscurin.   
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Mutating the Hydrophobic Residues of sAnk1 to Alanine  

To test the individual contribution of each of these hydrophobic residues to binding to the 

high and low affinity sites on obscurin A, we created MBP fusion constructs of sAnk1 with each 

of these residues mutated to alanine, and then assayed binding to GST fusion proteins of the high 

and low affinity binding sites, Obsc6316-6345 and Obsc6231-6260.  We first assayed binding of sAnk1 

and each of its site-directed mutants to the high affinity site Obsc6316-6345in blot overlays.  

Proteins were quantified before SDS-PAGE with a Bradford assay (Bio-Rad, Hercules, CA); 

staining with Ponceau Red confirmed equal loading and transfer, as well as the proper molecular 

weight of each of the constructs (data not shown).  Figure 2.2a shows Coomassie Blue staining 

of a gel for the wild-type and mutant sAnk1 variants.  Overlay of blots of GST-Obsc6316-6345 with 

the sAnk1-MBP constructs, wild type and mutants, shows that each of the four alanine mutations 

decreases specific binding to Obsc6316-6345 (Figure 2.2b).  These results suggest that Obsc6316-6345 

uses the entire surface-exposed hydrophobic “hotspot” of sAnk1, as well as electrostatic 

interactions (Borzok et al., 2007; Busby et al., 2011) to form a stable complex with ~130nM 

binding affinity.   

 

Figure 2.2.  Alanine mutations within the hydrophobic hotspot of sAnk1-MBP reduce 

binding to GST-Obsc6316-6345.  A, Site-directed mutagenesis was used to create the four alanine-

substituted MBP fusion protein mutants.  Coomassie Blue stain shows the affinity- purified 

proteins, after analysis at equal load by SDS-PAGE.  B, For the blot overlay, a ladder of protein 

standards was run in lane 1 and the 37kDa marker is shown. The remaining even lanes were 
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loaded with GST and odd lanes with GST- Obsc6316-6345, at equal protein loads. The resulting gel 

was transferred to nitrocellulose. Each pair of lanes was then overlaid individually with each of 

the five sAnk1-MBP fusion proteins from A and probed with anti-MBP, followed by a 

fluorescent secondary antibody.  The results show that each of the four alanine mutants of sAnk1 

reduces binding to GST- Obsc6316-6345.  Binding to each construct is specific, as none of the 

sAnk1 constructs bind to GST alone.  

 

 

Figure 2.3 shows quantitative results of experiments in which we used SPR to measure 

the kinetic constants of binding of GST-Obsc6316-6345 to wild-type sAnk1 and to each of the 

alanine-substituted mutants.  The “on” rate, kon, for all four mutants was significantly decreased 

compared to wild-type (Figure 2.3a); the greatest change was a ~3-fold reduction in kon for 

I102A.  The off rate, koff, was significantly increased in each mutant except V70A (Figure 2.3b).  

These mutations of the hydrophobic residues in sAnk1 therefore caused a significant increase in 

the dissociation constant, KD, calculated as koff /kon, for binding to Obsc6316-6345.  By contrast, we 

observed no significant change in the kon and koff for a control mutant, in which we exchanged a 
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hydrophobic residue outside of the hydrophobic hotspot, Phe-35, for alanine (sAnk1-F35A).  

Thus, the hydrophobic residues, predicted by modeling and MD simulation to be exposed in a 

hotspot on the surface of sAnk1, contribute specifically to binding to Obsc6316-6345. 

 

Figure 2.3.  Quantitation of the kinetics for binding of hydrophobic mutants of sAnk1 to 

Obsc6316-6345.  Surface plasmon resonance (SPR) was used to measure the binding kinetics of this 

high affinity binding site Obsc6316-6345 to wild-type sAnk1 and mutants in which the hydrophobic 

residues were converted to alanines.  A, The on rate, kon, for all mutants was significantly 

decreased compared to wild-type.  B, The dissociation rate, koff, for all of the mutants except 

V70A were significantly increased, compared to wild-type.  C, The calculated KD’s, based on the 

results in A and B, show all mutants result in a decreased overall binding affinity compared to 

wild-type sAnk1.  The F35A mutant protein was used as a control to show the alanine mutations 

are specific to the hydrophobic hotspot. n=12 for WT, n=9 for V70A, n=5 for F71A, I102A, and 

I103A, and n=4 for F35A. * = p < 0.05. 
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We next compared the binding of the same sAnk1 mutants to the more N-terminal, lower 

affinity binding site for sAnk1, Obsc6231-6260.  Blot overlays indicated that only two of the four 

mutations, F71A and I103A, reduced binding of sAnk1 to Obsc6231-6260 (Figure 2.4).   

 

Figure 2.4.  sAnk1-MBP mutations of two hydrophobic residues in hotspot reduce binding 

to GST- Obsc6231-6260.  Methods were the same as in Figure 2.2, except site-directed mutants of 

Obsc6231-6260 were assayed.  As in Figure 2.2, even lanes were loaded with GST and odd lanes 

with GST- Obsc6231-6260, at equal protein loads, except lane 1, which shows standard proteins.  

Qualitatively, a reduction in binding is observed in lanes 7 and 11 corresponding to decreased 

binding affinity of F71A and I103A for Obsc6231-6260.    

 

 

 

SPR assays confirmed this and showed that these 2 mutants, but not V70A or I102A, 

significantly decreased kon (Figure 2.5a) and increased the overall values of KD (Figure 2.5c).  

None of the mutants showed significant changes in koff (Figure 2.5b).  The role of the 

hydrophobic hotspot in sAnk1 therefore differs significantly, depending on the binding site on 

obscurin with which it interacts.  
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Figure 2.5.  Quantitative evaluation of the binding kinetics for sAnk1 constructs binding to 

Obsc6231-6260.  SPR was used to measure the binding kinetics of this region of obscurin to the 

wild-type sAnk1 and its hydrophobic alanine mutants, as in Figure 2.3, but the Obsc6231-6260 

sequence was assayed.  A, The association rate, kon, for the F71A and I103A mutants of sAnk1, 

but not for the V70A or I102A mutants, were significantly decreased compared to wild-type.  B, 

The dissociation rate, koff, for the mutants was not significantly different for binding to Obsc6231-

6260 compared to wild-type.  C, The calculated overall binding constants, KD, based on the results 

in A and B, show only the F71A and I103A mutants of sAnk1 with decreased binding affinities, 

compared to wild-type.  n=4 for all panels, * = p < 0.05. 

 

 

 

Alanine Scanning Mutagenesis of the Hydrophobic Residues within Obscurin 

Next we assayed the role of hydrophobic residues in Obsc6316-6345 in binding to sAnk1.  

There are five hydrophobic amino acids within this sequence (Figure 2.6a), Leu-6326, Val-6328, 
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Ile-6332, Val-6334 and Val-6336, all of which are located near the middle of the sequence 

(Figure 2.1c and 2.1d).  Alanine scanning mutagenesis of these residues, followed by blot 

overlays of binding to fusion proteins of wild-type sAnk1, showed that mutants of the middle 

three residues in Obsc6316-6345, V6328A, I6332A and V6334A, but not the two flanking residues, 

L6326Aand V6336A, inhibited binding to sAnk1.  This suggests that these hydrophobic residues 

in the central helical region of the high affinity binding site of obscurin participate specifically in 

binding to sAnk1.   

 

Figure 2.6.  Mutations of three hydrophobic residues within GST-Obsc6316-6345 reduce 

binding to sAnk1-MBP.  A, The primary sequence of this region of obscurin contains five 

hydrophobic residues within the binding site (Leu-6326, Val-6328, Ile-6332, Val-6334 and Val-

6336), shown in red.  B, Blot overlay was used to assay the binding of each of the alanine 

mutants to wild-type sAnk1-MBP.   Lanes: 1) Standard; 2) GST; 3) GST-Obsc6316-6345; 4) GST-

Obsc6316-6345-L6326A;  5) GST-Obsc6316-6345-V6328A ; 6) GST-Obsc6316-6345-I6332A ; 7) GST-

Obsc6316-6345-V6334A ; 8) GST-Obsc6316-6345-V6336A.    
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Similar studies of each of the six hydrophobic residues in the lower affinity binding site, 

Obsc6231-6260, showed no detectable differences in the binding of any mutant (V6233A, I6234A, 

I6235A, I6239A, V6242A, V6243A) to sAnk1, suggesting that none of them play as prominent a 

role in binding to sAnk1 as V6328, I6332 or V6334 (Figure 2.7b).  Previously, we reported that 

the three C-terminal hydrophobic residues, V6233A, I6234A and I6235A, together are necessary 

for binding to sAnk1 (Busby et al., 2010).  As the F71A and I103A mutants of sAnk1 inhibit 

binding to Obsc6231-6260, we hypothesized that the general hydrophobic character within the N-

terminal region of Obsc6231-6260 was necessary for binding to sAnk1.   

We tested this hypothesis by comparing the binding of the triple alanine mutant 

V6233A/I6234A/I6235A, with mutations at the N-terminus of Obsc6231-6260, to a double mutant 

of the two more C-terminal hydrophobic residues, V6242A/V6243A.  The triple mutant but not 

the double mutant reduced binding to sAnk1 (Figure 2.7b), indicating that the N-terminal 

hydrophobic residues of Obsc6231-6260 are more likely to interact with the hydrophobic hotspot of 

sAnk1, in particular with residues F71 and I103. 

 

Figure 2.7.  Multiple but not single alanine mutants of GST-Obsc6231-6260 reduce binding to 

sAnk1-MBP.  A, This region of obscurin has six hydrophobic residues located toward the N-

terminus (Val-6233, Ile-6234, Ile-6235, Ile-6239, Val-6242 and Val-6243).shown in red.  B, Blot 

overlays were used to assay the ability of each alanine mutant within Obsc6231-6260 to bind to 

wild-type sAnk1-MBP.  In addition, a triple mutant of the three N-terminal hydrophobic 

residues, as well as a double mutant of the last two neighboring hydrophobic residues were 

tested. Lanes: 1) Standards;  2) GST; 3) GST-Obsc6231-6260 ; 4) GST-Obsc6231-6260-V6233A ; 5) 
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GST-Obsc6231-6260-I6234A ;  6) GST-Obsc6231-6260-I6235A ; 7) GST-Obsc6231-6260-I6239A ; 8) 

GST-Obsc6231-6260-V6242A ; 9) GST-Obsc6231-6260-V6243A ; 10) GST-Obsc6231-6260-

V6233A/I6234A/I6235A ; 11) GST-Obsc6231-6260-V6242A/V6243A. 

 

 

 

Direct Hydrophobic Interactions between sAnk1 and the High Affinity Obscurin Binding Site 

We performed MD simulations for the ALR domain of wild-type sAnk1 as a monomer 

and in complex with obscurin, to identify the nonpolar interactions involved in the binding of 

obscurin to sAnk1.  To identify the residues making hydrophobic contributions, we calculated 

the average per-residue solvent accessibilities in sAnk1, and compared them with those in the 

corresponding sAnk1-obscurin complexes for the four targeted hydrophobic residues. In 

addition, we estimated the contribution of direct residue-residue interactions to binding between 

obscurin and sAnk1 (I102) as the average van der Waals (VDW) interaction energies for the 

targeted residues. 
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Table 2.1 presents the results of our calculations of solvent accessibility and show that   

significant changes occur with F71 and I102 upon complex formation.  These results are 

consistent with our observation that mutation of those residues leads to the largest decrease in 

binding to Obsc6316-6345  in blot overlay (Figure 2.2) and SPR (Figure 2.3) experiments.  Further 

analysis of the MD simulation based on the VDW interaction energies (Table 2.2), indicate that 

F71 is in direct contact with L6326 of obscurin, while I102 is in direct contact with V6334.  The 

importance of this latter interaction is consistent with the blot overlay results for the obscurin 

mutants discussed above (Figure 2.6).  By contrast, the predicted interaction between F71 and 

L6326 is inconsistent with the results of our blot overlay experiments, which suggest that the 

L6326A mutation may actually increase binding.  Although Ala substitution of L6326 could 

facilitate binding perhaps by retaining some of the hydrophobic character of the side chain, we 

did not study this potential interaction further. We instead focused instead on sAnk1-I102 and its 

hydrophobic interaction with Obsc-V6334, for which all our results are consistent.   

 

Table 2.1. Per-residue solvent accessibility (SA) of wild-type (I102) and mutant (I102A and 

I102F) sAnk1 as a monomer and in complex with obscurin. 

wild-type Monomer Complex ΔSA 

V70 73.6±3.6 73.8±3.9 0.2 

F71 138.5±12.7 49.9±9.1 -88.6 

I102 116.3±4.3 18.2±3.1 -98.1 

I103 4.2±1.2 3.2±0.6 -1.0 
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I102F mutant Monomer Complex ΔSA 

V70 33.4±8.3 76.4±3.7 43.0 

F71 155.2±9.9 46.0±3.1 -109.2 

I102F 169.2±4.2 17.9±3.9 -151.3 

I103 13.9±2.8 2.0±0.3 -11.9 

Values in Å
2
 are the average and standard error of block averages  

 

Table 2.2. VDW interaction energies between hydrophobic residues in sAnk1 and obscurin 

tested experimentally. 

