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Abstract 

Multiple well-conserved α and β tubulin isotypes have been identified in mammals. 

These isotypes are encoded by different genes and are selectively expressed in mammalian cells.  

The tubulin isotypes are also subjected to several post-translational modifications, including the 

polymeric modifications polyglycylation and polyglutamylation, whose functions remain 

unknown.  The C terminal region of the tubulin isotypes serves as the site for these post-

translational modifications, as well as the region where these isotypes are most variable.  The 

axoneme motif, a region at the C-terminus of β tubulin isotypes, has been proposed to be 

essential for the assembly and beating of the axoneme.  The presence of multiple tubulin isotypes 

and PTMs contribute to a diverse pool of tubulin that will be referred to as tubulin isotypic 

diversity.  This diversity also leads to fundamental questions about the need of such a diverse 

pool of tubulin in mammals.  

In this dissertation, several assays were used to analyze the distribution and significance 

of multiple tubulin isotypes. First, the distribution of tubulin post-translational modifications was 

characterized in ciliated mammalian epithelial tissues using immunohistochemistry and primary 

cell cultures.  This distribution was then characterized at the sub-cellular level by analyzing the 

distribution of these modifications in the two microtubule populations (central pair and outer 

doublet microtubules) of mammalian tracheal cilia through Western blot, immunogold electron 

microscopy and immunohistochemistry. The distribution of β tubulin isotypes between central 

pair and outer doublet microtubules was also characterized in the same manner.  Finally, the 

speculated role of the axoneme motif in binding to dynein during ciliary beating was investigated 

using two assays.  First, the effect of synthetic heptapeptides that mimic the axoneme motifs of β 
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tubulin isotypes was analyzed in microtubule sliding assays with Tetrahymena cilia.  The affinity 

of dynein for binding the heptapeptides was then measured in co-precipitation assays with 

dynein arms extracted from mammalian tracheal cilia. 

In these studies, I found that monomeric glycylation was universal in ciliated epithelial 

tissues as well as in tracheal cell cultures.  Polymeric glycylation, however, was rare.  At the sub-

cellular level, monomeric glycylation was again predominant in both central pair and outer 

doublet microtubules.  Polymeric glycylation was rare in both microtubule populations.  

Polymeric glutamylation was also predominant in both central pair and outer doublet 

microtubules.  The β tubulin isotypes, βI and βIV tubulin, were predominant in outer doublet 

microtubules but limited in central pair microtubules.  The opposite was true for βV tubulin, 

which was predominant in central pair microtubules but limited in outer doublet microtubules.  

Finally, at the protein level, dynein bound heptapeptides mimic the axoneme motifs of βI, βIII and 

βIV tubulin but the affinity of binding differed for each peptide. 

For the first time, I demonstrate that a segregated distribution of tubulin post-translational 

modifications and β tubulin isotypes exists at a sub-cellular level.  I also demonstrate that the 

axoneme motifs of β tubulin isotypes play a direct role in the binding of tubulin and dynein but 

the affinity of this binding differs between the isotypes. I conclude that the distribution of 

isotypes and modifications are specific in the axoneme and may be essential for regulating 

function by specifying the interaction of dynein and tubulin. 
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Chapter 1: Introduction 

Motile cilia are essential for the viability of eukaryotic organisms.  Defects in cilia can 

result in harmful conditions in species ranging from protists to mammals.  In mammals, such 

conditions include recurrent infections, infertility, hydrocephalus, situs inversus and retinitis 

pigmentosa.  A family of autosomal recessive diseases called primary ciliary dyskinesias has also 

been attributed to structurally defective cilia and also leads to the aforementioned conditions.  Two 

autosomal recessive genetic mutations (DNAI1 and DNAH5) have been proposed to result in 

primary ciliary dyskinesia [2].  The ability to treat and prevent the conditions that result from 

defective cilia is dependent on the characterization of ciliary proteins and the identification of their 

functional roles. 

In this dissertation, the distribution and role of tubulin isotypic diversity will be investigated 

using several methods.  First, the distribution of tubulin post-translational modifications will be 

investigated in ciliated mammalian tissues and then in the microtubule populations of cilia (outer 

doublet and central pair microtubules).  The distribution of β tubulin isotypes in the two 

microtubule populations will also be investigated.  Lastly, the functional role of the β tubulin 

axoneme motif, which is located in the region where β tubulin isotypes are most variable and the 

site for several post-translational modifications, will be investigated by analyzing the interaction 

of dynein with heptapeptides that mimic these motifs.  

1.1 The Biology of Cilia 

Motile cilia are complex sub-cellular structures that project from the eukaryotic cell(s) of 

organisms ranging from protists to mammals.  In the protists Tetrahymena thermophila and 
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Paramecium caudatum, cilia surround the cell body and beat in a coordinated manner to propel 

the cell through its environment.  In mammals, cilia function in a variety of roles including: 

facilitating the removal of debris from the airway, propelling eggs down the female reproductive 

tract and orchestrating the movement of cerebrospinal fluid in the brain.   

The axoneme, the core structure of the cilium, is a complex system that is composed of 

over 600 proteins (Fig. 1). The exact function(s) of most of these proteins remain unknown [3].  

The generation of the axoneme originates at the basal body, a centriole based nucleation site that 

is involved in the organization of the axonemal proteins such as tubulin.  Here, tubulin 

monomers are polymerized to generate the microtubules that form the 9 + 2 axoneme backbone 

(Fig. 1).  Nine outer doublet microtubules are organized in parallel along the periphery of the 

axoneme and two central pair microtubules reside in the center of the axonemes.  Each outer 

doublet microtubule consists of two fused microtubules called an A tubule and a B tubule (Fig. 

1B, green letters).  These outer doublet microtubules are connected to each other by restrictive 

structures called nexin links [4].  These links are proposed to be elastic structures that are located 

along outer doublet microtubules in 96 nm repeats [5, 6].  Their restrictive properties allow outer 

doublet microtubules to remain in the confines of the axoneme during axoneme motility [4].  

Nexin links have recently been proposed to be a part of the dynein regulatory complex, an 

anchoring region for outer dynein arms [7]. However, unsuccessful attempts to identify mutants 

that are lacking or possess defective nexin links have limited the ability to study and understand 

this structure [7].  Projections called radial spokes also extend from each outer doublet 

microtubule toward the central apparatus that consists of the two un-fused central pair 

microtubules and multiple proteins forming a sheath around the central pair microtubules.  

Dynein, another prominent protein in the axoneme, is a large motor protein that generates the 
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chemical energy that is necessary to generate the beating of the axoneme.  Tubulin and dynein 

will be discussed further in this dissertation since they will be major topics in this dissertation. 

In addition to the cilium, the axoneme is also the main structure of the flagellum.  Its 

structure and protein composition are conserved in both cilia and flagella which varies in length 

(8 μm and 20 μm, respectively) and beating waveform.  Cilia beat in an asymmetrical whip-like 

manner that requires cycling between an effective and recovery stroke, while flagella beat in a 

symmetrical sinusoidal wave-like manner.  Due to this conservation of the axoneme, results from 

the analysis of cilia and flagella are often parallel and are interchangeable.  Thus, much 

knowledge of cilia is based on findings from the analysis of Chlamydomonas flagella reinhardtii.  

Chlamydomonas has been a preferred model in studying the axoneme, since its genetic 

composition has been well characterized and mutants with flagellar defects are easily obtainable.   

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Structure of the axoneme. A) Longitudinal view of the axoneme.  B) Cross section view of 

the axoneme showing 9 outer doublet microtubules, 2 central pair microtubules, outer dynein arms, 

inner dynein arms, nexin links, radial spokes and the central sheath. 
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Tubulin 

The tubulin superfamily consists of multiple tubulin isoforms (α, β, γ, δ, ε, δ, ε, ζ, η, and 

θ) [8, 9] that are a result of divergent nucleotide sequences. The most common tubulin isoforms, 

α, β and γ tubulin, are well characterized and widespread in eukaryotic cells.  For example, γ 

tubulin is an 80-105 kDa protein that was originally discovered in the filamentous fungus 

Aspergillus nidulans [10].  Its amino acid sequence is 30% similar to those of α and β tubulin.  γ 

tubulin has been identified as a major component of basal bodies and spindle poles, the centriole-

based microtubule organizing centers of cells [9, 11].   

The building blocks of microtubules are α and β tubulin, both 55 kDa proteins.  These 

isoforms are 41% conserved in their amino acid sequences.  α and β tubulin dimerize and 

dynamically associate in a head to tail orientation to form long polymeric tubulin chains called 

 
 
Figure 2. Tubulin is the building block of microtubules.  α and β tubulin dimerize and dynamically 

associate to form protofilaments.  Protofilaments in turn assemble to form individual microtubules or 

doublet microtubules. 
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protofilaments (Fig. 2).  These linear protofilaments associate to form cylindrical microtubules. 

Cytoplasmic microtubules consist nearly universally of 13 protofilaments.  The central pair 

microtubules are similar to cytoplasmic microtubules in this regard.  However, the fused A and B 

tubules of outer doublet microtubules are different.  The A tubule is a complete microtubule of 

13 protofilaments, but the B tubules has only 10.  

Dynein 

In the axoneme, dynein arms are connected to the A tubule of outer doublet microtubules 

and are the axonemal motor proteins that generates the chemical energy necessary for the beating 

of the axoneme.  Chemical energy from the hydrolysis of adenosine triphosphate (ATP) is 

converted into the mechanical energy that yields axonemal beating.  Axonemal dynein arms are 

categorized into two distinct groups in axonemes, inner and outer arm dyneins [12-15].  The 

names of these dynein arms are based on their position on the A tubules of outer doublet 

microtubules (Fig. 1). 

Each dynein arm is generated from one large 4500 amino acid residue-polypeptide called 

the dynein heavy chain (Fig. 3).  This polypeptide contains several domains that form the three 

functional regions of dynein: a stem that allows dynein to anchors to the A tubule, a globular 

head that exhibits ATPase activity, and a stalk that allows dynein to bind to adjacent 

microtubules.  The stem (1500 amino acids) is located at the N terminus of dynein (Fig. 3).  The 

specific region(s) where dynein arms anchor onto the A tubule of outer doublet microtubules and 

other proteins that may be involved in this process remain unclear.  Outer dynein arms are 

proposed to anchor at a three polypeptide complex called the outer dynein arm docking complex 

[16].  Inner arm dyneins are proposed to anchor at a seven polypeptide complex called the 

dynein regulatory complex [17-20].  
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Dynein is a member of the ATPase Associated with cellular Activity (AAA) superfamily 

of proteins.  These proteins contain specific domains that hydrolyze ATP in order to perform 

specific function in the cell.  Thus, dynein contains six AAA domains that are capable of 

hydrolyzing ATP (Fig. 3) [21, 22].  These AAA domains form a ring-like globular head and are 

each composed of approximately 220 amino acid residues [23, 24].  While these domains are 

evolutionarily conserved among species, the individual AAA domains are divergent [21, 25, 26].  

Thus, the AAA1-4 domains are capable of binding nucleotides such as ATP or adenosine 

diphosphate (ADP) but the ATPase activity of dynein arms is predominantly generated by the 

AAA1 domain [27-29].   

The dynein stalk is positioned between the 4
th

 and 5
th

 AAA domains and is a 10 nm long 

projection that consist of two intertwined coiled-coil α helices (115 and 140 amino acid residues) 

topped with a small globular head (130 amino acid residues, Fig. 3) [23, 30-34].  The stalk 

extends from the AAA globular head of dynein toward the B tubule of adjacent outer doublet 

microtubules.  A microtubule binding domain (MTBD) at the tip of this stalk serves as the site 

where dynein binds to tubulin on the B tubule (Fig. 3) [32, 33, 35-38].   
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Figure 3. Dynein heavy chain. A) Arrangement of domains in dynein heavy chain (4500 amino acid 

polypeptide).  A microtubule binding domain which is located in the stalk domain and six AAA 

domains are present.  B) The domains of dynein form three functional regions: a stem, head and stalk. 
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Inner and Outer Dynein Arms 

Outer dynein arms are uniformly aligned along the length of the A tubule.  Outer dynein 

arms are peripherally located and are essential for determining the frequency of beating [39, 40].  

Extensive studies of Chlamydomonas mutants that are deficient of outer dynein arms have shown 

that, while a normal beating waveform is produced in the axonemes of these mutants, the beat 

frequency is significantly decreased [41].  Outer dynein arms appear in 24 nm repeats along the 

A tubule and consist of 2-3 heavy chains, depending on the organism.  Most mammalian outer 

dynein arms consist of 3 heavy chains (α, β, and γ) that are anchored to the A tubule at the outer 

dynein arm docking complexes which also occurs in 24 nm intervals.  While the distribution of 

outer dynein arms is uniform along the length of an A tubule, this distribution is not apparent 

among adjacent outer doublet microtubules.  For instance, all of the outer doublet microtubules 

contain uniformly distributed outer dynein arms except for one outer doublet microtubule which 

does not possess any outer dynein arms [6, 42].   

Although the diagram in Fig. 1b represents the organization of the axoneme in a cross 

section, the axoneme is not structurally uniform along its length.  This asymmetry is especially 

apparent in the distribution of inner dynein arms which are essential for determining the 

waveform of beating [43-46].  Inner dynein arms are distributed in a 96 nm repeat along the A 

tubule.  Eight inner dynein arm heavy chains have been identified in Chlamydomonas [6, 42, 47].  

Two of these heavy chains form the heterodimeric dynein f, while the remaining form the 

monomeric dyneins a, b, c, d, e, and g (Fig. 4). However, the order of these arms varies from one 

96 nm repeat to the next and consequently along the length of the A tubule.  From the apex of an 

axoneme to its base, the inner dynein arms can be arranged in the following configuration: one 

heterodimeric dynein f followed by the monomeric dyneins a or d, b or g, c, e, b or g and a or d 

(Fig. 4).  The arrangement of these arms is also staggered in each repeat (Fig. 4). This non-
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uniform distribution of inner dynein arms is also apparent between adjacent outer doublet 

microtubules.  For instance, all eight inner dynein arms are not present on all outer doublet 

microtubule. Thus one outer doublet microtubules lacks the third inner dynein arm which is 

generally composed of the monomeric heavy chains b or g and another lacks several inner 

dynein arms, many of which remain uncharacterized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Distribution of dynein arms on the A tubule.  Arrangement of inner and outer dynein arms 

in a 96 nm repeat on the A tubule of an outer doublet microtubule. Two to three heavy chains form 

outer dynein arms which occur in 24 nm repeats.  Inner dynein arms occur in 96 nm repeats but the 

arrangement of the dynein arms is not uniform between adjacent 96 nm repeats. 
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Interaction of Dynein and Tubulin  

Interactions between dynein and tubulin are essential for generating of mechanical force 

underlying axonemal beating.  However, the site at which the MTBD of dynein binds to tubulin 

in the B tubule of outer doublet microtubules remains unknown. Several reports suggest that 

dynein preferentially binds at the C-terminus of β tubulin [38, 48-50].  The most critical region 

of β tubulin is at the last 15-20 amino acid residues at its C-terminus (Fig. 5).  This highly acidic 

region is the site of both isotypic variation and several post-translational modifications.  

Audebert et al. demonstrated the antibody D66, which targets the C-terminal Asp427-Glu432 

sequence of β tubulin, interfered with flagellar beating in sea urchin spermatozoa [48].  Vent et 

al. also demonstrated that anti-β tubulin antibodies directed against specific sequences at the C-

terminus of βI, βIV and βV tubulin effectively blocked ciliary beating in bovine axonemes [50].  

Additionally, Mizuno et al. utilized biochemical cross-linking assays, density map analyses and 

cryo-electron microscopy to show that both cytoplasmic dynein and kinesin bind tubulin at two 

regions, the 11
th

 α helix domain and the last residues at the C-terminus of β tubulin [51].  

Moreover, Wang et al. analyzed the movement of cytoplasmic dynein coated beads on 

microtubules that were digested with subtilisin, an enzyme that digests the C-terminal regions of 

tubulin, and showed that the diffusional movement of the beads decreased 20 fold [52].  Vent et 

al. also demonstrated that synthetic heptapeptides that mimic the axoneme motifs of mammalian 

βI, βIV and βV tubulin blocked beating in bovine axonemes.  Vent et al. proposed that these 

synthetic heptapeptides interfered with the interaction of dynein and tubulin and as a result 

prevented the generation of the mechanical force necessary for beating.  However, results by 

Shimizu et al. suggest that the dynein stalk head does not bind at the C-terminus of β tubulin.  

Instead, it binds near the C-terminus at a 38 amino acid sequence in the 12
th

 α helical loop of β 

tubulin [53].  All of these studies suggest that dynein binds at or near the C-terminus of β 
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tubulin.  However, none of these studies have presented convincing evidence that dynein binds in 

this region.  It is highly plausible that dynein collectively binds at several regions on β tubulin, 

one of these regions possibly including the C-terminus of β tubulin.  The site at which dynein 

binds to tubulin will be further explored in this dissertation.  

Dynein Chemo-Mechanical Cycle 

The mechanism by which dynein transforms the chemical energy generated from ATP 

hydrolysis into mechanical work remains unresolved.  Kinetic analyses have been used to 

generate models that predict the stages involved in the chemical energy and mechanical work 

cycle [29, 37, 54].  First, the binding of ATP to the AAA domain yields a conformational change 

that results in the release of the MTBD from the adjacent outer doublet microtubule [55].  As a 

result, dynein primes in order to rebind to the microtubule at a displaced location [37].  Some 

contradicting results suggest that dynein is not bound to tubulin prior to the hydrolysis of ATP 

[24].  The energy generated from the hydrolysis of ATP is transferred from the AAA1 domain, 

the main hydrolysis site, to the AAA4 domain and subsequently to the dynein stalk [37].  Several 

conformational changes occur as dynein releases the hydrolysis products (ADP and inorganic 

phosphate).  One of these changes involves the conformational change of a linker that is located 

in the dynein stem.  This linker bends as the microtubule binding domain pulls along the 

microtubule to generate a stroke.  This stroke is necessary for inducing the sliding of adjacent 

microtubules [37].  More work is required to fully characterize the stages involved in the 

chemical energy and mechanical work cycle of dynein. 

Beating Mechanism of the Axoneme 

The mechanism by which axonemal beating occurs and is regulated remains unknown.  

Several observations have been instrumental in forming theoretical models of the control 
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mechanisms of axonemal beating.  For instance, axonemes are capable of beating autonomously 

even when they are extracted from the corresponding cell body.  This suggests that the control 

elements of axoneme beating are intrinsic [56].  Additionally, the analysis of microtubule sliding 

has also provided great insight about the mechanics of the axonemal beating.  For instance, 

Summers and Gibbons discovered that ATP-reactivated sea urchin axonemes that were briefly 

treated with the protease trypsin underwent a process in which their outer doublet microtubules 

were expelled from the axoneme [4].  The sliding of the microtubules is proposed to result from 

the protease digestion of the nexin links that connect neighboring outer doublet microtubules.  

As a result, when the axoneme is activated unrestrained outer doublet microtubules can freely 

leave the axoneme (refer to Figure 29).  [57-60]. 

Two models have also been generated to address the mechanism of axoneme beating.  The 

switch point hypothesis utilizes the central pair microtubule as a reference and takes into account 

the orientation of outer doublet microtubules.  This hypothesis proposes that dynein arms on 

outer doublet microtubules that reside on opposing sides of the axoneme generate the sliding of 

microtubules in opposing directions.  These dynein arms are thus proposed to be switch on and 

off at different times in order to generate the beating of the axoneme [61-63]. 

Another model, the central pair spoke control hypothesis, takes into account two sub-

structures in the axoneme.  The first structure is the radial spokes that extend from the outer 

doublet microtubules toward the center apparatus.   The second structure is the central apparatus 

which consists of two central pair microtubules that are surrounded by the central sheath.  This 

hypothesis suggests that the control mechanism of the axoneme is regulated by the interaction of 

radial spoke heads with proteins that are localized in the sheath of the central apparatus.  This 
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interaction results in the rotation of the central apparatus and the activation or deactivation of 

dynein arms to coordinate axonemal beating [62, 64-66].  

Tubulin Isotypes 

Several mammalian tubulin isoforms have multiple tubulin isotypes which are single 

gene products that arose from gene duplication [8, 67-69]. The diversity of tubulin is thus 

increased by the presence of multiple tubulin isoforms and isotypes.  For instance, six α tubulin 

isotypes (αI, αII, αIII, αIV, αVII and αVIII) and seven β tubulin isotypes (βI, βII, βIII, βIVa, βIVb, βV and 

βIV) have been identified in Mus musculus.   The number of isotypes is variable across 

organisms.  For example, Homo sapiens synthesize 7 α and 8 β tubulin isotypes, Bos bovine 

synthesize 6 α and 7 β tubulin isotypes and Drosophila melanogaster synthesize 4 α and 3 β 

tubulin isotypes [8].  However, protists only synthesize a limited number of tubulin isotypes.  For 

instance, Tetrahymena synthesizes 1 α and 2 β tubulin isotypes and Paramecium and 

Chlamydomonas synthesizes 2 α and 1 β tubulin isotypes.  Thus, vertebrates have evolved to 

synthesize multiple tubulin isotypes.  However, the functional role of these tubulin isotypes 

remains unknown.   

Mammalian β Tubulin   

Mammalian β tubulin isotypes are 75-96% conserved in their amino acid sequence [70].  