  L6326(obscurin) V6328 I6332 V6334 V6336 

Wild-type sAnk1 (I102) 

V70(sAnk1) -0.06± 0.01     -     -     -     - 

F71 -1.44±0.02 
-

0.02±0.00 

-

0.01±0.00 

-

0.02±0.00 
    - 

I102 -0.01±0.00 
-

0.01±0.00 

-

0.03±0.00 

-

1.62±0.06 

-

0.06±0.00 

I103 -0.01±0.00     -     - 
-

0.05±0.00 
    - 

Mutant sAnk1 (I102F) 

V70(sAnk1) -0.13±0.01 
-

0.01±0.00 
    -      -      - 

F71 -1.68±0.04 
-

0.02±0.00 

-

0.01±0.00 

-

0.01±0.00 
     - 

F102 -0.03±0.00 
-

0.02±0.00 

-

0.10±0.00 

-

2.51±0.03 

-

0.08±0.00 

I103 -0.02±0.00      - 
-

0.01±0.00 

-

0.04±0.00 
     - 

 

Values are the average and standard error of block averages shown in kcal/mol. 

Values in shade show significant VDW interaction between two residues. 
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As our experiments and MD simulations both suggest that it makes direct contact with a 

hydrophobic side chain on obscurin, we undertook additional studies of the role of I102 in the 

binding of sAnk1 to Obsc6316-6345.  These involved mutation of the Ile to Phe or Leu, to determine 

how subtle changes in the hydrophobic character of that residue could affect binding.  The 

mutants were subjected to experimental binding measurements both in blot overlays and SPR 

experiments.  We also generated the I102D mutant of sAnk1 and studied it in blot overlays to 

verify the importance of hydrophobicity at residue 102.  In blot overlay assays, all three sAnk1 

constructs with hydrophobic character at position 102 (Figure 2.8a, lanes 3, 5, 7) showed 

significant binding to Obsc6316-6345, whereas binding of sAnk1-I102D (lane 9) was considerably 

decreased.  In the SPR experiments, the association curves for the two hydrophobic mutants were 

similar to the WT (Figure 2.8b).  Although the dissociation curves for I102L matched that of 

wild-type sAnk1, the I102F mutant formed an even stronger complex, that dissociated ~3 times 

slower than wild-type (Figure 2.8c).   This slow dissociation phase contributed to tighter overall 

binding (and a lower KD) for sAnk1-I102F (Figure 2.8d), whereas sAnk1-I102L was comparable 

to wild-type sAnk1.  By contrast, sAnk1-I102D showed no appreciable binding in SPR assays 

(data not shown).  

 

Figure 2.8.  Hydrophobic character at position 102 of sAnk1 is necessary for high affinity 

binding to Obsc6316-6345.  SPR measured the binding kinetics for sAnk1 constructs with different 

amino acid residues at position 102.  A, The on rate, kon, for wild-type sAnk1, sAnk1-I102F and -

I102L show no differences in association profiles for Obsc6316-6345.  B, The dissociation rate, koff, 

for the mutants are not significantly increased compared to wild-type. Rather, the dissociation 

rate of sAnk1-I102F for binding to Obsc6316-6345 is significantly decreased.  C, The calculated 
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overall binding constant, KD, based on the results in A and B.  Both I102F and I102L retain high 

affinity binding for Obsc6316-6345 while sAnk1-I102F forms a stronger complex than wild-type. 

sAnk1-I102D did not produce curves that could be analyzed, due to poor association and 

dissociation.   n=5 for WT sAnk1, sAnk1-I102F and sAnk1-I102L, n=3 for sAnk1-I102D, * = p 

< 0.05.  D, Blot overlay assays of GST (lanes 2,4,6,8) and GST- Obsc6316-6345.(lanes 3,5,7,9).  

Lane 1 shows standard proteins.  Lanes 2-3 were probed with wild-type sAnk1, lanes 4-5 with 

sAnk1-I102F, lanes 6-7 with I102L, and lanes 8-9 with sAnk1-I102D. 
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We carried out MD simulations of the sAnk1-I102F mutant, both alone and in complex 

with Obsc6316-6345, to learn how this conservative substitution could improve binding.  Notably, 

solvent accessibility of F71 decreased to a greater extent upon complex formation in the I102F 

mutant compared to wild type (Table 2.1).  In addition, the VDW interaction energy of the Phe at 

position 102 is more favorable that Ile in the wild-type (Table 2.2).  Interestingly, the VDW 

interaction energy of F71 with L6326 also becomes more favorable.  These results are consistent 

with the increased binding of sAnk1-I102F to Obsc6316-6345 seen in the SPR experiments. 

 

Discussion 

We and others have proposed that the interaction between obscurin, a peripheral protein 

of the sarcomere, and sAnk1, an integral protein of the SR membrane, organizes the SR around 

the contractile apparatus in striated muscle (Kontrogianni-Konstantopoulos et al., 2003; Bagnato 

et al., 2003; Zhou et al., 1997; Armani et al., 2006; Lange et al., 2009).  Previous binding studies 

revealed a high affinity interaction between these two proteins and showed that the absence of 

obscurin results in the disorganization of the SR or its network compartment (Kontrogianni-

Konstantopoulos et al., 2003; Kontrogianni-Konstantopoulos et al., 2006: Borzok et al., 2007; 

Busby et al., 2010; Lange et al., 2009).  Binding is mediated by the interaction of tandem ALRs 

of sAnk1 with two possible binding sites on obscurin, located near each other in its C-terminal 

non-modular domain and differing in affinity by ~3-fold (Bagnato et al., 2003; Armani et al., 

2006; Borzok et al., 2007; Busby et al., 2010).  We have been studying the interactions of these 

binding regions in obscurin in detail, with two aims: to learn how to disrupt the formation of the 

sAnk1-obscurin complex in situ without eliminating either protein from the sarcoplasm, and to 



80 

 

understand the mechanism by which ARD proteins, including those with ALRs such as sAnk1, 

mediate protein-protein interactions. We focus on the latter question here. In particular, we show 

specific hydrophobic contacts between the hydrophobic “hotspot” on the surface of sAnk1 and 

obscurin’s high affinity binding site.  We also show that general hydrophobic interactions, that 

cannot be ascribed to particular amino acid residues, contribute to the binding of obscurin’s 

lower affinity site to sAnk1.    

We previously reported that electrostatic interactions between specific charged residues 

on obscurin and the ALRs of sAnk1 contribute significantly to binding.
5,7

  Site-directed 

mutagenesis, which created reciprocal changes in the charged residues on obscurin and sAnk1, 

identified particular pairs of residues that interacted.  We then assessed the reliability of our 

experiments by molecular modeling, which predicted an additional electrostatic interaction that 

was experimentally verified (Busby et al., 2011). Typically, however, high affinity binding 

between proteins involves the burying of exposed hydrophobic residues in the bound complex, 

and our molecular models show sAnk1 to have a large hydrophobic “hotspot” on its surface 

(Figure 2.1) (Borzok et al., 2007; Busby et al., 2011).  Here we describe additional site-directed 

mutagenesis and molecular modeling studies to identify the contributions of these hydrophobic 

residues to the high-affinity binding between sAnk1 the two sAnk1-binding regions of obscurin.  

Studies of hydrophobic interactions are not compatible with approaches involving reciprocal 

mutagenesis, which would require significant changes in the nature of the residues under study 

(e.g., conversion to amino acids with polar or charged side chains).  Despite this limitation, we 

successfully identified a particular pair of amino acid residues, I102 of sAnk1 and V6334 of 

obscurin that make direct hydrophobic contact in the complex. 
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The previous space-filling model of sAnk1 reported by Borzok et al., showed that it 

contains a “hotspot” consisting of three hydrophobic residues, Val-70, Ile-102 and Ile-103, the 

side chains of which are clustered on the protein surface (Borzok et al., 2007). These residues are 

surrounded by the positive charges that confer specificity to the negative residues on obscurin’s 

high affinity binding site, Obsc6316-6345 (Busby et al., 2011).  As the majority of the charged 

residues around these hydrophobic residues have previously been implicated in binding to 

Obsc6316-6345, it seemed likely that the hydrophobic cluster was also involved.  The binding 

interface between cytoskeletal protein 4.1 and the erythrocyte anion exchanger is an example of 

hydrophobic side chains flanked by charged residues that are important for binding (Jöns et al., 

1992).  Direct hydrophobic interactions also contribute to the high affinity binding of proteins 

with ARs, such as IκBα  and its binding partner, NFκB.
20

  As we used the latter interaction to 

model the high affinity binding site of obscurin, we anticipated identifying a hydrophobic 

contribution to the binding of obscurin to the ALRs of sAnk1. Our current studies confirm this 

contribution.   

We tested our earlier homology model of sAnk1 by subjecting it to 30ns MD simulation. 

The results supported the general features of the original model, although deviations by about 8 

Ǻ (root mean square deviation of Cα atoms) from the original model occurred (Busby et al., 

2011). This deviation from a characteristic AR has been previously observed with solved 

solution structures of AR proteins containing terminal ALRs, such as myotrophin and 

p19INK4d, in which the terminal ALRs project outward (Yang et al., 1998; Baumgartner et al., 

1998).  Both of their structures closely resemble the ALRs in our model of sAnk1, shown in 

Figure 2.1. 
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Although the second helix in the second ALR of sAnk1 points away from the more N-

terminal helical structures of the ALRs, the hydrophobic hotspot we originally predicted by 

homology modeling remains intact.  Indeed, in addition to Val-70, Ile-102 and Ile-103, our MD 

model also predicts the presence of a fourth hydrophobic residue, Phe-71, in the hotspot.  All 

four of the surface exposed hydrophobic residues are highly conserved among species, as well as 

within other small splice variants of ankyrins, consistent with their having an important role in 

the structure and function of sAnk1. (Borzok et al., 2007; Hopitzan et al., 2006).  A role for a set 

of four hydrophobic residues in binding to a scaffolding protein has also been documented 

previously with NFκB, which uses a subset of four hydrophobic residues to mediate high affinity 

binding to IκBα (Huxford et al., 1998).  Consistent with these examples, the hotspot formed by 

the four hydrophobic residues at the surface of sAnk1 form a docking site for the two binding 

sites of obscurin. 

We previously reported that the three-fold difference in affinity between Obsc6316-6345 and 

Obsc6231-6260 is due to the 3-fold increase in the rate of dissociation of the latter sequence (Busby 

et al., 2010).  Our data suggest that sAnk1’s hydrophobic hotspot plays a significant role in 

binding and contributes, at least in part, to the slower dissociation rate from the high affinity site 

on obscurin.  Binding assays coupled with alanine scanning mutagenesis confirmed that each of 

the four residues in the hydrophobic hotspot of sAnk1 contribute to tight binding to Obsc6316-6345 

(Figures 2.2, 2.3).  The kinetic components change consistently, as the kon rate was reduced from 

2-4.5 fold, whereas the koff was increased (with the exception of V70A) by 2-3 fold, to decrease 

the overall binding affinity for all four alanine mutants.  Mutagenesis of Obsc6316-6345 also 

suggested that at least three of the hydrophobic side chains in the middle of this sequence were 

involved in binding.  MD simulations suggest that two pairs of hydrophobic interactions exist, 
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between sAnk1-F71 and Obsc-L6326, and between sAnk1-I102 and Obsc-V6334 (Tables 2.1 

and 2.2).  The latter interaction, but not the former, is consistent with our biochemical studies.  

These results suggest that each of the side chains in the hydrophobic hotspot of sAnk1 is 

involved in binding to the high affinity site of obscurin, Obsc6316-6345, and that Obsc6316-6345 

provides at least one, and likely more, side chains that interact with the hydrophobic hotspot of 

sAnk1.      

Remarkably, however, this was not the case for the binding of sAnk1 to the low affinity 

site, Obsc6231-6260.  Rather, our results suggest that only F71 and I103 are involved in binding to 

this sequence.  Kinetic results show that the kon rate for both mutants decreased ~2-fold 

compared to the wild-type.  Once the complex is formed, dissociation rates for all four mutants 

are similar to the wild-type construct. Considered together with our observation that a cluster of 

hydrophobic residues near the N-terminus of Obsc6231-6260, but no individual residue, is required 

for binding to sAnk1, these results suggests that general, rather than specific, hydrophobic 

interactions are involved in low affinity binding of obscurin to sAnk1.  As the affinity of sAnk1 

for Obsc6316-6345 decreased to values comparable to those for Obsc6231-6260 when we eliminated 

specific hydrophobic contacts, these distinct hydrophobic interactions probably contribute to the 

different values of KD we reported for the high and low affinity sites of obscurin. 

It is significant that the I102A mutant of sAnk1 is the most potent in inhibiting binding to 

Obsc6316-6345, but that it has no effect on binding to Obsc6231-6260.  This suggests that, unlike 

Obsc6231-6260, the binding of Obsc6316-6345 to the hydrophobic hotspot of sAnk1 is specific.  