Their divergence is apparent at the last 15-20 amino acid residues at the C-terminus in a region 

known as the isotype-defining variable region [71].  The amino acid sequence alignment of these 

highly acidic C-terminal regions is presented in Figure 5.  Several acidic residues (D, E), some of 

which are highly conserved, are presented in red.  Each C-terminal sequence contains aromatic 

residues (F, Y) that are presented in purple.  A highly conserved neutral T (orange) is also 

identified at the C-termini (Fig. 5).  Although electron crystallography atomic models of intact 
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microtubules have been instrumental in delineating the tertiary structures of α and β, the structure 

of the C-terminus of β tubulin isotypes in intact protofilaments remains unclear as the C-terminal 

regions are not well resolved [72].  Additional variation is also apparent in the internal variable 

region, residues 55-57 at the N-terminus of β tubulin [71, 73].  As previously mentioned, Raff et 

al. demonstrated that a glycyl residue at position 56 in the internal variable region of β tubulin is 

essential for the anchoring of outer dynein arms to the A tubule of outer doublet microtubules 

[73].  Besides these regions and a few others, the amino acid sequence of mammalian β tubulin 

isotypes are relatively conserved [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Mammalian β tubulin isotypes C-terminal sequence alignment.  100% conservation is 

apparent at the first three amino acids (DAT) and with several acidic E residues.  The C-terminal 

regions of the β tubulin isotypes are very acidic. 
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The distribution of mammalian β tubulin isotypes is both cell-type and tissue specific.  

For instance, βI and βIVb tubulin are widespread in most mammalian tissues whereas βIII and βIVa 

tubulin are predominant in the neuronal cells [8].  β tubulin isotypes are also differentially 

distributed amongst the multiple cell types of specific organs or tissues such as the organ of Corti 

and vestibular epithelia [74-76].  Jensen-Smith et al. demonstrated that the microtubules in outer 

hair cells of the organ of Corti are comprised of βI and βIV tubulin.  In contrast, inner hair cells 

and Deiters cells only synthesize βI tubulin.  The neuronal processes of the organ of Corti 

synthesized both βI and βIII tubulin. Meanwhile, inner and outer pillar cells only synthesize βIV 

tubulin [74].  The distribution of βV tubulin has not been well characterized in mammalian 

tissues.  Prior to the recent production of an anti-βV tubulin antibody, βV tubulin was only 

identified in brain [77].  It has now also been detected in tracheal axonemes, mouse fibroblasts 

and in the supporting cell types in the organ of Corti (Deiters cells, inner pillar cells and outer 

pillar cells) [50, 76].   

It is proposed that β tubulin isotypes are not interchangeably used in the cell [78].  For 

instance, the Caenorhabditis elegans MEC-7 mutant, which does not synthesize the MEC-7 

tubulin isotype that is utilized in the construction of 15 protofilament microtubules, was unable 

to construct 15 protofilament microtubules with its remaining tubulin population [78].  Thus 

mammals have evolved to synthesize multiple β tubulin isotypes that are conserved in sequence 

and differentially distributed in tissues and among neighboring cells in a tissue.  The role of this 

tubulin isotypic diversity thus remains a puzzle especially since protists and other organisms are 

able to function with only 1 or 2 β tubulin isotypes.   
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Axoneme Motif of β Tubulin Isotypes 

Specific sequences at the C-terminus have been identified as essential for the assembly 

and function of the axoneme.  One such sequence, called the axoneme motif, consists of seven 

specific amino acid residues (positions 433-439) in β tubulin [79].  This highly acidic motif was 

discovered by Raff et al. and is comprised of the following amino acids, EGEFXXX (X 

represents any amino acid residue).  Raff et al. and Nielsen et al. demonstrated that the two 

Drosophila β tubulin isotypes, β1 and β2 tubulin, which are 98% identical in their amino acid 

composition, could not be used interchangeably in the formation of spermatids [80-82].  Thus, β1 

tubulin, which is predominant in the basal body, could not support the formation of 9 + 2 

axoneme.  Instead, nonfunctional 9 + 0 axonemes that were lacking central pair microtubules 

were formed.  Thus, β2 tubulin, which is predominant in the axoneme, is necessary for the 

assembly of central pair microtubules.  The assembly of the 9 + 2 axoneme was restored when 

the axoneme motif of β1 tubulin (D433AEFEEE) was replaced with that of β2 tubulin 

(E433GEFEEE) [81].  But these axonemes were short in length and did not beat effectively.  

Nielsen et al. concluded that the axoneme motif of β2 tubulin, which is homologous to 

mammalian βIV tubulin, is essential for the proper assembly of central pair microtubules [81, 82]. 

The importance of the axoneme motif was also demonstrated by Vent et al., who showed 

that synthetic heptapeptides that mimic the axoneme motifs of specific mammalian β tubulin 

isotypes, βI, βII, βIV and βV tubulin, interfered with ciliary beating in reactivated bovine axonemes 

[50].  Vent et al. proposed that these heptapeptides interacted with axonemal dynein and thus 

interfered with the interaction of dynein and tubulin. The effects of these heptapeptides were also 

attributed to the conserved phenylalanine residue at position 436 of βI, βII, βIV and βV tubulin.  

Several reports have also demonstrated that isotype specific anti-β tubulin antibodies, whose 

epitopes are localized at the C-terminus of β tubulin, interfered with the beating of the axoneme 
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in a concentration dependent manner [50, 83].  These findings suggest the C-terminal regions of 

β tubulin isotypes are essential in axoneme motility and may serve as the site where dynein binds 

to tubulin. 

Tubulin Post-Translational Modifications 

Tubulin isotypic diversity is defined by the presence of multiple tubulin isoforms and 

isotypes.  However this diversity is further expanded when tubulin is subjected to several post-

translational modifications (PTMs).  These modifications include acetylation/deacetylation, 

tyrosination/detyrosination, polyglutamylation and polyglycylation (Fig. 6).   PTMs occur after 

the incorporation of α and β tubulin dimers into microtubules and often result in the alteration of 

tubulin’s net charge [8, 84-86].  They are widespread on axonemal tubulin and are evolutionarily 

conserved.  While the functional relevance of PTMs remains unknown, several reports suggest 

that they are essential for specifying the interactions of tubulin with microtubule associated 

proteins (MAPs) and motor proteins such as dynein and kinesin [86-88].  In this dissertation, 

tubulin isotypic diversity will be defined as the diversity that results from multiple tubulin 

isoforms, isotypes and PTMs.  All of the modifications will be discussed briefly, with the 

exception of polyglutamylation and polyglycylation which will be major topics in this 

dissertation and thus will be discussed in detail.  

Acetylation involves the addition of an acetyl group onto the є-amine group of a lysine 

residue (position 40) of α tubulin and deacetylation involves the removal of this acetyl group 

from this lysine residue (Fig. 6).  Unlike other modifications, these modifications occur in the 

lumen of microtubules.  Reed et al. proposed that acetylation is instrumental for the recruitment 

of kinesin, a microtubule associated motor protein that transports cargo in the cell and in the 

axoneme [89].  Two proteins, histone deacetylase 6 and Sirtuin 2, have been identified as the 
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catalysts for deacetylation.  However, the enzymes responsible for acetylation have not been 

identified [90-94]. The functional significance of acetylation and deacetylation also remains 

speculative.  While acetylation is prominent on axonemal microtubules and on stable 

cytoplasmic microtubules, the mutation of the lysine residue that serve as the site for acetylation 

and deacetylation does effect the formation of microtubules and microtubule based structures 

[86, 87, 95].  These modifications are proposed to ensure microtubule stability, regulate cell 

motility and/or increase the interaction of tubulin with MAPs and motor proteins [86] 

Tyrosination involves the addition of tyrosine at the C-terminus of α tubulin and 

detyrosination involves the removal of this tyrosine (Fig. 6).  α tubulin in newly formed dynamic 

microtubules is predominantly tyrosinated, while α tubulin in long-lived, stable microtubules is 

predominantly detyrosinated [96]. The enzyme responsible for tyrosination, tubulin tyrosine 

ligase (TTL), was among the first PTM catalysts to be discovered [97-99],although its 

counterpart, the detyrosination enzyme, has not been identified.  Kalinina et al. recently 

proposed that a cytosolic carboxy peptidase may catalyze detyrosination [100].  However, the 

functional role of tyrosination and detyrosination is unknown.  Detyrosination is proposed to 

recruit the motor protein kinesin [101].  Meanwhile, tyrosination is proposed to recruit the plus-

end tracking proteins that are associated with the growing end of microtubules [102].  Both 

modifications are also proposed to specifying tubulin’s interaction with MAPs and motor 

proteins [87, 95, 103, 104].   

Polyglutamylation and polyglycylation are polymeric modifications that occur on both α 

and β tubulin.  These modifications were initially discovered on tubulin and are universal in 

axonemes.  Both polyglutamylation and polyglycylation involve the addition of variable numbers 

of glutamates or glycines, respectively, as side chains onto specific C-terminal glutamyl residues 
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of α and β tubulin (Fig. 6).  The number of C-terminal glutamyl residues that are subjected to the 

polymeric modifications or whether these modifications coexist on a glutamyl residue is 

unknown. The initial amino acid is added to the γ carboxyl group of glutamate via an isopeptide 

bond as part of a process called initiation. Initiation is often followed by a process called 

elongation which entails the addition of extra similar amino acids via a peptide bond.  The 

addition of multiple negatively charged glutamyl residues would thus results in both an increase 

in the mass of tubulin as well as an increase in its net negative charge.  Such changes would 

likely modify the properties of tubulin.  Polyglycylation, on the other hand, involve the addition 

of uncharged glycyl residues.  Thus, while this modification also increases the mass of tubulin, it 

does not contribute to its net charge.  Polyglutamylation and polyglycylation are thus similar, but 

their overall effects may differ.  Both modifications are also well conserved in evolution, and as 

a result protists have been instrumental in studying these modifications.  Thus polyglutamylation 

and especially polyglycylation have not been well characterized in mammalian cilia and will be 

major topics in this dissertation. 
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Figure 6. Summary diagram of tubulin post-translational modifications.  Acetylation and 

deacetylation involves the addition or removal of an acetyl group onto or from the lysine residue at 

position 40 of α tubulin, respectively.  Tyrosination and detyrosination involve the addition or removal 

of a last C-terminal residue, tyrosine, onto or from α tubulin, respectively.  Polyglutamylation is the 

addition of variable numbers of glutamates onto specific C-terminal glutamyl residues.  

Polyglycylation is the addition of variable numbers of glycines onto specific C-terminal glutamyl 

residues. 
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Polyglutamylation 

As mentioned, polyglutamylation is the addition of variable numbers of glutamates (1-20 

residues) onto specific C-terminal glutamyl residues of both α and β tubulin.  While this post-

translational modification was initially discovered on brain tubulin and later on axonemal and 

cytoplasmic tubulin, it is not limited to tubulin [105].  Polyglutamylation has also been detected 

on nucleosome-assembly and chromatin-associated proteins [106, 107].   

The length of the glutamyl side chain is variable between microtubule populations [108].  