Additional experiments and MD simulations further supported the role of I102 in binding, as 

mutating that residue to Asp inhibited binding but retaining its hydrophobic character maintained 

binding.  Interestingly, the I102F mutant lead to a ~3 fold increase in binding.  MD simulations 
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indicate that this increase is due to an increase in the VDW interactions between I102F and 

V6334 of obscurin in the complex and a larger decrease in the solvent accessible surface area of 

I102F in the complex.  The simulations further indicated more favorable interactions between 

F71 and L6326 of obscurin, as well as a large loss of solvent accessibility upon complex 

formation in the I102F mutant.  Such interactions may also contribute to the increased binding of 

the I102F mutant observed in the experiments. 

F71 of sAnk1 is involved in binding to both regions of obscurin and some evidence 

suggests it may interact specifically with L6226 of obscurin.  However, without the molecular 

modeling studies, this amino acid would have been neither identified as a member of the 

hydrophobic hotspot nor assayed for its role in binding.  As the bulkiest hydrophobic residue, it 

is not surprising that F71 contributes to binding by promoting the formation of general or 

specific hydrophobic contacts for Obsc6231-6260 and Obsc6316-6345, respectively.  I103 may also 

play a more general role in establishing hydrophobic interactions with Obsc6231-6260 than I102 

because of its closer proximity to F71A (see Figure 2.1b). 

Our study confirmed the role of hydrophobic contacts in the binding of obscurin to sAnk1 

through site-directed mutagenesis of the residues that are likely to dock to the surface hotspot on 

sAnk1.  Mutation of each of three hydrophobic residues in the middle of the high affinity site, 

Obsc6316-6345, Val-6328, Ile-6332 and Val-6334, decreased binding to sAnk1 (Figure 2.6).  In 

contrast, individual mutations of any of the six hydrophobic residues in the low affinity site, 

Obsc6231-6260 failed to decrease binding (Figure 2.7).  Nevertheless, binding of Obsc6231-6260 to 

sAnk1 does have some hydrophobic character, as the conversion of three of the hydrophobic 

residues to alanines significantly inhibited binding.  These residues may be needed for the 

secondary structure of Obsc6231-6260 and for its interaction with sAnk1during the initial stages of 
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binding in a non-specific (i.e., not residue-specific) manner.  Our modeling suggests that of the 

three residues of Obsc6316-6345 involved in binding, only V6334 makes a residue-specific contact 

with sAnk1.  It seems likely that other hydrophobic residues also contribute to binding to sAnk1 

in a non-specific fashion, perhaps at early stages of complex formation.  

These studies indicate that the two short sequences at the end of obscurin, Obsc6316-6345 

and Obsc6231-6260, use their hydrophobic side chains in different ways to promote binding to 

sAnk1.  Our results are consistent with the idea that hydrophobic interactions contribute, though 

to a limited extent, to the interaction of each obscurin binding site with sAnk1, and suggest that 

they are more important, as well as more specific, for the higher affinity binding site, Obsc6316-

6345.  Although the current studies have focused on the surface-exposed, hydrophobic hotspot on 

the convex surface of sAnk1, hydrophobic clusters on the concave surface of AR domains, in the 

-loop region, can also mediate binding to ligands (Mosavi et al., 2004).  This raises the 

possibility that sAnk1 can bind other proteins simultaneously with obscurin.  Proteins that bind 

to the concave surface of sAnk1 remain to be identified.   

 

Supplemental Addendum 

 Although the previous portion of Chapter 2 was successful at distinguishing unique 

mechanisms of binding of the two regions of obscurin, Obsc6316-6345 and Obsc6231-6260 to sAnk1, 

questions still remain about the properties of the hydrophobic hotspot.  Kinetic analysis using 1:1 

binding models for alanine scanning mutants of the hotspot revealed the biggest deviation from 

wild-type affinity for Obsc6316-6345 to be I102A, followed by F71A, I103A, and V70A.  Therefore 

I hypothesized that a double mutant consisting of the two most significant mutations, 
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I102A/F71A would result in a further decrease in binding than any other double mutant.  Figure 

2.9 shows that qualitatively, it is the double mutant containing the least two significant binding 

residues, V70A/I103A that show the largest decrease in binding to Obsc6316-6345 . 

 

Figure 2.9.  Double mutants within the hydrophobic hotspot of sAnk1 reduce binding to 

Obsc6316-6345.  Lanes were loaded with pairs of GST or GST-Obsc6316-6345 followed by overlaying 

with sAnk1-MBP or the double alanine mutants indicted below the developed blot.  

 

  

These two residues are adjacent to the two residues, mutation of which to alanine has the 

greatest qualitative effect on binding to Obsc6316-6345.  Although it has been previously shown 

that individual mutations within the ALRs of sAnk1 do not alter secondary structure (Borzok et 

al., 2007), the structural properties of double mutants have not been evaluated.  Figure 2.10 

shows the location of the four hydrophobic hotspot residues within the first and second ALR.  

 

Figure 2.10.  The location of the four hydrophobic residues forming the “hotspot” within 

sAnk1.  Highlighted in red are Val-70, Phe-71, Ile-102, and Ile-103.  The hotspot is formed 
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through a combination of the neighboring ALRs of sAnk1 with Val-70 and Ile-102 representing 

the last residue within the loop between the helices of each ALR respectively. Phe-71 and Ile-

103 then represent the first residue within the second portion of the helix-loop-helix of each 

ALR.  

 

 

 The double alanine mutant of residues 70 and 103 may have an effect on the overall 

stability of the “hotspot”.  As the two make up the center of the hotspot, they would likely 

destabilize the neighboring residues that are most important for high affinity binding to Obsc6316-

6345.  It is possible that Val-70, and Ile-103, when individually mutated to alanine, destabilize 

either Phe-71 or Ile-102, but there is a compensatory effect as overall hydrophobic character is 

only slightly decreased.  Compensatory effect on the double mutants would be much less likely. 

         In order to study the possible structure ramifications of single alanine mutations to 

obscurin, CD experiments were performed using peptides of Obsc6316-6345.  I have previously 

shown that an Obsc6316-6345 peptide in the presence of 30% TFE contains ~35% α-helical content.  

I compared this α-helical content value to three hydrophobic alanine mutation residues that were 
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previously assayed for their ability to bind sAnk1.  Figure 2.11 shows that none of the mutations 

introduced significantly alter α-helical content which is of significance as two of the three of the 

mutations studied are contained within the region previously modeled as α-helical (Busby et al., 

2010). 

 

Figure 2.11.  Alpha helical content for Obsc6316-6345 mutant peptides.  Three different alanine 

mutants were introduced and their α-helical content was measured as previously described 

(Busby et al., 2010).  All showed between 32-39%, consistent with no or minimal observed 

changes in secondary structure. n=3 for all peptides. 

 

 

 

 Although the docked model we published shows a direct hydrophobic interaction 

between residues I102 of sAnk1 and V6334 of obscurin, site-directed mutagenesis alone is 
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insufficient to show that these two residues interact specifically. Previously, we identified 

specific pairs of charged amino acids that mediated binding of sAnk1 to obscurin by double 

mutant cycle charge switching experiments (Busby et al., 2011).  Therefore, I created mutant 

constructs for I102V and V6334I, which I hypothesized would maintain the 2.2 Ǻ distance 

between them in the bound complex and also maintain high binding affinity.  Figure 2.12 shows 

that the I102V construct inhibited binding to wild-type Obsc6316-6345, by about 3-fold (KD = 

300nM ± 47nM). this was significantly greater than the KD I measured for binding of the wild 

type protein (113 nM ± 24nM).  Molecular dynamic calculations to determine if the gap between 

the mutated protein and its binding site on obscurin is increased by this mutation are now in 

progress.  I predict that the distance will be greater.  When I assayed the V6334I mutant for 

binding to wild-type sAnk1, I measured a KD of 78nM ± 13nM, compared to wild type.  I predict 

that, when they are completed, the distance between the hydrophobic residues in this mutated 

complex will be slightly smaller than that of the wild type complex.  Similarly, as the double 

sAnk1 mutant, I102V/V6334I restored the affinity of binding to that of the wild-type complex 

(KD = 128 ± 24 nM). Because n=2 for wild-type, proper p values cannot be to evaluate statistical 

significance of these kinetic constants.  I postulate that the double mutant forms a complex with 

Obsc6315-6345 that is nearly identical to that formed by the wild type protein.  Blot overlay 

experiments gave results that were consistent these (Figure 2.13). 

    

Figure 2.12.  Hydrophobic Rescue Attempts for I102-V6334.  The far left represents either the 

wild-type (WT) or V6334I mutant of obscurin that was coupled to an anti-GST surface for SPR 

experiments.  After the hyphen is the sAnk1 construct that was used as the analyte for binding 

studies, either wild-type or I102V.  Ka represents the association values with Kd represents the 
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dissociation values when binding traces were fit with a 1:1 model.  The average of the binding 

constants (KD) for each pair is calculated on the far right. 

 

 

Figure 2.13.  Blot overlays for hydrophobic rescue.  Lane 1 is the protein standards ladder. 

Lanes 2 and 4 were loaded with GST-Obsc6316-6345 while lanes 3 and 5 were loaded with GST-

Obsc6316-6345-V6334I.  Lanes 2 and 3 were then overlayed with sAnk1-MBP while 4 and 5 were 

overlayed with sAnk1-I102V-MBP.  These results are consistent with the data in Figure 2.13. 
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 Although not shown in Figure 2.13, other blot overlays in Chapter 2 contain lanes for 

GST fusion protein alone.  In all cases, blots show some non-specific binding of sAnk1-MBP 

constructs.  Whether it is the MBP fusion partner or sAnk29-155 interacting with GST is unclear, 

but SPR experiments further confirm a mild interaction.  All SPR experiments in this thesis were 

performed by capturing GST fusion proteins on flow cells 2, 3, and/or 4 of the chip.  For all 

curves being evaluated for kinetics, I immobilized GST alone in flow cell 1, so that the final 

binding curves were corrected for this non-specific binding before further evaluation. This non-

specific component can be seen in Figure 2.14. 

 

Figure 2.14.  Raw data for SPR binding curves.  The blue curve represents flow cell 4 

immobilized with GST-Obsc6316-6345 , while the red curve represents flow cell 1 immobilized 

with GST alone.  The sAnk1-I103A-MBP mutant is used as the analyte in this example ; it is 

applied at 1000 seconds to initiate association.  At 1160 seconds the analyte is washed out to 

initiate dissociation. Both phases show appreciable association and dissociation curves phases for 

flow cell 1 alone, albeit to a much lesser extent than for flow cell 4.  
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This non-specific binding to GST could therefore account for some of the deviations that 

I observed for the fits when I evaluated the curves after correction.  Since I was most interested 

in the binding of sAnk1 directly to obscurin, I always used the standard 1:1 Langmuir binding 

model.  All 1:1 fits used for kinetic calculations had a Chi
2
 value below 10% of the peak binding 

or the rmax value measured at the highest concentration.  The 1:1 Langmuir binding curve was 

also applied in order to be consistent with previously published SPR data from our laboratory 

(Borzok et al., 2007; Busby et al., 2010).  Nonetheless, I explored the other possible fitting 

models provided with the Biaeval software.  

 Since there is a degree of non-specific binding to GST, I also tested the heterogeneous 

ligand model to fit all curves in Chapter 2.  The comparison of the 1:1 fit (A) versus the 

heterogeneous ligand model fit (B) for the same experiment shown in Figure 2.14 can be seen in 

Figure 2.15. 

  

Figure 2.15.  A comparison of the 1:1 Langmuir fit versus the Heterogeneous fit.  Four 

concentrations of sAnk1-103A were evaluated, 3µM (light blue, top), 1.5µM (blue), 750nM 

(green), and 375nM (light blue, bottom).  The fits are in black and represented by the 1:1 

Langmuir fit (A) or the heterogeneous ligand fit (B).  



93 

 

 

 

 In the cases of all the sAnk1 mutants, the KD values for the 1:1 Langmuir and the 

heterogeneous ligand were not significantly different.  The KD values in Figure 2.15 are 421nM 

for Figure 2.15a and 410nM for Figure 2.15b.  Much of the deviation in Figure 2.15a is also due 
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to the buffer mismatch (RI shift) built into the 1:1 Langmuir model.  This takes place when the 

analyte is either added or removed from the activated flow cells (times 0 and 160s of Figure 

2.15).  For example, the fit seen in Figure 2.15a accounts for a larger buffer mismatch than 

actually takes place, as shown by the drop of the fit at 160s.  Since the dissociation phase shows 

a classic pharmacokinetic hyperbolic curve, especially at the higher concentrations, the deviation 

from a linear plot represented by the 1:1 Langmuir fit is also reflected in the Chi
2
 values.  In 

order to further assure these kinetic values were accurate, Dr. Chris Ward of UMB used another 

kinetic fitting software to model these same curves, the least squares method, and calculated 

similar KD values as I report in Chapter 2.   I saw no value in using other, more complicated 

models for fitting the binding and dissociation curves, as the inclusion of more variables, while it 

can always improves the fit, would be hard to justify, given what we know already about the 

biochemical interactions between obscurin and sAnk1.  I therefore conclude that the 1:1 

Langmuir model is sufficient to account for the key features shown by these proteins as they bind 

to one another.  
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Chapter 3: Two Types of Ankyrin Binding Motifs Dictate Interaction with Ankyrin Repeat 

Proteins 

Abstract 

Our laboratory has previously identified two classes of ankyrin-like binding motifs 

(ABMs) within obscurin A, a giant protein of striated muscle, that bind to the ankyrin-like repeat 

domain (ARD) of a small isoform of ankyrin 1 (sAnk1, Ank1.5), an integral membrane protein 

of the sarcoplasmic reticulum.  These two ABMs of obscurin are contained within stretches of 30 

amino acid residues each.  The first, referred to as type 1, contains ~35% α-helix between two 

less structured regions, similar to the C-terminus of the RelA subunit of NFκB.  The other, 

referred to as a type 2, has a smaller amino-terminal helix flanked at its carboxy-terminal end by 

a longer, disordered region, similar to the ABM of p53.  I have classified many known ABMs as 

type 1 or 2 by structural comparison and sequence alignment with an ABM-specific matrix.  I 

used this matrix to predict ABMs in proteins that bind ARDs in proteins in which the ABMs 

have not yet been identified.  Using surface plasmon resonance and blot overlay, I confirmed our 

predictions of a type 1 ABM in Histone Deacetylase 4 (HDAC4) and Retinoblastoma (Rb) 

proteins that bind their ARD ligands, RFXAnk and gankyrin, with affinities of 1µM and 2.4µM, 

respectively. I found that Rb protein also contains a type 2 ABM with ~500nM affinity for 

gankyrin.  Circular dichroism experiments showed the peptides of the type 1 and type 2 Rb 

ABM’s to contain 30% and 15% α-helical content, respectively. These methods can therefore be 

used to predict ABMs and their respective ARDs from primary sequence and may be applicable 

to the prediction of other protein-protein interaction domains. 
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Introduction 

The human genome encodes approximately 640 proteins that contain several ankyrin 

repeat (AR) motifs, aligned in tandem to compose an ankyrin repeat domain (ARD).  It is 

common for ankyrin-like repeats (ALRs) to flank ARs, or to appear between consensus ARs, in 

both cases comprising a portion of the ARD.  Single AR motifs are typically composed of ~33 

amino acids, organized into an α-helical region with a sharp bend between its two helical 

segments, followed by a loop initiated by a -hairpin loop.  ARDs are typically formed by a 

minimum of two AR/ALRs to allow neighbor stabilization.  The largest number of tandem ARs 

seen in the canonical mammalian ankyrins is 32; the largest number of ARs in any species is 

found in 
 
a Giardia lambia protein, which contains 34 (Mosavi et al., 2004).  This does not 

include the possibility that ALRs, yet to be characterized within these proteins, are part of their 

ARDs.   

One of the most common domains involved in protein-protein interactions, ARDs are 

found in organisms of all phyla, with the vast majority characterized in eukaryotes (Murzin et al., 

1995).  ARDs also appear in viruses and bacteria, although this may be due to horizontal gene 

transfer (Al-Khodor et al., 2010).  These proteins display a diverse array of cellular functions, 

such as transcriptional and cell cycle regulation (McKinsey et al., 2006, Barrick, 2009), 

cytoskeletal scaffolding (Michaely et al., 2002), ion transport
 
(Sheng et al., 2000, Montell, 2005), 

as well as membrane trafficking and integrity
 
(Low et al., 1991, Stabach et al., 2008).   

ARs can be predicted algorithmically by the presence of conserved consensus amino 

acids, such as the N-terminal TPLH and/or a C-terminal V/I-V-hhh (h=hydrophilic)-L/V-L-L 
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sequences.  ALRs are more challenging to identify, as they do not possess as many of the key 

conserved amino acids and fall below the threshold for predictors of algorithmic domains.  

Nevertheless, ALRs still have an antiparallel helix-loop-helix motif, sharing a very similar 

protein fold to ARs.  Proteins with low sequence similarity may nevertheless adopt a similar 

fold.  For example ubiquitin and an ubiquitin-like protein adopt similar folds despite only 30% 

sequence similarity (Gao et al., 2005).  Previously, mutational studies have shown that, despite 

low levels of sequence homology among ARD proteins, they share considerable structural 

homology (Ewaskow et al., 1998).  Most often, the ALRs are located between consensus ARs or 

flanking terminal ARs.  Here, through work I have done with Dr. Ben Busby, I address the 

similarities and differences among ankyrin binding motifs (ABMs) and correlate them with the 

different ARD proteins to which they bind.   

For the modeling and bioinformatics studies, we focused on sets of proteins that are 

known to bind to each other via ARDs and ABMs, but for which the particular ABM sequences 

have either not been defined or defined only partially.  Included in these pairs are histone 

deacetylase 4 (HDAC4) and its binding partner, RFXAnk, an ARD protein with four 

algorithmically predicted ARs and a domain that fits the criteria for an N-terminal ALR.  Also 

included is the retinoblastoma protein, Rb, and its binding partner, gankyrin, an ARD protein 

with five algorithmically ARs and two flanking ALRs within its ARD
 
(Yuan et al., 2004).  

Gankyin also is known as 26S proteosome non-ATPase regulatory subunit 10.  Both ABM-

containing proteins are of central importance in the control of differentiation and gene expression 

in striated muscle,
 
(De Falco et al., 2006; Shen et al., 2006) as well as a variety of other tissues 

(Leoncini et al., 2006; Ficner, 2009).  
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Our methods are based on the alignment of homologous residue positions in ABMs, and 

the residues with which they are likely to align when they dock with their respective ARDs.  To 

date, no consensus ankyrin binding sequences have been reported, due to the lack of sequence 

similarity observed when aligning ARDs and ABMs with commonly used alignment matrices, 

such as Blosum62
 
(Thompson et al., 1994).  We have used structural information from the 

Protein Data Bank to design a specific alignment matrix suitable for the grouping and subsequent 

prediction of the ankyrin binding sequences contained in a variety of proteins.  The resulting 

types of binding sequences are grouped based on their alignment of electrostatic and 

hydrophobic amino acids composition and their confirmed or proposed secondary structure.  To 

confirm these predictions for sequences of ABMs, we made protein fusion constructs and tested 

the affinity of their binding to an ARD-containing protein that they had been previously reported 

to bind.  This method accurately predicted ankyrin binding sequences. The methods of matrix 

manipulation and analysis described here should be useful in modeling and experimental 

identification of many other small protein domains involved in protein-protein interactions. 

 

Materials and Methods: 

Software for Alignment and to Predict and Display Secondary Structures 

 The Disembl 1.5 disorder prediction program
 
(http://dis.embl.de/) was used to predict 

intrinsic disorder.  

 Nine secondary structure prediction algorithms were also used to develop models.  These 

algorithms can be divided into four categories: modifications of the Chou-Fasman
 
(Chou et al., 

1974) algorithm, such as SOPMA, SIMPA, and DSC
 
(Geourjon et al., 1995, Levin, 1997, King 
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et al., 1996); GOR IV
 
(Garnier et al, 1996), which uses a three-state model based on the relative 

abundance of secondary structure and the existence of hydrophobic triplets; PREDATOR
 

(Frishman et al., 1996), which incorporates tertiary structure information; and PHD
 
(Rost et al., 

1993) and HNN
 
(Guermeur, 1997), which utilize neural networks (non-linear statistical 

modeling) to incorporate evolutionary information into the Chou-Fasman algorithm (Chou et al., 

1974).   

 Deepview v.4.0.1
 
(Guex et al., 1997) was used to evaluate the intermolecular homology 

and binding characteristics of ABMs and ARDs for solved structures available in the protein data 

bank.    

 Clustal W
 
(Thompson et al., 1994), a progressive alignment algorithm within a software 

package known as Vector NTI (Invitrogen, http://www.invitrogen.com/), was used to generate a 

core alignment and align sequences.   

 

Generation of Fusion Protein Constructs   

Proteins containing ankyrin repeats: Vectors encoding the complete sequences of proteins 

containing ARDs were obtained from Addgene (http://www.addgene.org), ATCC 

(http://www.atcc.org/), or cloned by PCR from human skeletal muscle cDNA (Biochain Institute, 

http://www.biochain.com/biochain/homepage.htm).  Addgene or ATCC constructs were 

enzymatically removed from the vector in which they were supplied and ligated into a pMAL-

c2X vector (New England Biolabs, http://www.neb.com/ ), in order to make MBP fusion 

proteins.  Constructs were cloned out of cDNAs by polymerase chain reaction (PCR) into the 

pMALc2X vector by the protocol described below.   

http://www.atcc.org/
http://www.neb.com/nebecomm/default.asp
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Ankyrin Binding Motifs: Primers for PCR (see Figure 3.1) were obtained from either the 

Biopolymer Facility, UMB, or from IDT (http:// www.idtdna.com/).  PCR was used to amplify 

fragments containing ABMs, either from the commercial vectors (see above) or from cDNA 

prepared from human skeletal muscle (see above).  The In-Fusion PCR cloning kit (Clontech, 

http://www.clontech.com/) was used to insert the ABM sequences into PGEX4T1 (GE 

Healthcare, http://www.gelifesciences.com/) to make GST fusion proteins.   

   The structures and open reading frames of all plasmids were verified by sequencing at the 

Biopolymer Facility at UMB.     

 

Figure 3.1.  ABM primers for site directed mutagenesis and subcloning.  The sequences used 

for site directed mutagenesis and subcloning of constructs used in the preparation of this 

manuscript are shown below, with the corresponding amino acid residue numbers.   

 

Figure 3.1 –  ABM Primers for Subcloning 

 Subcloning:  

HDAC4-

668-697 

5’ 

GCTTGAATTCACCTGCGGGAGTA

GCAGCAG 

3’ 

GCTTGTCGACTCATTTGCCCCGGA

GGCCCG 

RB1-  

390-419 

{Type 1} 

5’ 

GCTTGGATCCTCAGCAAGTGATC

AACCTTC 

3’ 

GCTTGTCGACTCACTTCACTCTTTT

CAGTATACTTTC 

RB1- 

231-260 

{Type 2} 

5’ 

GCTTGGATCCCCTCCCATGTTGCT

CAAAG 

3’ 

GCTTGTCGACTCAACTCCTGTTCTG

ACCTC 
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Expression and purification of fusion proteins 

 Following sequence verification, each of the plasmid DNAs was transformed into BL21* 

plyS competent cells.  These cells minimize protein degradation, are chloramphenicol- 

dependent and only produce the desired protein upon induction.  Cells were grown in 

sequentially diluted cultures, induced with 1 mM IPTG (isopropylthio-β-galactoside), and 

allowed to produce protein for 4 hr.  Soluble fusion constructs were extracted from sonicated 

supernatant and purified by affinity chromatograph on agarose columns, for MBP fusion 

proteins, or Sepharose coupled to glutathione, for GST fusion proteins, following methods 

recommended by the manufacturer (GE Healthcare [formerly Amersham]).     

 

Studies of protein binding  

Blot overlays were performed as previously described
 
(Borzok et al., 2007, Kontrogianni-

Konstantopoulos et al., 2003), with minor modifications, to assess binding qualitatively. 

Quantitative studies utilized surface plasmon resonance with a Biacore 3000 (Biacore, 

http://www.gehealthcare.com), as described
 
(Borzok et al., 2007, Kontrogianni-Konstantopoulos 

et al, 2003), with minor modifications, to determine absolute and relative affinities of ABMs for 

ARDs.  In order to produce suitable quantities for kinetic measurements, MBP proteins were 

concentrated in Centricon centrifugal filter devices (10,000NMWL ultracel YM membranes, 

Millipore, Billerica, MA, USA).  
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CD Spectroscopy 

Circular dichroism spectroscopy was performed on a Jasco-810 spectropolarimeter at 

25°C.  Spectra were collected from 190 to 260 nm with 0.2-mm resolution and 1.0-cm 

bandwidth.  Both retinoblastoma peptides were dialyzed briefly against 20mM sodium 

tetraborate, 10mM sodium phosphate, pH 7.4, and diluted in 30% trifluoroethanol to a final 

concentration of 12.5 µM.  The background due to buffer alone was subtracted, and the mean 

residue ellipticity (deg cm
2
 dmol

-1
) was calculated using CDPRO software, supplied by the 

manufacturer.  The percent α-helical content was determined from the spectra with the 

CONTINLL methods within the CDPRO analytical software. 

 

Results 

Our laboratory has previously reported the similarities and differences in sequence, 

affinity and structure of two nearby regions of obscurin that bind to sAnk1, Obsc6316-6345 and 

Obsc6231-6260 (Busby et al, 2010).  We initially approximated the structure of Obsc6316-6345 by 

aligning it to the well-characterized ABM of RelA
 
(Huxford et al., 1998; Jacobs et al., 1998).   