For instance, low levels of polyglutamylation (1-2 glutamyl residues) are prominent on unstable 

dynamic cytoplasmic microtubules, whereas higher levels of polyglutamylation (more than 2 

residues) are enriched on stable microtubules in centrioles and in the axoneme [88].  Blot overlay 

analysis of tubulin incubated with MAPs and motor proteins revealed that several MAPs 

(MAP1B, MAP2 and tau), as well as kinesin, preferentially bound tubulin containing lower 

levels of glutamates (1-3 residues).  In contrast only MAP1A preferentially bound tubulin with 

higher levels of glutamates (over 3 residues) [88, 109-111].  The number of amino acids that are 

added on as a side chain would thus alter the mass and net charge of tubulin and may regulate the 

interaction of tubulin with MAPs and motor proteins.  

The identification of the proteins responsible for catalyzing polyglutamylation has been 

challenging.  However, the recent discovery of several glutamate ligases has been insightful and 

instrumental in identifying new methods to modify tubulin in vitro.  The first polyglutamylase 

enzyme, Ttll6Ap, was discovered in Tetrahymena and was shown to work autonomously to add 

glutamyl residues onto specific glutamates at the C-terminus [112].  Additional research in 

mammals has resulted in the discovery of 13 tubulin tyrosine ligase like (TTLL) proteins, six of 

which (TTLL1, TTLL4, TTLL5, TTLL6, TTLL7, TTLL11, and TTLL13) have been identified 

as enzymes that catalyze polyglutamylation [112-115].  Each enzyme is specific in its substrate 
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preference (α or β tubulin) and in its role in the initiation and/or elongation of polyglutamylation.  

Thus far, TTLL5 and TTLL6 have been identified as ligases that preferentially catalyze 

polyglutamylation on α tubulin.  TTLL5 is an initiase of polyglutamylation, while TTLL6 is an 

elongase.  The characterization of the remaining TTLL catalysts is in progress.  

The function of polyglutamylation is unknown.  RNA interference mediated knockdowns 

of TTLL proteins have been instrumental in studying the role of polyglutamylation.  Ikegami et 

al. demonstrated that the knockdown of TTLL7 resulted in the decrease of polyglutamylation 

and neurite development [116].  Similar knockdown experiments in ciliated cells have 

demonstrated that polyglutamylation may be involved in the assembly of axonemal microtubules 

[117-120].  Thus polyglutamylation is proposed to be essential for regulating the polymerization 

and assembly of microtubules.  The search for a deglutamylase enzyme, an enzyme that 

reversibly removes glutamate residues from the polymeric chain, is in progress.  Kimura et al. 

recently demonstrated that the over-expression of the Caenorhabditis elegans protein, cytosolic 

carboxypeptidase (CCP) protein-6 (ccrp-6), in ciliated cells resulted in a decrease in 

polyglutamylation.  Similar results were obtained when the mammalian ortholog of ccpp-6, 

CCP5, was over-expressed in mammalian culture cells [114, 121]. 

The discovery of the proteins that catalyze polyglutamylation has provided new means to 

study polyglutamylation.  Lacroix et al. recently demonstrated that polyglutamylation of tubulin 

in HeLa cells by TTLL proteins resulted in microtubule severing by a protein called spastin.  

Wloga et al. also demonstrated that the over-expression of Ttll6Ap in Tetrahymena resulted in 

the hyper-glutamylation of tubulin, as well as stabilized cytoplasmic tubulin and destabilized 

axonemal tubulin.  Kubo et al. discovered that the Chlamydomonas tpg1 mutant, which lacks the 

homolog of mammalian TTLL9 (a glutamate ligase specific for α tubulin), correctly assembled 
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axonemes but the axonemes beat at a significantly lower frequency [122].  Moreover, double 

mutants with tpg1 and outer dynein arm 2 mutations completely lost flagellar motility that would 

have otherwise been partly sustained by inner dynein arms.  Kubo et al. proposed that 

polyglutamylation may specify the interaction of tubulin with inner dynein arms [122].  Thus the 

role of polyglutamylation remains speculative and more work is required to unveil its function. 

Polyglycylation 

As previously mentioned, polyglycylation entails the addition of variable glycyl residues 

onto specific C-terminal glutamyl residues of α and β tubulin.  This polymeric modification was 

initially identified on tubulin [123], but has also been identified on nucleosome assembly 

proteins and on the Giardia duodenalis 14-3-3 protein [117, 124-126].  Still, polyglycylation is 

predominant on axonemal tubulin where it is conserved throughout evolution.  

The lengths of the glycyl side chains vary between cells and tissue-types.  For instance, 

long chains of up to 34 glycyl residues have been identified on the axonemal tubulin of 

Paramecia [123].  However, polyglycylation is often limited to the addition of 1-2 glycyl 

residues in mammalian tissues [1, 83].  It is likely that mammals have evolved to select short 

glycyl chains.  The significance of the addition of neutrally charged glycyl residues that do not 

contribute to the net charge of tubulin has challenged the characterization of polyglycylation.  

Several studies propose that polyglycylation is essential for ensuring the proper assembly 

of the axoneme.  For instance, the substitution of modifiable glutamate residues of β tubulin with 

aspartate residues resulted in the production of defective axonemes in Tetrahymena [127-129].  

The resulting axonemes were shorter in length and/or lacking central pair and outer doublet 

microtubules. No defects were observed when the mutations were limited to C-terminal 

glutamate residues of α tubulin.  While these studies demonstrate that polyglycylation is 
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essential, especially in β tubulin, they do not take into account the absence of polyglutamylation, 

which would have occurred as it occurs on C-terminal glutamyl residues.  Thus, the results 

cannot exclusively be attributed to the absence of polyglycylation, as polyglutamylation is also 

absent.  As with the other PTMs, the role of polyglycylation is unknown.   

The recent discovery of three enzymes that catalyze polyglycylation has presented new 

ways to study the modification.  Like the polyglutamylation ligases, these enzymes (TTLL3, 

TTLL8 and TTLL10) have been identified as members of the TTLL family of proteins [130].  

These enzymes are also specific in their preference for α or β tubulin and in their role in the 

initiation and/or elongation of polyglycylation.  For instance, TTLL3 and TTLL8 are initiases 

that add the first glycine residue onto tubulin in the brain.  TTLL10 was identified as an elongase 

that elongates the glycyl side chains of axonemal tubulin.  The discovery of glycine ligases has 

thus made it possible to modify tubulin in vitro.  Rogowski et al. demonstrated that the inhibition 

of glycine ligases resulted in the reduction of polyglycylation and in the production of defective 

sperm axoneme.  This finding parallels the results of Wloga et al., who demonstrated that 

depletion from TTLL3 in Tetrahymena and zebrafish resulted in disassembled axonemes [131].  

Moreover, the depletion of polyglycylation under a strong promoter resulted in cell death [130].  

These depletions of polyglycylation were accompanied by counter-increases in 

polyglutamylation [131].  This finding supports the suggestion that a reciprocal relationship 

exists between polyglycylation and polyglutamylation [127].  More work is required to 

characterize the functional relevance of polyglutamylation and polyglycylation.  Since 

polyglycylation has not been well characterized, it is necessary to analyze its distribution in the 

cilia of mammalian epithelial tissues.   
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In this dissertation, for the polymeric modifications (polyglycylation and 

polyglutamylation), monomeric will refer to the addition of one amino acid and polymeric will 

refer to the addition of three or more amino acids. The antibodies that identify these modification 

states do not detect chains with two amino acids [83]. 

  



26 

 

Specific Aim 

In mammals the diversity of tubulin entails the presence of multiple tubulin isoforms and 

isotypes as well as the modification of these isotypes once they are incorporated into microtubule 

structures.  In other words, vertebrates, and especially mammals, have a diverse pool of tubulin 

isotypes whose diversity is further increased through PTMs.  Thus one may ask: what is the 

significance of diversifying the tubulin pool?  Several models have been proposed to examine the 

significance of the isotypic diversity of tubulin.  One model suggests that the tubulin isotypes 

have no significant differential function, that is, isotypes could be substituted for one another 

without functional consequence.  The second suggests that tubulin isotypic diversity arose so that 

isotypes perform different functions.  I will examine both models. 

It is easy to assume that, if mammals invest in ensuring a diverse pool of tubulin, the 

individual isotypes and PTMs must be tied into specific functions.  The synthesis of β tubulin 

isotypes has been investigated in a variety of mammalian tissue, using isotype-specific 

antibodies.  These studies found that different tissues synthesized different subsets of tubulin 

isotypes.  Jensen-Smith et al and Banerjee et al. demonstrated that even adjacent cell types in the 

organ of Corti synthesized different tubulin isotypes [74, 76].  However, in a particular cell, all 

of the microtubule structures are comprised of all of the tubulin isotypes available in the cell.  

There was no evidence for sub-cellular segregation of tubulin isotypes, as might be expected if 

isotypes performed different functions.   

One of the strongest lines of evidence for functional segregation was described in an 

invertebrate system.  In Drosophila, the β2 tubulin isotype is found in the axonemal structure of 

the sperm, and nowhere else [80].  Raff et al. and Nielsen et al. demonstrated that substitution of 

β1 tubulin for β2 tubulin in sperm resulted in the synthesis of nonfunctional sperm axonemes that 
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were missing central pair microtubules [80-82].  Thus β1 tubulin could not be substituted for β2 

tubulin in axonemal development.   Similarly, C elegans mutants missing the MEC-7 tubulin 

isotype were not able to construct the unusual 15 protofilament microtubules of their sensory 

neurons with their remaining tubulin pool [78].  Other reports suggest that PTMs are also 

essential for specifying the interactions of tubulin with specific proteins in the cell [86-88].  For 

instance, the polymeric states of polyglutamylation have been shown to result in the recruitment 

of spastin, a microtubule severing protein [132].  Thus the PTMs may also specify function. 

As discussed earlier, the number of tubulin isotypes is especially large in mammals, 

much more so than in the invertebrate systems discussed above.  Tubulin isotypic diversity is 

thus an unresolved paradox and a significant problem in biology.  In this dissertation, I have 

designed three experiments to address the functional significance of tubulin isotypes diversity in 

mammals. 

Specific Aim:  

To characterize the distribution of tubulin isotypic diversity in mammalian cilia and investigate 

the functional relevance of multiple tubulin isotypes. 

Hypothesis:  Tubulin isotypes and PTMs are segregated in mammalian cilia and are important 

for specifying function in the structure. 

 

Sub Aim 1: Determine whether the polyglycylation states, monomeric and polymeric 

glycylation, vary along the lengths of cilia in a variety of mammalian epithelial tissues and in the 

cilia of primary tracheal epithelial cell cultures. 

Hypothesis: Monomeric and polymeric glycylation are essential for specifying function and will 

be segregated in cilia of epithelial cell cultures and mammalian tissues.  
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I. The distributions of monomeric and polymeric glycylation will be investigated through 

immunohistochemistry of mammalian frozen tissue sections and primary epithelial cell 

cultures. 

 

Sub Aim 2: Determine the distributions of β tubulin isotypes and the PTMs, polyglycylation and 

polyglutamylation, in the two functionally different axonemal microtubule populations: outer 

doublet and central pair microtubules. 

Hypothesis: PTMs and β tubulin isotypes are essential for specifying function and will be 

segregated between central pair and outer doublet microtubules. 

I. Since the distribution of βV tubulin remains undefined, its distribution was 

characterized in ciliated mammalian epithelial tissues. 

II. The distributions of PTMs and β tubulin isotypes were investigated in extracted 

central pair and outer doublet microtubules using Western blotting, immunogold labeling 

and immunohistochemistry.  

 

Sub Aim 3: Determine whether dynein binds to synthetic heptapeptides that mimic the axoneme 

motifs of βI, βIII, and βIV tubulin (EEDFGEE, GEMYEDD and EGEFEEE respectively). 

Hypothesis: Dynein binds at the axoneme motifs of βI and βIV tubulin, but not βIII tubulin, to 

generate axoneme motility. 

I. The effectiveness of the synthetic heptapeptides in interfering with microtubule sliding 

was measured in microtubule sliding assays with digested Tetrahymena axonemes.  
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II. The affinity of dynein for binding the synthetic heptapeptides was analyzed in co-

binding assays with extracted axonemal dynein arms and europium-DTPA conjugated 

heptapeptides.  
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Chapter 2: Sub Aim 1 

Determine whether the polyglycylation states, monomeric and polymeric glycylation, vary along 

the lengths of cilia in a variety of mammalian epithelial tissues and in the cilia of primary 

tracheal epithelial cell cultures. 

 

Hypothesis: Monomeric and polymeric glycylation are essential for specifying function and will 

be segregated in cilia of epithelial cell cultures and mammalian tissues.  

I. The distributions of monomeric and polymeric glycylation will be investigated through 

immunohistochemistry of mammalian frozen tissue sections and primary epithelial cell 

cultures. 
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2.1. Materials and Methods  

Gerbil Frozen Sections 

Frozen sections from adult gerbil (21 days or older) ciliated epithelial tissues, including 

trachea, oviduct, testis efferent duct, brain ependyma, nasal respiratory epithelium, and olfactory 

epithelium, were examined for the presence of monomeric and polymeric glycylation.  Gerbils 

were selected as the test species to facilitate comparison with previous studies of ciliated tissues 

[75, 133, 134]. The tissues were dissected, processed and sectioned as previously described 

[134].  The immunohistochemistry processing methods are described below. 

Animal care and handling were performed according to approved protocols of the 

Creighton University School of Medicine Institutional Animal Care and Use Committee. 

Vestibular Organ Whole Mount Preparations 

To obtain gerbil vestibular organs, the animals were anesthetized with Nembutal and 

cardiac-perfused with 4% paraformaldehyde dissolved in phosphate buffered saline composed of 

137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 and 1.47 mM KH2PO4 (pH 7.4, PBS). The 

temporal bones were removed and fixed in 4% paraformaldehyde for 1 hr.  After decalcification 

in ethylenediamine tetraacetic acid for 24–48 hr, the vestibular organs were removed from the 

temporal bones.  The vestibular organs were mounted and processed for immunohistochemistry 

as described below. 

Mouse Tracheal Epithelial Cell Cultures 

Mouse tracheal epithelial cell (MTEC) cultures were established according to the 

modified methods of Hastie et al. [135].  Adult C57BL6 mice were euthanized with CO2, 

decapitated, and the tracheas were dissected and placed in chilled F-12 Nutrient Mixture (Ham, 
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Invitrogen, Carlsbad, CA).  The tracheal epithelial cells were dissociated from the tracheas with 

a pronase (Hoffmann-La Roche, Nutley, NJ) and F-12 Nutrient Mixture solution (1.5 mg/ml) for 

18–24 hr at 48 °C.  The dissociated cells were harvested in MTEC basic medium [Dulbecco’s 

modified minimal essential medium (Invitrogen), F-12 Nutrient Mixture, glutamine (Cambrex 

Bio Science, Walkersville, MD), penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO), 

gentamycin (Sigma-Aldrich) and amphotericin B (Pharmacia Corporation, Kalamazoo, MI)] and 

allowed to incubate on 35 x 10 mm
2
 Falcon culture dishes (Fisher Scientific, Hampton, NH) for 

3 hr at 37 °C in air supplemented with 5% CO2.  The cells were resuspended in MTEC 

supplementary medium composed of basic medium, fetal bovine serum (Fisher Scientific), 

Insulin (Cambrex), transferrin (Cambrex), recombinant human epidermal growth factor 

(Cambrex), bovine pituitary extract (Cambrex) and retinoic acid (Sigma-Aldrich).  They were 

seeded at a density of 10
6
 cells/mm

3
 on 6.5 mm diameter Costar membrane inserts (Corning 

Corporation, Corning, NY) coated with type I rat tail collagen (Becton Dickinson, Bedford, MA) 

and allowed to incubate at 37°C in air supplemented with 5% CO2.  The supplementary medium 

was replaced after 3 days of incubation (3 days in vitro). When the cultures were confluent (6 

days in vitro), an air liquid interface (ALI) was established by removing the medium from the 

apical surface of the membrane.  This system mimicked the in vivo conditions of tracheal 

epithelial cells by exposing the apical surface of the cultures to air and the base to medium.  

Supplementary medium was replaced with MTEC maintenance medium that contained the basic 

medium, NuSerum (Becton Dickinson), and retinoic acid.  This medium was replaced every 3–4 

days.  The epithelial cells were preserved with 4% paraformaldehyde in PBS and proceed for 

immunohistochemistry as described below. 
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Immunohistochemistry 

Whole mounts and sectioned tissues were blocked and permeabilized in PBS with 1% 

bovine serum albumin (BSA) (Fisher Scientific), normal goat serum (NGS) (Jackson 

ImmunoResearch) and 0.25% Triton-X.  The MTEC membranes were processed for 1 hr, frozen 

sections for 2 hr and whole mounted tissues for 24 hr.  The samples were labeled with two well- 

characterized mouse monoclonal antibodies, TAP 952 (1:50,000) or AXO 49 (1:10,000), which 

identify tubulin monomeric glycylation and polymeric glycylation, respectively (Antibodies were 

a generous gift from Marie Hélène Bré) [83].  The bound antibodies were visualized using a goat 

anti-mouse secondary antibody conjugated to Alexa Fluor 488 (Molecular Probes, Eugene, OR). 

The samples were double-labeled with rabbit anti-α tubulin polyclonal antibody (1:1000, Abcam 

Incorporated, Cambridge, MA) which was visualized with goat anti-rabbit CY3 antibody 

(Jackson ImmunoResearch). The primary and secondary antibodies were incubated for 1 hr each 

with MTEC cultures.  For the frozen sections, primary antibodies were incubated for 3 hr and 

secondary antibodies for 2 hr.  All antibodies were incubated for 24 hr each with the whole 

mounted tissues.  Some MTEC culture sample were labeled with phalloidin coupled to Alexa 

Fluor 568 (Sigma-Aldrich), a filamentous actin stain used to detect whether the cultures were 

confluent, or anti-β tubulin antibody (Abcam) and a secondary antibody coupled to Alexa Fluor 

488 to detect the lengths of cilia.  The MTEC membranes were removed from their well inserts 

and sealed under cover slips on glass slides with mounting medium containing 50% PBS, 50% 

glycerol and 0.1% n-propylgallate (Sigma-Aldrich), an anti-fade agent (pH 7). Whole mounts 

and sectioned tissues were also mounted in this manner. 
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Fluorescence Microscopy 

The cells and tissues were observed on an upright Zeiss Axioskop II microscope (Carl 

Zeiss, Germany) and photographed with a SPOT RT camera (Diagnostic Instruments, Sterling 

Heights, MI). Confocal images were taken with a Zeiss LSM 510 confocal microscope (Carl 

Zeiss) at the Creighton University Integrated Biomedical Imaging Facility.  The Carl Zeiss AIM 

LSM Image Browser program was used to measure cilia lengths. 

Ciliary Beat Frequency Measurement 

The MTEC membranes containing live epithelial cells were removed from the well 

inserts, placed on glass slides, and covered with maintenance medium incubated at 37 °C in air 

supplemented with 5% CO2. Ciliary beat frequency (CBF) of cilia in the cultures was measured 

with a Sisson-Ammons Video Analysis (SAVA) system (Ammons Engineering, Mt. Morris, MI) 

[136] via an Axioscope upright microscope (Carl Zeiss) and an A60f monochrome digital 

camera (Basler Vision Technologies, Ahrensburg, Germany). CBF measurements were obtained 

from random areas on each membrane at room temperature (RT) every 30 sec for a total of 20 

min.  
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2.2. Results 

Glycylation States in Mammalian Tissues 

In the confocal images, the glycylation states are represented in green (Fig. 7).  The 

ciliated tissues were also labeled with anti-α tubulin antibody (red) in order to visualize the entire 

lengths of the cilia.  The two images were then merged and regions in which co-localization 

occurred are illustrated in yellow.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7. Immunohistochemistry images of monomeric glycylation in tracheal epithelial cilia.  A) 

Anti-α tubulin outlines the lengths of cilia (red).  B) Monomeric glycylation state is represented in 

green.  C) Merged image where regions of co-localization are represented in yellow.  Scale bar = 5 

μm. 
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Tubulin Monomeric Glycylation in Ciliated Mammalian Epithelial Tissues 

Tubulin monomeric glycylation was ubiquitous in the cilia of the trachea (A), oviduct 

(B), testis efferent duct (C), brain ependyma (D), nasal respiratory epithelium (E), olfactory 

epithelium (F) and vestibular organ (G) (Fig. 8).  It extended from the bases of cilia toward the 

distal extremity but was excluded from the distal tips.  Monomeric glycylation extended along at 

least 70% of cilia lengths and was uniformly distributed among cilia of an individual cell.  This 

observation was apparent in all gerbil ciliated tissues [trachea (Fig. 8A), oviduct (Fig. 8B), testis 

efferent duct (Fig. 8C), brain ependyma (Fig. 8D), nasal respiratory epithelium (Fig. 8E), 

olfactory epithelium (Fig. 8F), and vestibular utricle hair cells (Fig. 8G)].  The cilia of the 

olfactory neurons were often truncated during tissue processing.  As a result, the distribution of 

monomeric glycylation was not observable along the entire lengths.  Despite this, monomeric 

glycylation remained predominant and was excluded from the tips of cilia whose entire lengths 

were observable.  As summary of these results are presented in Fig. 10.  