To refine these structures, we calculated the intrinsic disorder of this ABM with the Disembl 

program (Linding et al., 2003).  Also, nine prediction algorithms of secondary structure (see 

Materials and Methods) analyzed the ABM of Obsc6316-6345.  Most of these calculations are 

consistent with the presence of an unbroken α-helix in the center of the binding site, with an 

average helix length of eight residues.  CD studies agreed with this prediction of helical content, 

previously reported as 35% α-helical residues 6316-6345 of obscurin (Busby et al., 2010). We 

refined the model for the Obsc6316-6345 site to reflect a bent helix, in agreement with molecular 
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dynamics simulations (Busby et al., 2011), rather than the broken helix seen in the ABM of 

RelA.  The resulting bent helix was sufficient for all the identified electrostatic pairs to be close 

enough in space to interact with the cytoplasmic domain of sAnk1 (See introduction). 

Similar studies of Obsc6231-6260 oligopeptide gave spectra indicating ~17% α-helicity. A 

disorder plot for the Obsc6231-6260 indicated stability near the N-terminal residues, which in 

conjunction with the CD data suggests the presence of a short, N-terminal -helix, 

approximately four residues in length as seen in the published homology model (Busby et al., 

2010). 

Additional modeling studies of Obsc6316-6345 and Obsc6231-6260 , based on structures of 

ABMs reported in the literature and the Protein Data Bank 

(http://www.rcsb.org/pdb/home/home.do), suggested the possibility that many ABMs might 

share structural and sequence similarities to those of RelA and obscurin.  Based on these 

structural and sequence similarities, we modified a popular alignment matrix to make it ARD 

and ABM specific.  This custom matrix emphasizes the positional specificity importance of 

charged and hydrophobic amino acids, similar to how sAnk1 was modeled after Notch1 (Borzok 

et al., 2007).    

We designed this specialized alignment matrix for ABMs and ARDs, based on the 

Blosum62 matrix
 
(Thompson et al., 1994).  As the location of hydrophobic and charged residues 

at particular sites on the ARD and ABM are likely to confer binding specificity, we altered the 

Blosum62 matrix to allow residues with different charges, but similar properties to be considered 

as similar in our matrix (Figure 3.2).  The scoring was changed for the charged residues R, D, E, 

H, and K in the ABM, such that any combination scored a +3 if the pair possessed opposite 
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charges, or a +6 if the pair possesses the same charge.  The standard Blosum62 matrix scored 

aligned pairs such as D and R as -2, but since the type and distribution of charged residues can 

vary between grouped ABMs, but still be appropriate for docking to ARDs with reciprocal 

charges appropriately placed, we considered them to be similar in our matrix.  The modification 

of the matrix to include only two scores, either +3 or +6, from the earlier as range of -2 to +8, 

was required to strengthen the positional sequence similarity parameter. This parameter is 

essential to account for the specific paired amino acids observed for electrostatic and 

hydrophobic binding residues. To counterbalance the net loss of negative scores,  we reduced the 

score for residues that are typically not observed in ABM binding systems, such as pairs of 

tryptophans, or cysteines, from +11 to +8 (for W-W)  or from +9 to +6 (for C-C).  We also 

reduced the score for paired histidine residues from +8 to +6, to be consistent with the scores for 

amino acids of like charges, mentioned above.  We incorporated all these changes into the matrix 

shown in Figure 3.2  

Application of the matrix revealed that these ABMs fell into two groups that shared 

significant homology within but not between the groups.  The two types of ABMs differ in the 

location of the charged and hydrophobic residues that are likely to mediate binding.  We call 

these ABMs type 1 and type 2.   

 

Figure 3.2.  Comparison of designed ABM and Blosum62 alignment matrices.  The designed 

ABM Matrix was generated by modification of Blosum62 Matrix.  Values shown in green (top) 

have been modified from values shown in red (bottom), as described in the text. .    
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For the type 1 motif, the crystal structure of the nuclear localization signal region of RelA 

bound to IκBαalong with the previously characterized Obsc6316-6345 region, served as the basis 

for modeling other proteins that bind ARDs.  Two other crystal structures of bound complexes 
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that share similar characteristics are asap2 (development and differentiation enhancing factor 2) 

and uplc1 (ArfGAP with SH3 domain, ankyrin repeat and PH domain 3)
 
(Mandiyan et al., 1999, 

pdb id: 2b0o).  There are also several other sequences known to bind ankyrins that have been 

shown or are predicted to possess either a bent or broken central helix of between 8-12 residues, 

and that have a disorder plot similar to those of RelA and Obsc6316-6345 (Busby et al., 2010), 

although the breaks and bends of these helices may have considerably different angles, perhaps 

to allow proper interaction with different regions of ARDs.  Obsc6316-6345 was originally modeled 

after the ABM of RelA and a computationally adjusted version of this structure agrees well with 

our experimental data.  The sequences in Figure 3.3a grouped as type 1 ABMs share >50 % total 

sequence similarity with RelA and Obsc6316-6345 .  Figure 3.3b shows the distribution of 

electrostatic and hydrophobic residues within these thirty amino acid sequences.  The two boxed 

sequences, of the retinoblastoma protein (Rb) and the histone deacetylase 4 (HDAC4), are 

considered further, below.   

 

Figure 3.3.  Alignment, structures and prediction of type 1 ABMs.  A, Sequence alignments.  

Identical residues are in blue.  Similar residues, scored according to our matrix, are in green.  

The predicted sequences that were predicted and tested experimentally are in the red box.  The 

type 1 binding site on obscurin for sAnk1 is highlighted to the left in gray.  The resulting 

alignment shows >50% sequence similarity, with the majority observed toward the center of the 

30 amino acid sequences.  B, The same sequence alignment from A is shown as a function of 

amino acid properties.  Where sequence similarity is observed, electrostatic residues are shown 

in blue, hydrophobic residues in red, and others in black/grey, with the darker shades 

representing less conserved positions.  C, The crystal structure of RelA bound to IκBα. shows the 
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model we used for complexes formed by type 1 ABMs.  D) The structure of the predicted ABM 

within the catalytic domain of HDAC4 (HDAC4669-698) has been solved
 
(Bottomley et al., 2008), 

and shows a similar conformation with the broken helix.   

 

 

 

Type 2 ABMs were identified as structures that showed considerable similarities to the 

previously published model of Obsc6231-6260 (Busby et al., 2010), including some for which the 
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crystal structures bound to their respective ARD have been solved.  For example, p53, which 

binds to ASPP2, a protein encoded by the PPP1R13A gene
 
(Birney, 2004), has an ankyrin 

binding site containing a short NH2-terminal α-helix of five amino acids, stretching from Pro177 

to Arg181 (Figure 3.4c).  Several other sequences known to bind ankyrins that were shown 

experimentally to possess a short helix of 4-6 residues and had persistent disorder in their C-

terminal regions, as modeled for Obsc6231-6260, were also added to the type 2 alignment.  The 

helical regions of these solved and predicted structures show high sequence homology in 

sequence alignments, suggesting a great deal of structural homology.  In addition, several other 

sequences were identified within the databases that were predicted to fit the type 2 paradigm.  

All these sequences also had >50 % sequence similarity to the alignment of the known ankyrin 

binding sites of p53, CDK4, CDK6, the S6-ATPase and Obsc6231-6260, when aligned with our 

matrix with the greatest sequence similarity toward the N-terminus (Figure 3.4).  The type 2 

ABM predicted for the Rb protein is boxed in red in Figure 3.4.       

 

Figure 3.4.  Alignments and structures of type 2 ABMs.  A, The type 2 alignment shows 

identical residues at conserved positions in blue.  Similar residues, scored according to the 

applied matrix, are in green.  The predicted sequence that is tested for binding activity is in the 

red box.  The type 2 obscurin-sAnk1 binding site that was used as a template is highlighted to the 

left in gray. The resulting alignment shows >50% sequence similarity, with the majority 

observed toward the N-terminus of the 30 amino acid sequences shown.  B, The same sequence 

alignment in A is shown amino acid residues capable of carrying a charge in blue, hydrophobic 

residues in red, and others in black or grey with the darker shades representing less conserved 
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positions. C, A representative co-crystal of a type 2 ABM, found in p53, bound to an AR protein, 

ASPP2 (Gorina et al., 1996).   
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Figures 3.3 and 3.4 show several sequences predicted to bind ARD proteins. These 

include both ABMs in Rb, which binds to the ARD protein, gankyrin
 
(Dawson et al., 2006), and 

probably several other ARD proteins as well
 
(Lin et al., 2007).  Structural homology exists 

between the reported ABM regions of Rb and the two ABMs of obscurin that we have identified, 

supporting our predictions of several types of ABMs (Kim et al., 1997, Hassler et al., 2007).  Rb 

binds to the ARD of gankyrin, specifically to the L-X-C-X-E motif within its fifth AR (Ying et 

al., 2006), but the specific binding site or sites on Rb have not yet been identified.  Our matrix 

predicts that residues 390-419 of Rb form a type 1 ABM We used SPR and blot overlays to test 

the prediction that residues 390-419 of Rb form a type 1 ABM capable of binding gankyrin.  The 

results confirm this prediction (Figure 3.5a,b) and indicate that this sequence of Rb binds to 

gankyrin qualitatively in the blot overlay assay, and quantitatively with 2.4M ± 2.9M affinity 

as measured by SPR traces.   

Binding sites for RFXAnk have already been reported in the sequence of HDAC4 in two 

separate regions, one between amino acids 118 and 279, and the other between residues 448 and 

666 (Wang et al., 2005).  Domain prediction algorithms predict that the deacetylase domain 

starts between amino acid residues 645 and 675 (Pfam – 675, SCOP – 653, Interpro – 645).  

Using our matrix, we determined that the sequence of amino acids 669-698 within the 

deacetylase domain was the most similar to the type 1 ABM consensus, and therefore predicted 

that it would bind to RFXAnk in vitro.   We cloned this region and measured its binding to 

RFXAnk.  Our results confirmed that residues 669-698 of HDAC4 bind to RFXAnk in blot 

overlay as well as in SPR experiments (Figure 3.5c,d).  The latter measured the affinity of 

binding at 1M ± 0.310M.  These experiments confirm the predictions of type 1 ABMs in Rb 

and HDAC4, not previously identified, that we were able to make with our custom matrix.   
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Figure 3.5.  Computationally predicted type 1 ABMs bind to ARD Proteins.  A, Surface 

plasmon resonance (SPR) shows that the predicted type 1 ABM (RbT1 residues 390-419),  

expressed as a GST fusion proteins, binds to full length gankyrin-MBP consisting of five ankyrin 

repeats and two ankyrin-like repeats).  As mentioned in Methods, the non-specific signal caused 

by binding of all fusion constructs to GST is subtracted from all traces before further analysis.  

B, Blot overlays of the binding interactions shown in A, in which the GST fusion protein of the 

type 1 ABM of Rb (lane 3) was overlaid with MBP fusion constructs of gankyrin.  The predicted 

ABM binds more than GST alone (lane 2). Lane 1 shows a molecular weight protein standards 

ladder.  C, SPR shows that a type 1 sequence (HDAC4T1, purple) predicted to be present 

between residues 669-698 of histone deacetylase 4 (HDAC4), binds to full-length RFXAnk-

MBP, containing four ankyrin repeats and a possible ankyrin-like repeat).  D, Blot overlays in 

which GST (lane 2) or GST fusion constructs of the predicted type 1 ABM of HDAC4 (lane 3) 

was overlaid with MBP fusion constructs of RFXAnk.  The predicted ABM binds more than 

GST alone with the developed blot showing a protein standards molecular weight ladder in lane 

1. 
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We used the same methods to assay the ability of a more N-terminal sequence within Rb, 

amino acids 231-260, to also bind to gankyrin.  This sequence,  predicted to form a Type 2 ABM 

(see Figure 3.4) within Rb was cloned into a GST vector and the ability of the fusion protein to 

bind full length gankyrin-MBP was tested.  The resulting SPR traces are shown in Figure 3.6a.  

Kinetics analysis reveal the affinity to be 456nM ± 316nM.  The blot overlay also confirms the 

prediction of a type 2 ABM in Rb capable of binding gankyrin.  Thus we can use our matrix to 

predict type 2 as well as type 1 ABMs.  

 

Figure 3.6.   A computationally predicted type 2 ABM within retinoblastoma binds 

gankyrin.  A, Surface plasmon resonance (SPR) shows that the sequence within Rb predicted to 

be a type 2 ABM (RbT2 residues 231-260), expressed as a GST fusion protein, binds to an MBP 

fusion protein of gankyrin (see Fib. 3.5)   As mentioned in Methods, the non-specific signal 
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caused by binding of all fusion constructs to GST is subtracted from all traces before further 

analysis.  B, Blot overlays of the interactions shown in A, in which the GST fusion protein of the 

type 2 ABM of Rb (lane 3) was overlaid with MBP fusion constructs of gankyrin.  The predicted 

ABM binds more than GST alone (lane 2) with the protein standards loaded visualized in lane 1 

.    

 

 

To characterize the type 1 and type 2 ABMs further, we used circular dichroism to study 

their secondary structure.  Previously we showed that synthetic oligopeptides of  Obsc6316-6345 

had twice as much α-helical content, 35%, as Obsc6231-6260,  17%.  We used the same methods 

with peptides containing the Rb type 1 and type 2 sequences, analyzed in the presence of 30% 

trifluroethanol (TFE) to stabilize secondary structure.  The resulting CD spectra are shown in 

Figure 3.7a.  They show a more robust α-helical profile for residues 390-419 than residues 231-

260.  Spectral analysis resulted in 30% helical content for the former, type 1 peptide and only 

15% for the latter, type 2 peptide (Figure 3.7b).  This is consistent with previous observations 

that type 1 ABMs have twice the α-helical content of type 2 ABM peptides.  It is also consistent 

with previous solved structures of these individual regions of retinoblastoma (Figure 3.7c) with 

the more C-terminal site containing more α-helical content.  
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Figure  3.7. Retinoblastoma type 1 ABM contains twice the helical content of the type 2 

ABM.  A, A representative circular dichroism spectra from peptides 231-260 (pink) and 390-419 

(blue) of retinoblastoma, dissolved in buffer containing 30% TFE.  Data was collected between 

wavelengths of 260 and 190nm for comparison to known data sets of protein structures, to 

calculate the percent α-helical contents seen in panel B. C, Individual solved structures for partial 

portions of the Type 1 and Type 2 ABM of retinoblastoma including 390-419 (pdb id: 1AD6) 

and 231-244  (pdb id: 2QDJ), respectively. 
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Discussion 

  Binding of ligands to proteins with ARs and ALRs occurs across cell types and phyla, 

and governs many critical cellular processes, such as cell division and differentiation.  

Understanding how such a large family of proteins containing ARDs interacts with an equally 

extensive set of ligands should provide important insights into how interactions between pairs of 

proteins can be made specific, and thus how proteins that are similar in size, structure and the 

orientation of residues involved in binding, can carry out such a wide array of cellular functions.  

We previously
 
compared two ankyrin-like binding sites of obscurin and found differences in 

affinity and secondary structure (Busby et al., 2010).  We have also dissected the role of 

electrostatic and hydrophobic interactions (Busby et al., 2011; Chapter 2 of this thesis).  Here we 

show that small modifications of the Blosum62 matrix can be used to align the ABMs identified 

in several other proteins with obscurin’s two types of ABMs and, furthermore, to predict the 

specific ABM sequences in proteins in which the ankyrin-binding regions have not yet been 

identified. 

In our initial alignments of structurally similar ABMs, we noticed that many charged 

amino acids were in similar positions when these sequences were aligned, but as they carried 

different charges, the alignment scores obtained with the Blosum62 matrix were low.  We have 

previously shown that the specific polarity of these charges determines the binding of sAnk1 to 

its high affinity binding site on obscurin, and that changing the charge of a particular residue on 

obscurin did not prevent binding if the reciprocal charge on the sAnk1 molecules was also 

switched (Busby et al., 2011).  This suggests the importance of positional specificity of the 

residues in the ABM involved in binding, and in the residues in the ARs with which they 

interact, despite the fact that the specific charge may vary.   
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We incorporated this consideration of the ABMs of obscurin into our custom matrix for 

use in predicting homologous ABMs in other proteins.  In particular, we assigned the same 

scores to amino acids with chemically similar but oppositely charged side chains.  Alignment 

values for oppositely charged residues were adjusted to equal values for heterogeneous residues 

of like charge.  This included residues R, D, E, H, and K that were all scored +3 or +6 when 

aligned to each other, eliminating any negative values for the charged residues known to be 

crucial for ARD protein binding.  The modification to only two scores of either +3 or +6  also 

allowed for more accurate predictions of Rb ABMs since nothing about the charged residues 

involved in binding gankyrin were known. Other non-charged residue scores were left 

unchanged. The matrix designed for this purpose is shown in Figure 3.1.   

To compensate for an overall increase in total score, we reduced the scores for residues, 

such as cysteine and tryptophan that are relatively rare and less conserved in ankyrin binding 

motifs compared to other protein domains.  Although hydrophobic interactions are essential for 

interactions between ABDs and their ligands, I left these scores unchanged, so as not to increase 

the total overall score and generate false positives.  As seen in Figure 3.3 and 3.4, there is a high 

degree of conservation at or adjacent to the positions of specific hydrophobic residues for both 

the type 1 and type 2 ABMs, as there is for the conservation of the positions of the charged 

residues.  This matrix may be useful for identifying short motifs that bind to common protein 

folds, repeats or other small domains, in cases in which the specificity of binding is determined 

at least in part by electrostatic interactions, although the overall methodology could be modified 

for specific polar, or perhaps even hydrophobic couplings.  

Although the matrix is useful for predicting binding motifs and can be of use in 

deciphering the structure of docked complexes, it cannot predict intermediate states in complex 
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formation.  For example, if the initial association is mediated by hydrophobic residues, the 

matrix would need to be adjusted significantly, to minimize the energy of interaction of these 

hydrophobic residues.  

As the free-energy of interactions of particular regions of amino acid interactions have 

been determined
 
(Camacho et al., 1999), these computations should be possible, and the 

predictions they generate should be testable.  However, it is likely that relative amino acid 

positions, needed to generate the spatial distribution of charged and hydrophobic side chains 

required for specific binding, will become important in this analysis. This may involve the 

identification of additional ABMs from other proteins that we expect to strengthen the matrix 

alignments further.  These computations could also potentially benefit from distinguishing 

between ABMs bound to ARs and those bound to ALRs and comparing the relative conservation 

at specific positions.    

Type 1 ABMs contain α-helices that are longer than those of type 2 ABMs, often with a 

bend or break in the middle.  As more ABMs are identified and distinguished as binding to ARs 

or ALRs, the role of the bends or breaks may become clearer. We speculate that the bent or 

broken α-helices of type 1 ABMs facilitate proper docking and complex formation.  The 

structural continuity and symmetry of the α-helix may provide additional conformational 

mobility, facilitating the binding to the helical face of the ARD and possibly also capping of the 

orthogonal face of terminal ARs or ALRs.   

Some type 1 sequences are reversed in orientation. This can be explained by the idea that 

in three dimensional space, these domains which generally possess some dyadic symmetry, may 

bind to different ARDs in opposite orientations, depending on the specific repeats.  Orientational 
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specificity is likely determined by the charged residue at the C-terminus of the type 1 ABM, in 

conjunction with a specific residue on the ARD to which it binds, as is the case for NFκB 

binding to IκBα.  Another factor that may contribute to specificity is the possibility that the type 

1 ABM is on the same protein molecule as the ARD.  A rare occurrence in vertebrates, this is 

quite common in single celled eukaryotes (Foord et al., 1999).  In this intramolecular system, 

there is a tendency for the sequence of the type 1 ABM to be oriented anti-parallel to the region 

of the ARD to which it binds.  In vertebrates, this trend is reversed, and intermolecular 

interactions generally have parallel sequence.  One possibility is that during metazoan evolution, 

ABMs split off from their ARs, and those in a reverse orientation were either selected out, or 

adapted by shifting their positional cues.  

Evidence also exists for common phylogeny between ABM proteins. p53 and NFκB are 

both transcription factors and may have evolved from a common ancestral gene (Dreyfus et al., 

2005).  They share very similar DNA binding sequences, as well as the ability to bind ARDs 

with similar alignments. These similarities may explain the large degree of “crosstalk” between 

these ankyrin-binding proteins, as both NFκB and p53, as well as cyclin-dependent kinase 4, 

share the ability to bind to the ARD domain protein, IκBα (Li et al., 2003).  NFκB also binds the 

ARD of ASPP2, previously known for its binding to p53, using the same ABM binding sequence 

it uses to bind to IκBα (Benyamini et al., 2009). 

Type 2 ABMs contain a very short α-helix at their N-terminus and a region of intrinsic 

disorder at their C-terminus, sometimes with very short -sheet-like structure N-terminal to the 

disordered region.  The disordered region may of course adopt a variety of conformations. Our 

CD studies of the 231-260 amino acid peptide of retinoblastoma shows that it contains 21.3% +/- 

3.1% sheet, consistent with the partially solved structure (pdb id: 2QDJ).  The helical N-
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terminus, as well as its disordered region may assist in the capture of specific ARD ligands.  This 

is not the case for the type 2 cdk6 or p53 and might be a result of an undocked ligand that could 

potentially assume a different confirmation upon association with an ARD.  In this scenario, the 

unstructured C-terminal regions of these type 2 ABMs may assume a fixed conformation upon 

binding to an ARD, providing additional stability and tighter binding, which in turn may promote 

a variety of functions, including GTPase activation (Nakamura et al., 2007) or   cytoskeletal 

stabilization, which is another role identified for ankyrins (Dawson et al., 2006) 

The alignments of residues in ABMs and ARDs indicated in Figure 3.3 and 3.4 are likely 

to be broadly applicable.  For example, we used the alignment in Figure 3.3 to predict the 

sequence of HDAC4 that binds to RFXAnk, which is still unknown.  Our prediction is consistent 

with data suggesting that HDAC4 interacts with the most N-terminal, algorithmically predicted 

AR of RFXAnk.  Although this AR has two immediately N-terminal tetratrico peptide repeats 

(TPR) (Long, 2005), TPR repeats adjacent to an AR have a >50 percent chance of adjusting their 

fold to resemble ARs (Murzin, 1995).  Thus, the association site on RFXAnk for the type 1 ABM 

on HDAC4 may be composed of an AR and a TPR that refolds to form a second AR or ALR. As 

more ALRs are characterized, it will be important to compare their role to TPR repeats.  We 

predict that they will be similar. 

At least three class 2 HDACs, 4, 5, and 9, contain a type 1 ABM in their histone 

deacetylase region for which HDAC4 and 5 have been shown to bind RFXANK (McKinsey et 

al., 2006).  Class 1 HDACs, including 1, 2 and 3, do not possess this ABM and have not been 

shown to bind ARDs.  The histone deacetylase domains of HDACs 1-3 are at the far N-terminus 

of the molecule, and their sequences in this region bear only marginal similarity to the type 1 

ABM found in class 2 HDACs (26.7%).  Although class 1 HDACs are reported to bind proteins 
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with ARs
 
(Viatour, 2003), application of our matrices to these proteins suggests that they may 

have a conserved type 2 ABM, but this remains to be tested.  HDAC4, by contrast, has a total of 

three binding sites for ARs, two of which have been located experimentally in regions of the 

protein ~200 amino acids in length
 
(Wang, 2005), but neither of which is present in the catalytic 

domain.  The type 1 ABM we have identified is at the N-terminus of the catalytic domain of 

class II HDAC4 and, as a GST fusion construct, it binds to RFXAnk.  Additional studies will be 

needed to determine if the interaction of these proteins is mediated by this type 1 ABM under 

physiological conditions.    

We also used our matrix to identify the ABMs of Rb.  Rb plays an important role in 

regulation of the cell cycle and in the differentiation of muscle cells.  Its degradation is mediated 

by proteosomes, to which it becomes anchored by the AR protein, gankyrin.  The particular 

sequences involved in binding are not known, however.  Applying our matrix to Rb led to the 

identification of a type 1 ABM and a type 2 ABM, located 130 amino acids apart.  SPR and blot 

overlay experiments confirmed this prediction, and further showed that each of these sites can 

bind to gankyrin independently of the other, as has also been found for the binding of the type 1 

and type 2 ABM sites of obscurin to sAnk1.  Interestingly, the affinity values are reversed in Rb: 

the type 2 shows a greater than 2 fold higher affinity than the type 1. Retinoblastoma contains 

928 amino acids, so other regions, in addition to those studied here, may also contribute to 

binding.  This is the case for NFκB, which uses three separate ABMs, including RelA subunit, to 

bind to the ARs and an ALR of IBJacobs et al., 1998)     

Preliminary results suggest that both of the ABMs we identified within retinoblastoma 

may also bind to other ARD proteins (discussed further in Chapter 4), studies of which may help 

to elucidate the role of particular amino acid residues in ABMs and the complexes they form 
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with ARD proteins.  It may also help to identify new binding partners for retinoblastoma protein 

in muscle, which will in turn reveal some of the mechanisms this protein uses to regulate muscle 

cell division and differentiation. 

With appropriate modifications, the algorithms described here may be applicable for 

predicting sites on ARDs to which ABMs bind.  Preliminary evidence suggests that the 

alignment of the residues in many ARDs is applicable using our custom matrix, with the 

exception of IκBα, which is likely to be oriented backwards with respect NFκB (Dr. Ben Busby, 

dissertation 2009).  Although IκBα and NFκB associate with each other in the same N- to C- 

orientation, the charged cluster at the C-terminus of the RelA ABM interacts with an asparagine 

residue on IκBα that aligns well with the aspartate on sAnk1.  It is not clear how general this 

concern may be, as preliminary modeling indicates that the type 1 ABM on Rb may bind to 

sAnk1 in an opposite orientation to that of the type 1 ABM of obscurin.  The association of RelA 

with IκBα is the reverse of the pattern of other ARDs, although the positional charge pairings are 

exquisitely conserved.  As noted above, it is likely that type 1 ABMs have the capacity to bind to 

ARDs in either orientation.  