Tubulin Polymeric Glycylation in Ciliated Mammalian Epithelial Tissues 

Polymeric glycylation was infrequently observed in ciliated mammalian epithelial tissues 

(Fig. 9A–G).  It was only detected in cilia of the trachea and oviduct (Fig. 9A-B).  In these 

tissues, polymeric glycylation was only detected in 25% of the cilia.  Where detected, it was 

limited to the bases of cilia (20-25% of lengths) (Fig. 9).  A summary of these results is 

presented in Fig. 10. 
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Figure 8. Distribution of monomeric glycylation in mammalian epithelial tissues.  The sources of the 

tissues are noted on each image.  Monomeric glycylation is detected in cilia of all of the mammalian 

tissues.  In these images monomeric glycylation is represented in green.  The lengths of the cilia are 

detected with α tubulin (red) and regions of co-localization are yellow.  Scale bar = 5 μm. [1] 
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Figure 9. Distribution of polymeric glycylation in mammalian epithelial tissues.  The sources of the 

tissues are noted on each image.  Polymeric glycylation was only detected in cilia of the trachea (A) 

and oviduct (B).  It was not detected in the cilia of the remaining tissues.  In these merged images 

polymeric glycylation is represented in green.  The lengths of the cilia are detected with α tubulin 

(red) and regions of co-localization are yellow.  Scale bar = 5 μm. [1] 



39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. Distribution of polyglycylation states schematic diagram.  In this diagram the left 3 cilia 

depict the distribution of monomeric glycylation and the right 3 cilia depict the distribution of 

polymeric glycylation.  Green represents the glycylation states and red represents the lengths of cilia.  

The single cilium of the vestibular utricle cell only represents the distribution of monomeric 

glycylation. Polymeric glycylation is not detected in this cilium. 
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In Vitro Mouse Tracheal Epithelial Cultures  

MTEC cultures were confluent after 6 days in vitro, at which point the ALI was 

established in order to activate ciliogenesis.  An immunohistochemistry image of a confluent 

culture at 8 days in vitro is presented in Fig. 11.  However, cilia were observed on a limited 

number of cells prior to the establishment of the ALI.  This was likely the result of ciliated 

epithelial cells that were seeded during the establishment of the cultures.  By the 4th day post-

ALI (10 days in vitro), over 25% of cells had generated cilia.  By the 8
th

 day post ALI, cilia 

(green) were generated by all of the ciliated epithelial cells (Fig. 12).  Cilia were not generated 

by mucus producing goblet cells (Fig. 12).  As the cultures matured, the average height of the 

cilia on a cell gradually increased from 1.75 μm at 1 day post ALI to 4 μm at 4 days post ALI 

and finally plateaued at 7 μm after 12 days post ALI. (Fig. 13)  

In the SAVA output screen, the frequencies and amplitudes of moving points were 

tabulated at RT in order to establish a limited frequency plot (Fig. 14).  This limited frequency 

plot revealed that CBF varied among cilia on neighboring cells.  Moreover, the average CBF of 

the cilia increased from 4 Hz at 4 days post ALI and plateaued at 7 Hz after 8 days post ALI 

(Fig. 15).  This frequency was consistent with the average CBF measurements of bovine tracheal 

cilia [137].  The average number of detected points in the limited frequency plot was also 

measured to determine the average number of beating points in each field of interest (Fig. 16).  

The average number of points increased from 1200 at 4 days post-ALI and was maintained at or 

above 5000 points after 16 days post ALI.  However the analysis of later time points (beyond 29 

days post ALI) was hindered by the accumulation of mucus which impeded the detection of 

motile cilia. 
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The cilia of the MTEC cultures were functional and presented an average CBF of 7 Hz 

and an average cilia length of 5-6 μm.  These measurements were similar to those obtained from 

in vivo tracheal epithelial cells.  As a result, the cultures were useful for studying the temporal 

course of monomeric and polymeric glycylation of tubulin during ciliogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 11. Epithelial cells in a confluent MTEC cultures (8 days post ALI).  Phalloidin coupled to 

Alexa Fluor 568, a filamentous actin stain, was used to delineate epithelial cells.  Cells were confluent 

by 8 days post ALI. 
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Figure 12. Epithelial cells in confluent MTEC cultures developed cilia (8 days post ALI).  The cilia 

were labeled with an anti-β tubulin antibody and visualized with a secondary antibody coupled to 

Alexa Fluor 488.  Mucus producing goblet cells occupy the regions of the culture where cilia are not 

detected. 
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Figure 13. Average cilia height during the development of the MTEC cultures post-ALI.  Cilia 

height plateaued at 7 μm after 12 days post ALI.  Error bars represent one standard error of the 

mean (n=3). 
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Figure 14. SAVA output screen during MTEC cilia beat frequency analysis.  The frequencies and 

amplitudes of beating cilia were tabulated to determine the limited frequency of beating.  The average 

CBF and the number of points in each field are measured. 
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Figure 15. Average CBF of the MTEC cultures as a function of days post-ALI.  The average CBF of 

the cilia on cells increased from 4 Hz at 4 days post ALI and plateaued at 7 Hz after 8 days post ALI.  

Error bars represent one standard error of the mean. [1] 
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Tubulin Polyglycylation Stages During Ciliogenesis 

Both monomeric and polymeric glycylation were detected in the early stages of the 

MTEC cultures (1-6 days in vitro, Fig. 17).  However it is possible that they were only detected 

in the limited number of ciliated cells that were retained after the seeding of the cultures.  In 

these cells, monomeric glycylation was uniformly distributed along the lengths of cilia but, as in 

other mammalian tissues, it was excluded from the distal tips (Fig. 17A).  Polymeric glycylation, 

however, was infrequently detected (Fig. 17B).  When detected, it was restricted to the bases of 

cilia.  Interestingly, monomeric glycylation was also detected on the cytoplasmic microtubules of 

several cells (Fig. 17A).  This was only observed during early stages of the cultures, before the 

establishment of the ALI.   

 
 
Figure 16. Average number of points during CBF analysis of the MTEC cultures as a function of days 

post-ALI.  The average number of points increased from 1200 at 4 days post-ALI and was maintained 

at or above 5000 points after 16 days post ALI.  Error bars represent one standard error of the mean. 
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Monomeric glycylation remained predominant in cilia of mature cultures (1 day post-

ALI).  It was detected in most cilia after 4 days post-ALI (Fig. 18A).  When short cilia (0.33–2 

μm) were observed, monomeric glycylation was absent.  However, while cilia on individual cells 

were uniform in their distribution of monomeric glycylation, this distribution varied considerably 

between the cilia of neighboring cells.  Additionally, monomeric glycylation was excluded from 

the distal tips of the cilia. The distribution of monomeric glycylation was consistent with the 

results observed during the early stages of the MTEC cultures and in the mammalian tissues.  In 

contrast to the early stage cultures, monomeric glycylation was absent from the cytoplasmic 

microtubules of the mature cultures. Polymeric glycylation was not detected in the cilia of 

mature staged cultures (Fig 18B).  This result is contrary to the observation of polymeric 

glycylation at the bases of cilia in the early staged cultures and in the mammalian tracheal 

tissues.   
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Figure 17. Distribution of monomeric (A) and polymeric glycylation (B) in MTEC cultures prior to 

the establishment of the ALI (3 days in vitro).  In these merged images, the polyglycylation states are 

represented in green.  The lengths of the cilia are detected with α tubulin (red) and regions of co-

localization are yellow.  A) Monomeric glycylation was detected in cytoplasmic microtubules and in 

cilia where it was absent from the distal tips.  B) Polymeric glycylation was only detected at the bases 

of cilia. Scale bar = 5 μm. [1] 
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Figure 18. Distribution of monomeric (A) and polymeric glycylation (B) in the mature MTEC 

cultures after the establishment of the ALI.  In these merged images, the polyglycylation states are 

represented in green.  Cilia lengths are detected with α tubulin (red) and regions of co-localization are 

yellow.  A) Monomeric glycylation was uniformly distributed in most cilia but varies between the cilia 

of neighboring cells (32 days post-ALI).  B) Polymeric glycylation was absent from cilia (33 days post 

ALI).  Scale bar = 5 μm. [1] 
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2.3. Discussion 

Monomeric Glycylation is Enriched in Mammalian Cilia but Polymeric Glycylation is Rare 

The variable distribution of monomeric and polymeric glycylation was demonstrated in 

both ciliated mammalian epithelial tissues and MTEC cultures.  Monomeric glycylation was 

universal in the cilia of all mammalian tissues and in MTEC cultures.  Previously studies have 

identified monomeric glycylation in rodent lung cilia [138], human respiratory epithelial cells 

[139], and human spermatozoa flagella [83].  In contrast to monomeric glycylation, polymeric 

glycylation was only detected in cilia of the trachea, oviduct and early stage MTEC cultures.  

When observed, it was limited to the bases of cilia.  However, the accumulation of mucus and 

the degeneration of the cultures over time restricted the analysis of the cultures beyond 34 days 

post-ALI.  As a result, the complete cycle of cilia was not observable and may have hindered the 

ability to detect polymeric glycylation if it occurred at a later stage.   

Monomeric Glycylation in Cytoplasmic Microtubules 

Monomeric glycylation was also detected on the cytoplasmic microtubules of MTEC 

during the early stages of the cultures.  This observation was also apparent on the dynamic 

cytoplasmic microtubules of Paramecia [140]. Thus, polyglycylation is not limited to axonemal 

microtubules.  It is possible that its occurrence on cytoplasmic microtubules may be associated 

with ciliogenesis. 

Polymeric Glycylation is Not Essential for Function in Mammalian Cilia  

The absence of polymeric glycylation in the functioning cilia of the MTEC cultures 

suggests that it is not essential for achieving beating.  Thus, monomeric glycylation would be 

either sufficient for ciliary beating or play no role.  Since polymeric glycylation remains 
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predominant in the cilia of protists such as Paramecia [123], it is possible that mammals have 

selected against the use of this modification in some tissues.  Xia et al. showed that 

polyglycylation-deficient β tubulin in which three or more C-terminal polyglycylation sites were 

mutated could be incorporated into Tetrahymena cilia, but the resulting cilia were defective [127-

129].  The defects included misaligned microtubules, decreased the cilia length and the absence 

of central pair microtubules.  Thus, while the particular role of monomeric glycylation remains 

speculative, the modification is likely essential for function. 

Monomeric and Polymeric Glycylation Have Variable Functions in the Cell 

The differential distributions of monomeric and polymeric glycylation in the cilia of 

MTEC cultures and mammalian tissues suggest that they may be important for specifying 

function.  The abundance of monomeric glycylation suggests that it is essential in the cilia.  

While polymeric glycylation is not enriched in cilia or likely not essential for beating, it may still 

play specific roles in the axoneme.  For instance, it may be required for modifying the action of 

specific proteins or for recruiting specific proteins to the axoneme.  This concept was recently 

demonstrated with polyglutamylation when Lacroix et al. showed that the addition of long 

glutamate chains to tubulin in HeLa cells resulted in the severing of microtubules by spastin 

[132].  