Although our studies have focused on identifying particular sequences that mediate 

specific protein-protein interactions, different ABMs are likely to bind to the same ARDs. As 

previously mentioned, a great deal of “cross talk” exists within ankyrin pathways, which is likely 

to result in the same amino acid residues within ARDs docking to different ligands with 

different, though homologous, ABMs (See Chapter 4).  This is true for the two ABMs of 

obscurin that we have previously characterized (Busby et al., 2010).  Although these two sites 

are found close to one another in the C-terminal region of obscurin, in other cases ABMs that can 

interact with the same ARDs may be found on different proteins.  The relative concentrations of 
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these proteins, along with their relative affinities and their localization within cells may 

determine which ABMs bind to which ARDs.  This may mediate the distribution of ARD and 

ABM-containing proteins in the cytoplasm, nucleus or other intracellular compartments.   

Posttranslational modification of ARs or their ABMs may regulate this localization. 

Specific ARD/ABM interactions are regulated by posttranslational modification, such as 

methylation, as is the case for histone H3 and the ARD protein G9a/GLP (Collins et al., 2008).  

The relative affinities, cooperativity and susceptibility to specific post-translational modifications 

are likely to be different for each type of ABM.  This variability, in conjunction the molecular 

specificity of individual ARD-ABM pairs, provides cells a much greater range and precision of 

regulation by ankyrins and their ligands.  As the specific residues within the type 1 and type 2 

alignments critical for binding to ARDs are identified, it should be possible to generate 

hypotheses about the possible role of posttranslational modifications of particular ABM residues 

and its effects on binding and activity. There is also the possibility to correlate mutations within 

ABMs to disease state once the key positions of residues are established. 
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Chapter 4: Future Directions and Conclusions 

 

 This Chapter discusses preliminary and completed experiments, as well as experiments 

that are still in progress or need further study before they yield definitive conclusions.  The 

experiments draw upon the results from Chapters 2 and 3 to further elucidate the mechanism of 

obscurin-sAnk1 binding, and more generally the mechanisms of ABM binding to ARD proteins.  

These initial experiments have potential for future areas of research, some of which are already 

in progress in the Bloch laboratory.       

 

Physiological Significance of Two Obscurin binding sites for sAnk1 

  Both the introduction and Chapter 2 of this thesis present evidence that the more C-

terminal binding site of obscurin for sAnk1, Obsc6316-6345 , binds sAnk1 with a three-fold greater 

affinity than the more N-terminal site,  Obsc6231-6260.  Kinetic evaluations have shown this 

difference in affinity is due to a faster dissociation, koff, of the more N-terminal site.  Additional 

studies suggest that the more C-terminal site predominates in binding to fusion proteins of 

sAnk1, when both are present in a bacterially expressed fusion protein (Busby et al., 2010).  This 

observation does not reveal how the two obscurin sites function together when sAnk1 is present 

in the SR, however.  One possibility is that both obscurin sites dock simultaneously to 

neighboring sAnk1 molecules close to the surface of the SR membrane.  The simultaneous 

binding could be possible because sAnk1 forms a disulfide-linked dimer at cysteine-34, located 

adjacent to the N-terminal hydrophobic SR targeting domain (Porter et al., 2005).  This would 

result in the two domains of obscurin binding to the ALR domains of two neighboring sAnk1 
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molecules at the same time.  In addition, the proximity of two sets of ALRs domains together 

could provide additional stabilization of the ALRs , if they can pack appropriately to form  an 

ARD. (As ALRs are typically only present at the flanks of ARs in ARDs, however, this seems 

unlikely).    

If the neighboring molecules of sAnk1 are this close in space, it would be necessary for 

the obscurin region between the two binding sites to be compact, if both are to bind 

simultaneously.  Figure 4.1 shows the results of applying the HNN secondary structure predictor 

(Guermeur, 1997) to the linker region connecting the type 1 and type 2 sites of obscurin, 

Obsc6261-6315.  The sequence is predicted to be primarily a random coil, and so it should allow the 

two binding sites to be close in space.  Studying this further will require that we create an 

obscurin construct with both binding sites but that lacks proteolytically sensitive sites in this 

linker region (a problem that B. Busby and I encountered with the wild type construct).  Site-

directed mutagenesis might be useful for this purpose, but it would have the disadvantage of 

introducing changes in the sequence of the linker region that might influence binding to sAnk1 

dimers.  Work is underway in the laboratory to express the double construct in a cell free 

expression system to bypass this problem of bacterial proteolytic specific sites. 

 

Figure 4.1.  Predicted secondary structure for the linker region of obscurins binding sites. 

The 55 amino acid linker region between amino acids 6261-6315 of obscurin shows primarily 

random coil (c) with limited extended strand (e) and possibly some α-helix (h).  
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Attempts to obtain structural information on sAnk1 by NMR 

 Although the Bloch laboratory has published a homology model of sAnk1 (Borzok et al., 

2007) as well as a docked model of sAnk1 with the center of the high affinity obscurin binding 

site docked to the ALRs of sAnk1 (Busby et al., 2011), the best way to examine the structure of 

sAnk1 and the complex it forms with the ABMs of obscurin would be through crystallographic 

studies or studies of the protein and its complex in solution with nuclear magnetic resonance 

(NMR).  I have attempted to produce sAnk1 as a 6His-tagged fusion construct to study it in 

solution with NMR.  sAnk1 was cloned as constructs containing either residues 29-155 

construct, that should allow dimerization and disulfide cross-linking, or a 60-130 amino acid 

construct that contains the ALRs with all the residues involved in binding to obscurin but that, 

lacking cysteines, should not form cross-linked dimers.  I optimized the purification protocol 

using a 20-50mM imidazole washing gradient followed by 250mM imidazole elution.  Figure 4.2 

shows an example of the eluted fractions I collected for the pure 6His-sAnk160-130 construct.   

 

Figure 4.2.  Purified sAnk1 60-130 His-tagged protein. The ladder confirms that the fusion 

construct runs at the predicted molecular weight of 10.7 kDa. Fractions 5-7 were combined for 

NMR.  Lane 1: molecular weight protein standard ladder, Lanes 2,4,5,6,7,8,9: elution fractions, 

Lane 3: wash step elute. 
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After concentration of the three fractions in centricon tubes, the protein was diluted in 

10% deuterated water along with either 0, 10, 20, 30, or 40% deuterated TFE.  This resulted in 

final concentrations of sAnk1 between 38 and 68µM, in 500µL buffer containing 30mM NaCl, 

10mM NaH2PO4, 0.35mM NaN3, with or without 5mM DTT.  When the final volume was less 

than 500µL, I used a Shigemi NMR tube that is suitable for lower volumes of solution samples.  

NMR experiments were run at 15, 20, or 25 degrees Celsius.  The applied pulse protocol can be 

seen in Figure 4.3a with the resulting 2D spectra shown in Figure 4.3b. 

 

Figure 4.3.  Experimental parameters for NMR and resulting 2D spectra.  The results of one 

experiment examining 55µM 6His-sAnk160-130  in 30% deuterated TFE  show the protein to be 

poorly folded with the applied pulse protocol in (A). 
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 As shown in Figure 4.3, the spectrum of the protein indicated that it was not folded 

properly.  I tried a number of different approaches to induce proper folding.  As indicated in 

Figure 4.3, TFE failed to stabilize a folded conformation.  This was true over the range of 

concentrations of TFE mentioned above.  I also attempted to add varying concentrations of 

Obsc6316-6345 peptide (1µM to 500µM) to try to induce proper folding and stabilize the sAnk1 

ALRs.  This was also unsuccessful in yielding a 2D spectrum typical of a folded protein at pH 

7.2 or 7.4. Furthermore, the solution in the NMR tube appeared cloudy after the spectrum was 

obtained, indicating the presence of precipitated protein.  As a result, the spectra only showed 

peaks for buffer components, similar to Figure 4.3b.  With the recent acquisition of a new, more 

powerful NMR machine on campus, it should be possible to use lower concentrations of sAnk1 

to obtain interpretable spectra while minimizing precipitation.     
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Role of Divalent Cations  

 The studies of binding between sAnk1 and obscurin that I have presented, and that the 

Bloch laboratory has published to date, have all been done in vitro, under conditions that do not 

accurately represent the conditions in the small volumes present in the myoplasm between the 

SR membrane and the periphery of the contractile apparatus, where the interaction has been 

proposed to occur (Kontrogianni-Konstantopoulos et al., 2005).  As a component of the network 

SR, sAnk1 is subjected to levels of Ca
2+

 that change during the contractile cycle (see 

introduction).  I hypothesized that increasing or decreasing Ca
2+

 in the physiological range might 

alter the affinity of obscurin for sAnk1, thereby allowing the network compartment of the SR to 

adapt to changes in sarcomere length, or possibly to facilitate replacement of network SR 

components during normal physiological turnover.  To address this possibility, I assayed the 

binding of each of the two obscurin binding sites to sAnk1 in the presence of Ca
2+

, in particular, 

at concentrations of 100nM, present in resting skeletal muscle, and of 10µM, typical of the 

concentrations present in the myoplasm at the peak of contraction. 

 In my first experiments, I added these concentrations to the standard Biacore HBS-EP 

buffer, together with 10mM maltose (routinely added to minimize non-specific binding of MBP 

fusion proteins to the surface of the Biacore chip).  The program Max Chelator 

(http://www.stanford.edu/~cpatton/maxc.html) was used to calculate the final concentration of 

cations following the addition of buffer components.  Both Ca
2+

 and Mg
2+

 were added as CaCl2 

or MgCl2, with the final concentrations of cations constant with the predetermined values.  In 

order to confirm these concentrations were constant, I used the program Max Chelator 

(http://maxchelator.stanford.edu/) to determine final cation concentrations in solution.  I also 
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tested other physiological levels of cations, such as 1mM Mg
2+

 alone, or in combination with the 

10µM Ca
2+

.  The resulting Biacore traces are in Figure 4.4. 

 

Figure 4.4.  SPR traces of sAnk1 binding to each of the two ankyrin binding motifs of 

obscurin in the presence of divalent cations.  Biacore experiments were run with 2µM sAnk1 

as the analyte for either the type 1 (A) (Obsc6316-6345) or the type 2 (B) (Obsc6231-6260) ABM 

ligand.  The labeled colors represent individual traces with 2µM sAnk1 in the presence of 

different cation concentrations.   

 

 

     

 Figure 4.4a shows that concentrations of divalent cations other than 100nM Ca
2+

 reduce 

peak binding values of the type 1 ABM, Obsc6316-6345, consistent with inhibition of binding.  This 

suggests that this site would tend to have a lower affinity for sAnk1 at the peak of contraction, 
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when the stores of Ca
2+

 are not yet taken up back into the SR.  Qualitatively, the rate of 

dissociation increases at all the concentrations of cations I assayed.  This suggests that the 

dissociation of the type 1 site in the presence of cations could approach that reported for 

dissociation of the type 2 site.  The apparent increase in dissociation rates would thereby 

decrease overall binding affinity between sAnk1 and the obscurin type 1 site when divalent 

cations are elevated.  Kinetic analysis will be necessary to confirm the association and 

dissociation binding profiles.  Future experiments must also include a conditions in which 1mM 

Mg
2+

 is used with 100nM Ca
2+ 

, to see if the effects of each cation are additive, or if they 

function differently together.    

 In the studies of the type 2 ABM Obsc6231-6260, shown in Figure 4.4b, any combination of 

cations, including the higher concentration of Ca
2+

 expected at the peak of contraction, enhances 

its overall peak binding to sAnk1.  This suggests the affinity of the type 2 site for sAnk1 likely 

increases, perhaps as a result of more rapid association, or kon , values when divalent cations are 

present.  The dissociation values qualitatively appear to stay constant under these conditions, 

which predict an overall increase in affinity (lower KD values).  Kinetic analysis would make it 

possible to compare these KD values to the type 1 ABM site of obscurin.  These preliminary 

experiments suggest that there may be physiologically significant differences in the regulation of 

the ability of the two sites on obscurin to bind sAnk1. Interestingly p53, another type 2 ABM has 

a zinc ion in contact with the binding site shown in the solved structure of its complex with 

53bp2 (Gorina et al., 1996).  

As a follow-up to these SPR binding studies, Mike Kiley and I performed blot overlays 

with the same cation concentrations added to blot overlay buffer.  A developed blot is shown in 

Figure 4.5b.  Most interestingly, the 100nM Ca
2+

 that increased peak binding the most for both 
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the type 1 and type 2, as measured by SPR, appears to only increase binding to sAnk1 for the 

type 2 in blot overlay.  This may be a result of the increased dissociation rates mentioned above 

for the type 1 ABM.  With the addition of greater amounts of Ca
2+

, the binding appears to return 

wild-type levels for the type 2, suggesting higher divalent concentrations can inhibit binding.  

Future blots will need more even GST-Obscurin loading as Figure 4.5a shows variation among 

lanes.  If these results are reproducible, they would suggest that binding of obscurin to sAnk1 in 

the SR membrane may cycle between type 1 and type 2 sites, with the type 1 predominant under 

resting conditions, with  low [Ca
2+

]free, and the type 2 site predominant at the peak of contraction. 