Polymeric glycylation may also be used to identify older tubulin.  This hypothesis was 

introduced by Iftode et al. who demonstrated that polymeric glycylation was enriched on tubulin 

in old stable microtubules.  In contrast, monomeric glycylation was on newly formed dynamic 

microtubules [141].  Redeker et al. also identified polymeric glycylation on the stable 

microtubule networks of Paramecium cilia [123]. Thus, while polymeric glycylation is likely not 

essential for achieving ciliary beating, it may serve as a marker for tubulin age.    
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Chapter 3: Sub Aim 2 

Determine the distributions of β tubulin isotypes and the PTMs, polyglycylation and 

polyglutamylation, in the two functionally different axonemal microtubule populations: outer 

doublet and central pair microtubules. 

 

Hypothesis: PTMs and β tubulin isotypes are essential for specifying function and will vary 

between central pair and outer doublet microtubules. 

I. Since the distribution of βV tubulin remains undefined, its distribution was 

characterized in ciliated mammalian epithelial tissues. 

II. The distributions of PTMs and β tubulin isotypes were investigated in extracted 

central pair and outer doublet microtubules using Western blotting, immunogold labeling 

and immunohistochemistry.  

Because of the interrelation of these experiments and some methodological overlap, the 

Methods and Discussion sections for the two experiments are combined. 
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3.1. Materials and Methods 

Gerbil Frozen Sections 

The distribution of βV tubulin was characterized in adult gerbil (21 d or older) ciliated 

tissues (trachea, nasal respiratory epithelium, bronchial epithelium and brain ependyma).  The 

tissues were prepared and examined as discussed in Sub Aim 1.  The tissues were labeled with 

tubulin isotype-specific antibodies (anti-βIV and anti-βV, 1:500 each) for 24 hr. These antibodies 

were a generous gift from Richard Ludueña.  Labeling was visualized with goat anti-mouse 

secondary antibody conjugated to Alexa Fluor 488. The tissues were double labeled with rabbit 

anti-α-tubulin polyclonal antibody (1:1000) for 24 hr.  This was visualized with goat anti-rabbit 

antibody conjugated to Cy3. 

Bovine Axoneme Extraction 

Bovine airway epithelial cilia were extracted according to previously described methods [135, 

142]. Briefly, bovine tracheas were obtained from a local slaughterhouse.  After dissection, 

fascia and excess tissues were removed from the trachea.  The trachea were clamped and rinsed 

with chilled PBS to remove debris and blood cells.  Chilled axoneme extraction buffer (20 mM 

tris-HCl, 50 mM NaCl, 10 mM calcium chloride, 1 mM ethylenediaminetetraacetic acid 

(EDTA), 7 mM 2-mercaptoethanol, 100 mM triton X-100, and 1 mM dithiothreitol (pH 7.5)) was 

poured into the trachea and they were agitated vigorously for 3 min to remove cilia.  The extract, 

now containing de-membranated cilia, was collected and filtered through a 70 μm cell strainer 

(BD Biosciences, Sparks, MD) to remove any remaining debris and mucus.  The samples were 

then centrifuged for 7 min at 12,000 g and 4 °C to pellet the axonemes.  The axonemes were re-

suspended in axoneme re-suspension buffer (20 mM tris HCl, 50 mM KCl, 4 mM MgCl2, 0.5 
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mM EDTA, 1 mM dithiothreitol, 10 mM soybean trypsin inhibitor, and 25% sucrose (w/v) (pH 

8)) to a final concentration of 1 mg/ml.  These axoneme samples were retained on ice for 

immediate use or stored at -80°C for future use. 

Central Pair and Outer Doublet Microtubule Separation 

The separation of central pair and outer doublet microtubules was performed according to 

the modified method of Linck et al [143].  During this high salt extraction, a low ionic strength 

solvent devoid of divalent cations was used to solubilize the central pair microtubules of bovine 

axonemes.  Specifically, de-membranated axonemes (1 mg/ml) were re-suspended in a 10 fold 

volume of central pair extraction buffer (0.5 M KCl, 10 mM tris HCl, 5 mM EDTA, 1 mM ATP 

and 1 mM dithiothreitol (pH 8)).  The samples were incubated on ice for 30 min and then 

centrifuged at 2,500 g for 10 min.  The resulting supernatant, containing solubilized central pair 

microtubules, was removed and concentrated in a 30,000 molecular weight Amicon-ultra 15 ml 

centrifugal filter (Millipore, Billerica, MA) by centrifuging at 4,000 g for 3-4 hr or until a 500 μl 

concentrate was retained.  The pellet, consisting of outer doublet microtubules, was re-suspended 

in axoneme re-suspension buffer.  Both samples were maintained on ice for immediate use.   

Electron Microscopy 

Negative stain, positive stain, and immunogold labeled axonemes were examined at the 

University of Nebraska Medical Center Electron Microscopy (EM) Core Facility using a Tecnai 

G
2
 TWIN (FEI Company, Hillsboro, OR) transmission EM system operated at 80 kV.  Digital 

images were recorded on an Advanced Microscopy Techniques digital imaging system (Danvers, 

MA). 
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Negative Stain EM 

Solubilized central pair microtubules were pelleted at 45,000 g for 1 hr.  The outer 

doublet microtubule solution was pelleted at 2500 g for 5 min.  Both samples were allowed to 

settle onto Gilder 200 mesh copper grids (Ted Pella Inc., Redding, CA) for 2 min.  The central 

pair and outer doublet microtubules were then stained with NanoVan (methylamine vanadate, 

Nanoprobes, Yaphank, NY) for 30 sec at RT.  The grids were allowed to dry for 10 min at RT 

before imaging. 

Positive Stain EM 

Pelleted outer doublet microtubules as above were fixed for 30 min in 2% glutaraldehyde 

and 2% paraformaldehyde dissolved in 0.1 M Sorensen’s phosphate buffer (Fisher Scientific).  

The microtubules were post-fixed with 1% aqueous osmiun tetroxide (Electron Microscopy 

Sciences, Hatfield, PA) for 30 min.  They were dehydrated in graded ethanol solutions (50%, 

70% and 90%) for 10 min each.  A further dehydration step was performed in 100% ethanol (10 

min, 3 times).  Finally, the microtubules were dehydrated with propylene oxide (Electron 

Microscopy Sciences) 3 times for 10 min each time.  Embedding of the microtubules was 

performed in a 1:1 mixture of propylene oxide and Araldite 502 embedding medium (Electron 

Microscopy Sciences) for 16 hr at RT.  Embedding was repeated in fresh embedding media for 

another 16 hr and then the samples were polymerized at 65 °C for 16 hr in a capsule mold.  The 

beam capsules were sectioned into 60-90 nm sections.  The sections were placed on 200 mesh 

copper grids and then stained with 2% uranyl acetate (Electron Microscopy Sciences) dissolved 

in water.  The samples were then fixed in Reynold’s lead citrate prepared according to the 

method of Bozzola et al. [144].  The grids were examined using a Tecnai G
2
 TWIN electron 

microscope. 
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Negative Stain and Positive Stain EM analysis 

The purity of the central pair and outer doublet microtubule samples was determined by 

sampling the diameter and anatomy of the microtubules using negative stain EM.  Positive stain 

EM was also used to determine the purity of outer doublet microtubule samples.  Here random 

regions with 10 or more cross sectioned axonemes were analyzed for the presence of central pair 

microtubules. 

Western Blot Analysis 

Western blot analysis was performed according to the modified methods of Madson et al. 

[145]. Purified central pair and outer doublet microtubule samples (10 μg) were suspended in 

lysis buffer (0.01 M tris, 0.15 M NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM 

Na3VO4, 10 μM NaF, 1.5 μM ethyleneglycol-tetraacetic acid (EGTA) and complete protease 

inhibitor cocktail (Roche, Germany) (pH 7.4)).  Next, the samples were combined with Lamelli 

buffer (75 mM Tris HCl, 10% glycerol, 2% sodium dodecyl sulfate (SDS), 5% 2-

mercaptoethanol, and 0.01% bromophenol blue (pH 7.4)) and boiled for 5 min.  They were 

equally loaded (2 μg/μl) into Criterion 10% Tris-HCl precast gels (Bio-Rad Laboratories, 

Hercules, CA).  A Precision Plus Protein Standards unstained ladder was also used (Bio-Rad).  

The gels were run at 200 V for 1 hr in running buffer (24 mM Tris base, 191 mM glycine, 1% 

SDS).  The proteins were transferred onto nitrocellulose sheets (Bio-Rad) using chilled transfer 

buffer (24 mM Tris base, 191 mM glycine) at 0.1 A for 30 min at 4 °C and again at 1.7 A for 1 

hr.  To ensure equal loading and transfer of the sample, transfer quality was verified with 

Ponceau S solution (Sigma-Aldrich, St. Louis, MO). 

The proteins were immune-blotted with isotype-specific antibodies against β tubulin (pan 

β tubulin (Abcam), anti-βI, anti-βIII, anti-βIV and anti-βV tubulin (1:500, antibodies were a 
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generous gift from Richard Ludueña)) and antibodies against specific PTMs (TAP 952 for 

monomeric glycylation, AXO 49 for polymeric glycylation and PolyE (GT335) for polymeric 

glutamylation (Axxora, United Kingdom) (1:1000)).  Primary antibodies were diluted in 3% 

BSA in PBS containing 0.01% thimerosal. Labeled proteins were detected with horseradish 

peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers, MA) and visualized with 

SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Antibody labeling 

occurred for 16 hr at 4 °C or for 1 h at RT. The relative intensities of the detected bands were 

quantified with the ImageJ 1.44 software. 

Immuno-gold EM 

Post-embedding immunogold techniques were performed according the modified 

methods of Geimer et al. and Johnson et al. [146, 147].  Intact axonemes were pelleted and fixed 

in fixative buffer (30 mM HEPES (pH 7.2), 5 mM EGTA, 15 mM KCl, 5 mM MgSO4, 0.1% 

glutaraldehyde, 2% formaldehyde).  The axonemes were rinsed 2 times in washing buffer (30 

mM HEPES (pH 7.2), 5 mM EGTA, 15 mM KCl, 5 mM MgSO4).  The axonemes were 

dehydrated in graded ethanol solution (30%, 50%, 70% and 95%) before embedding in London 

Resin White medium (Ted Pella) for 16 hr and the resin was polymerized at 50 °C for 16 hr.  The 

samples were sectioned into 60-90 nm sections, placed on nickel grids (Ted Pella) and blocked 

with blocking solution (Aurion, Netherlands) for 45 min.  They were then labeled for 16 hr at 4 

°C with α tubulin antibody, isotype-specific antibodies against β tubulin (anti-βI, anti-βIII, anti-

βIV and anti-βV), or antibodies against specific PTMs (TAP 952, AXO 49 and PolyE).  The 

primary antibodies were applied at a concentration of 1:100 and primary antibody was omitted 

from the negative control samples.  Labeling was detected with Aurion goat-anti-mouse IgG 

secondary antibody conjugated to 10 nm gold (1:100, Electron Microscopy Sciences) for 90 min.  
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The samples were fixed in 8% glutaraldehyde in PBS. They were then post-stained in 2% uranyl 

acetate dihydrate (Ted Pella) in water for 20 min and lead citrate (Electron Microscopy Sciences) 

for 4 min.   