 

Figure 4.5.  Blot overlays of sAnk1 binding to the two ankyrin binding motifs of obscurin 

with added cations.  A) The nitrocellulose blot stained with Ponceau Red shows the levels of 

loading of the proteins studied, in a repeating pattern of GST, GST-Obsc6316-6345, GST-Obsc6231-

6260.  B) Blots visualized with Li-Cor technology after overlay with sAnk129-155-MBP in the 

presence of varying cation concentrations. Wild-type represents the standard conditions of blot 

overlay, in which the buffer contained no added cations. It includes: 50 mM Tris, pH 7.4, 

120mM NaCl, 3% bovine serum albumin, 2 mM dithiothreitol, 0.5% Nonidet P-40, 0.1% Tween 

20, and 20mM maltose.    
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Further molecular dynamics simulations, including divalent cations in the calculations, 

might also be useful in understanding how divalent cations could alter the formation of the 

docked complex.  It would also be interesting to study the influence of divalent cations on the 

binding of the two sites in tandem, when the double fusion construct is produced by in vitro 

translation. 

 

 

A Single ABM Can Bind to Different AR Proteins 

 In an effort to elucidate the factors that determine the specificity of ABMs and their ARD 

proteins, I performed additional experiments to test the possibility that the ARD proteins I cloned 

could bind to ABM-containing proteins other than their known ligands.  There was no significant 
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binding between gankyrin and HDAC4, or between RFXAnk and either the type 1 or type 2 sites 

on retinoblastoma protein (data not shown).  Upon assaying binding of these two retinoblastoma 

ABMs to sAnk1, I detected measurable binding, however.  Kinetic analysis confirmed this 

(Figure 4.6).  

 

Figure 4.6.  sAnk1 binding to the two ABMs of retinoblastoma protein.  A) SPR traces for 

five serial dilutions of sAnk1, from 2µM to 125nM, showing its binding to the type 1 

retinoblastoma ABM, residues 390-419. Binding kinetic analysis, with the assumption of 1:1 

binding, revealed the affinity to be 113nM.  Similar studies of the type 2 retinoblastoma ABM, 

residues 231-260, showed binding to sAnk1 with 68nM affinity.  C) Blot overlay binding studies 

also showed the two fusion constructs (lanes 3 and 4) to bind better than their fusion partner, 

GST alone (lane 2). Lane 1 shows the molecular weight protein standards 
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Interestingly, the type 2 ABM of retinoblastoma bound to sAnk1 with a 2-fold higher 

affinity than the type 1 ABM.  As reported in Chapter 3, the type 2 site of Rb also binds to 

gankyrin with a higher affinity than its type 1 site.  Based on the obscurin and sAnk1 studies, I 

had originally hypothesized that type 1 ABMs would have higher affinities than type 2 ABMs 

for the same ligand.  These studies suggest that there is no strict pattern of affinities for the 

different ABM types.  Instead, it is likely that each individual ABM has distinctive properties 

and affinities for its respective ligand. 

Whether the interaction between sAnk1 and retinoblastoma is physiologically relevant in 

striated muscle is not yet clear.  The majority of binding partners for retinoblastoma are involved 

in cell cycle regulation, and as expected, retinoblastoma has been localized within the nucleus 
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(Dick et al., 2003).  The role of retinoblastoma in skeletal muscle has been less studied, although 

skeletal myocytes lacking the retinoblastoma protein display defects in muscle gene expression 

and accumulate in S and G2 phases, suppressing subsequent differentiation (Novitch et al., 

1996).  I performed experiments utilizing immunofluorescence labeling and confocal microscopy 

with Jackie Kerr, in which we used an antibody to retinoblastoma (Abcam, Cambridge, MA) to 

study its localization in adult skeletal muscle.  Shown in Figure 4.7 is the localization pattern for 

the Z-disk marker α-actinin (green) and retinoblastoma (red).  As Rb appears in a striated pattern 

at Z-disks, it is possible there is association at these structures with sAnk1. 

 

Figure 4.7.  Retinoblastoma in adult skeletal muscle. Longitudinal sections of adult rat tibialis 

anterior were stained with anti-Rb (A) and anti-α-actinin (B). The overlay of the staining by both 

antibodies is shown in (C) and demonstrates some co-localization at the level of Z-disks. All 

views are using the 64x objective with the zoom 3 setting. 
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Although these experiments need more extensive controls to correct for possible non-

specific labeling, they suggest that retinoblastoma protein concentrates at the level of Z-disks in 

adult muscle, where sAnk1 is also localized.  To determine if they interact in situ, I performed 

co-immunoprecipitation experiments (Co-IP Kit, Thermo Fischer Scientific Pierce Products, 

Rockland, IL) with homogenates of adult rat TA muscles to see if sAnk1 was enriched in a 

precipitate generated with anti-Rb antibodies.  Figure 4.8 shows that sAnk1, recognized with 

anti-sAnk1 antibodies, was present in the immunoprecipitate generated by anti-Rb (Lane 2).   

 

Figure 4.8.  Co-immunoprecipitation experiments reveal a complex between 

retinoblastoma and sAnk1.  Lane 2 shows the results of immunoblotting the pellet collected 

after immunoprecipitation of Rb from a homogenate of adult rat tibialis anterior muscle with 

anti-sAnk1.  Following the immunoprecipitation, anti-sAnk1 was detected as a pair of bands at 

~20 and 22 kDa (based on the protein standards molecular weight ladder in Lane 1), as expected.  

This is consistent with sAnk1’s association with Rb in the homogenate.  Anti-Rb also detected 

the Rb protein (Lane 3, broad band at ~100 kDa) in the immunoprecipitate, consistent with the 

multiple phosphorylation states of Rb. 
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The results suggest that retinoblastoma is capable of interacting with sAnk1 in mature 

muscle fibers, although the functional significance of the interaction is not yet clear.  As the 

measured binding affinities for obscurin and retinoblastoma for sAnk1 are similar, these two 

proteins may even compete for binding.  The idea that their binding is competitive is consistent 

with the results in Chapter 3 suggesting that the type 1 and 2 ABMs of retinoblastoma and 

obscurin use similar mechanisms to bind to ARDs.  Due to the critical nature of obscurin binding 

to sAnk1, it is more likely that, based on relative abundances of these muscle proteins, obscurin-

sAnk1 complexes are more frequent in skeletal muscle than retinoblastoma-sAnk1 complexes, if 

in fact this complex does form under physiological conditions.  Alternatively obscurin, which 

concentrates around M-bands, may bind to sAnk1 preferentially there, leaving Rb free to 

associate with sAnk1 at the periphery of Z-disks.  Further work will be required to test this 

possibility more rigorously.  
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Ankyrin-Like Repeats 

An unresolved question is how sAnk1 folds in striated muscle cells.  I have summarized 

evidence from homology modeling (Borzok et al., 2007) as well as molecular dynamics 

simulation (Busby et al., 2011) that predict the two neighboring ALRs of sAnk1 are 

characterized by helix-loop-helix motifs.  The primary role of classical ARs is to mediate 

protein-protein interactions (Mosavi et al., 2004); the ALRs of sAnk1 appear to serve a similar 

function.  To date, no consensus sequences for ALRs have been reported and, as mentioned in 

Chapter 1, determining the exact number of ARs within characterized ARD proteins can yield 

ambiguous results.  To resolve some of this uncertainty, I searched the protein data bank for 

solved structures of ARD proteins and recorded the primary sequences of neighboring amino 

acid regions containing helix-loop-helix structures consistent with ALRs. 

Ten solved ARD proteins structure were selected for ALR analysis. All ten ARD proteins 

were found to contain ALRs with helix-loop-helix motifs that neighbored consensus ARs, 

identified by Pfam or SMART database algorithms.  The structural analysis is shown in Figure 

4.9. 

 

Figure 4.9.  Primary and Secondary Structural Analysis of Ten ARD Proteins containing 

ALRs from the Protein Data Bank.  Ten solved structures for ARD proteins were analyzed for 

their propensity to contain ALRs in neighboring regions.  The primary sequences were analyzed 

to identify residues within α-helices. N/A indicates that the region is not solved in the PDB for 

the secondary structure of those amino acids, making identification of helix-loop-helix structures  

difficult. 
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AR Protein PDB ID Consensus 
ARs 

N-term 
ALR? 

Middle 
ALR? 

C-term 
ALR? 

% helix of 
ALRs 

Number  
of amino 
acids in 
ALRs 

Gankyrin 1uoh 5 Yes No Yes 51, 52 35, 25 

GABP- 1awc 3 Yes No Yes 63, 52 32, 25 

P16INK4 1bi7 3 N/A No Yes 50 28 

Notch1 2fo1 5 No Yes Yes 43, 50 35, 28 

IκBα 1nhi 5 N/A No Yes 33 30 

Myotrophin 2myo 2 Yes No Yes 50, 44 34, 22 

TRPV2 2etb 4 Yes  Yes N/A 53, 59 38, 49 

53bp2 1ycs 2 Yes  No Yes 48, 38 33, 32 

Integrin-
Linked Kinase 

3ixe 3 Yes No Yes 48, 48 29, 33 

Bcl-3 1k1a 6 N/A No Yes 53 23 

 

 

 

The location of the ALRs in this set of proteins varied: six of the seven ARD proteins 

contained ALRs at the N-terminus, two of the ten had ALRs inserted between ARs, and all nine 

had ALRS at the C-terminus when structure analysis was possible.  This analysis was not 

available for some of the termini for which the solved structure did not include the neighboring 

regions of amino acids.  Of this group, only TRPV2 did not show an ALR at the C-terminus, but 

the solved structure did not include this region of the protein (McCleverty et al., 2006).  When 

ALRs are present at the C-terminus or N-terminus, they are likely to enhance the stability of 

nearby ARDs.  Only Notch1 did not possess an N-terminal ALR and instead has only a seven 

amino acid α-helix that could provide stability, but does not fit the criteria for an ALR with a 

helix-loop-helix (Ehebauer et al., 2005). 
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The structural analysis calculated the average amount of α-helical content for the 17 

unique ALRs analyzed was 49%.  The total helical content for these ALRs is very similar to 

consensus ARs, which commonly contain 17/33 amino acids within an α-helix, or 52%.  The 

length of the amino acid sequences I analyzed from the solved structures for the 17 ALRs had an 

average of 31 residues.  This is close to the average length of ARs of 33 amino acids.  For my 

analysis, the lengths were determined after ensuring that the helix-loop-helix motif was at the 

middle of the sequence.  To create sequence alignments and possibly identify consensus amino 

acids in conserved positions within ALRs, a more extensive analysis will be needed, in which the 

lengths of the primary sequences analyzed are more limited, instead of the range of 22-49 amino 

acids that I considered.  Nevertheless, I believe that this method is promising, and in the future 

may result in more reliable means of identifying ALRs within ARD proteins.  

 

Concluding Remarks 

 The research reported in this thesis further characterizes the interaction between small 

ankyrin-1, an integral membrane protein of the sarcoplasmic reticulum, and the large muscular 

protein, obscurin.  This interaction has been proposed to provide a molecular link between the 

SR and myofibrils, so understanding the mechanisms of interaction is of significant importance 

for striated muscle biology.  Chapter 2 provides evidence that two unique mechanisms of 

interactions exist for the binding between the two 30 amino acid sequences of obscurin, and the 

refined, surface exposed, hydrophobic hotspot of sAnk1.  By using alanine scanning 

mutagenesis, I identified specific hydrophobic residues that contribute to the tight binding 

affinity measured by surface plasmon resonance.  The specific hydrophobic interactions 
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demonstrated in these experiments are consistent with predictions made by our previously 

published model of the docked complex. 

 By knowing which amino acids within the two regions of obscurin are involved in 

binding to sAnk1, I was able in Chapter 3 to identify other ankyrin binding proteins that shared 

sequence similarity with obscurin in regions that, I predicted, would contain ABMs.   This 

revealed two distinct classes of ankyrin binding motifs which to date have not been classified.  

As ARD proteins comprise the most common domain among proteins in the genome (Mosavi et 

al., 2002), understanding how ligands interact with them should serve as a valuable tool across 

research disciplines.  My preliminary studies of ankyrin-like repeats should also serve as a 

valuable tool to understand the overall function of these domains, which are common  in many 

ARD proteins present across cell types.    

 Retinoblastoma protein has been heavily studied as a tumor suppressor, due to its critical 

role in cell cycle regulation.  Chapter 3 maps two binding sites on retinoblastoma that associate 

with the ARD protein gankyrin.  These two sites are also shown in Chapter 4 to be capable of 

binding to sAnk1, strengthening their classification as ankyrin binding motifs.  If sAnk1 and 

retinoblastoma do in fact interact within skeletal muscle cells, additional roles for this splice 

variant of the Ank1 gene, e.g., in regulating muscle differentiation, should be considered. In that 

case, the possibility of Rb interacting with other products of the classical ankyrin genes, Anks 1, 

2 and 3, would also be worth pursuing. 

 In conclusion, obscurin contains two unique binding sites for sAnk1 that use hydrophobic 

interactions differently to create high affinity complexes.  These two 30mers of obscurin serve as 

templates for other amino acid regions that bind ARD proteins and share similar secondary 
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structure and sequence homology.  Future research should help refine the model for the docked 

complex of sAnk1-obscurin, elucidate the role of both obscurin sites binding site in vivo, 

characterize the role of ALRs in AR proteins, and examine additional ARD-ABM interactions, 

including novel ligands for obscurin and sAnk1.   
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