Analysis of Immunogold EM Images 

Electron microscopy images were obtained at magnifications of 37,000x and 26,500x.  

To reduce variability, labeling of central pair and outer doublet microtubules was only measured 

in uniformly cross-sectioned axonemes. The distances of immunogold particles from the central 

pair and outer doublet microtubules were measured and the immunogold particle was associated 

with the microtubule structure to which it was closest.   

Central Pair Extrusion Immunohistochemistry 

Axonemes were subjected to four freeze and thaw cycles at 20 °C and 0 °C, respectively, 

in order to disrupt their structures.  Control axonemes were not disrupted prior to activation. 

They were then reactivated with activation buffer (20 mM tris HCl, 0.4 M potassium acetate, 6 

mM magnesium acetate, 0.5 mM EDTA, 1 mM dithiothreitol and 10 mM ATP (pH 8)) for 30 

sec, immediately fixed with 1% paraformaldehyde in PBS for 15 min, and placed on poly-l-

lysine coated slides.  The samples were incubated in a given primary antibody (anti-βI, anti-βIII, 

anti-βIV, anti-βV, TAP 952, AXO 49 and PolyE) for 30 min and visualized using goat anti-mouse 

secondary antibody conjugated to Alexa Fluor 488 for 30 min.  The axonemes were also double-

labeled with rabbit anti-α-tubulin polyclonal antibody which was visualized with goat anti-rabbit 

Cy3 secondary antibody. Antibody labeling occurred for 30 min prior to imaging. 
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3.2.A. Results, Experiment I I 

βV Tubulin is Detected in Mammalian Tracheal Cilia But Not in Other Ciliated Tissues 

The presence of βV tubulin in the cilia of mammalian tracheal epithelium, nasal 

epithelium, bronchial epithelium and brain ependyma was analyzed (Fig. 19).  βIV tubulin, which 

has previously been identified in the cilia of all mammalian tissues, was used as a positive 

control.  As expected, βIV tubulin was detected in the cilia of the tracheal epithelium, nasal 

epithelium, bronchial epithelium, and brain ependyma (Fig. 19).  βV tubulin, however, was only 

detected in cilia of the tracheal epithelium (Fig. 19B).  It was not detected in cilia of the nasal 

epithelium, bronchial epithelium and brain ependyma (Fig. 19).   
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Figure 19. Distribution of βIV and βV tubulin in mammalian tissues.  Tubulin isotypes are represented 

in green. The length of the axoneme is detected by anti-α tubulin antibody (red).  Regions of co-

localization are represented in yellow.  βIV tubulin was detected in cilia of the trachea, nasal 

epithelium, bronchial epithelium and brain ependyma.  βV tubulin was only detected in cilia of the 

trachea.  It was not detected in cilia of the nasal epithelium, bronchial epithelium and brain ependyma. 

Scale bar = 5 μm. 
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3.2.B. Results, Experiment II 

Qualification of the Central Pair and Outer Doublet Microtubule Preparation. 

Central pair microtubules were on average 41.5 nm in diameter and were clearly 

delineated as two un-fused microtubules (Fig. 20A).  These samples were relatively pure.  

Besides the presence of an occasional axoneme that lacked its central pair microtubule, the 

samples were essentially devoid of outer doublet microtubules. 

Frayed axonemes that lacked their central pair microtubules and individual outer doublet 

microtubules were observed in the outer doublet microtubules using both negative and positive 

stain EM images (Fig. 20B, Fig. 21).  Outer doublet microtubules were on average 31 nm in 

diameter and, unlike the central pair microtubules, they appeared as two fused overlapping 

microtubules (Fig. 20C).  However, intact axonemes that retained their central pair microtubules 

were observed in the positive stain EM images.  The presence of these intact axonemes was 

likely the result of axonemes that did not activate during the ATP-driven high salt separation.  

Consequently these axonemes were not able to extrude their central pair microtubules.  Thus the 

outer doublet microtubule samples were contaminated with central pair microtubules that 

remained in intact axonemes and were only approximately 65-70% pure. 

 

 

 

 

 

 

 



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.  

 

 

 

 

 

 
 

Figure 20. Negative stain EM images of purified microtubule samples from bovine tracheal 

axonemes. (A) Isolated central pair microtubules are observed as two independent unfused 

microtubules. Scale bar = 100 nm, 135,000x. (B) Frayed axonemes containing nine outer doublet 

microtubules are observed in the outer doublet microtubule samples.  Scale bar = 500 nm, 23,000x. 

(C) At a higher magnification, the isolated outer doublet microtubules are observed as two 

overlapping and thus fused microtubules. Scale bar = 100 nm, 135000x. 
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Characterization of β Tubulin Isotypes and PTMs by Western Blot Analysis.  

The protein composition of the central pair and outer doublet microtubule samples were 

observed after the samples were transfer to nitrocellulose paper obtained for the Western blot 

analyses are presented in Fig. 22.  βI, βIV and βV tubulin were detected in both central pair (CP) 

and outer doublet microtubules (OD) (Fig. 23).  However, the intensity of these bands differed 

between central pair and outer doublet microtubule samples.  Thus βI and βIV tubulin bands were 

prominent in the outer doublet microtubule samples but faint in the central pair microtubule 

samples (Fig. 23).  The opposite was observed for βV tubulin, for which the band detected for the 

central pair microtubule sample was much more prominent than that of the outer doublet 

microtubule sample (Fig. 23).  As expected, βIII tubulin was not detected in either central pair or 

 
 

Figure 21. Positive stain EM image of an outer doublet microtubule sample.  Cross-section of 

an axoneme after central pair microtubule extraction.  The central pair microtubules are 

missing. Scale bar = 100 nm. 
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outer doublet microtubule samples.  Anti-β tubulin antibody (β tub) was used to detect β tubulin 

in the samples (Fig. 23). 

Prominent bands were detected for monomeric glycylation (MonoG) and polymeric 

glutamylation (PolyE) in both the central pair and outer doublet microtubule samples.  In 

contrast, polymeric glycylation (PolyG) was not detected in the central pair microtubule samples.  

While it was detected in outer doublet microtubules, the band was faint (Fig. 23).  These Western 

blot results were consistent with the relative intensities measurements that were observed for the 

bands (Fig. 24).  Thus, βI tubulin, βIV tubulin and polymeric glycylation were prominent in outer 

doublet microtubules (Fig. 24, green).  In contrast, βV tubulin was prominent in the central pair 

microtubule samples (Fig. 24, red).  Monomeric glycylation and polymeric glutamylation were 

enriched in both the central pair and outer doublet microtubule samples.   
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Figure 22. Central pair and outer doublet microtubule samples on nitrocellulose paper. Central pair 

microtubule (A) and outer doublet microtubule samples (B) were run in each lane and the protein 

composition was detected after transfer to nitrocellulose paper with Ponceau stain.  Prominent tubulin 

bands are detected in the central pair and outer doublet microtubule samples. 
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Figure 23. Western blot analysis of axonemal microtubules from bovine tracheal axonemes.  Central 

pair microtubules samples (CP) are in the first column and outer doublet microtubule samples (OD) 

are in the second column for each antibody anti-β tubulin (β tub), anti-βI tubulin (βI), anti-βIII tubulin 

(βIII), anti-βIV tubulin (βIV), anti-βV tubulin (βV) monomeric glycylation (MonoG), polymeric 

glycylation (PolyG) and polymeric glutamylation (PolyE).  βV tubulin, MonoG and PolyE are enriched 

in central pair microtubules. βI, βIV, MonoG and PolyE are enriched in outer doublet microtubules. βIII 

was not detected in the microtubules while β tub was detected in all microtubules. 
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Characterization of β Tubulin Isotypes and PTMs by Immuno-gold Labeling 

βI and βIV tubulin were enriched in outer doublet microtubules (Fig. 25).  The opposite 

was observed for βV tubulin, which was enriched in central pair microtubules.  βIII tubulin was 

not detected in either central pair or outer doublet microtubules.  Monomeric glycylation was 

detected in both central pair and outer doublet microtubules. The same was true for polymeric 

glutamylation.  However, as previously observed, polymeric glycylation was not detected in 

central pair microtubules it was only detected in outer doublet microtubules.  Anti α tubulin, 

which was used as a positive control, was detected in both central pair and outer doublet 

 
 
Figure 24. Quantification of Western blots bands in Figure 23.  βI tubulin, βIV tubulin and polymeric 

glycylation (PolyG) were predominant in the outer doublet microtubules (OD, green).  βV tubulin was 

predominant in the central pair microtubules (CP, red).  MonoG and PolyE were predominant in both 

samples.  β tubulin (β tub) was detected in both samples whereas βIII tubulin was not detected in either 

samples. 
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microtubules (Fig. 25).  Labeling was not detected in the negative control samples (- CTL) in 

which primary antibodies were omitted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 25. Immunogold images of sectioned bovine tracheal axonemes.  Labeling was not detected in 

negative control (- CTL) and βIII tubulin samples.  βI, βIV tubulin and polymeric glycylation were 

detected in outer doublet microtubules (green arrows).  βV tubulin was detected in central pair 

microtubules (red arrows). Monomeric glycylation, polymeric glutamylation and α tubulin (α tub) 

were detected in both central pair and outer doublet microtubules.  Scale bar = 100 nm 

 



69 

 

β Tubulin Isotypes and PTMs in the Central Pair and Outer Doublet Microtubules of Axonemes 

with Extruded Central Pair Microtubules  

In the confocal images (Fig. 26), α tubulin (red) outlines the full lengths of the axonemes 

and extruded central pair microtubules, which are extruded from the tip of the axoneme (right).  

The β tubulin isotypes (βI, βIII, βIV and βV tubulin) and PTMs (monomeric glycylation, polymeric 

glycylation and polymeric glutamylation) are represented in green.  The merged regions of these 

superimposed images are represented in yellow.   

βI tubulin is observed along the length of the axoneme from its base (left) to its tip (right) 

in the control axoneme that  were not disrupted prior to activation.  The βI tubulin signal was 

more intense toward the base of the axoneme (Fig. 26A).  Thus, a non-uniform distribution of βI 

exists along the axoneme.  βI tubulin was apparent in both the central pair and outer doublet 

microtubules of the central pair microtubule extruding axoneme.  The βI tubulin signal was again 

more concentrated toward the base of outer doublet microtubules (Fig. 26A).  As expected, βIII 

tubulin was not detected in the axonemes (Fig. 26B).  βIV tubulin was continuous along the 

length of the control axoneme.  It was also detected in both the central pair and outer doublet 

microtubules in the central pair microtubule extruding axoneme (Fig. 26C).  βV tubulin was also 

detected along the length of the control axoneme.  However, it was more concentrated at the base 

of the axoneme.  βV tubulin was also detected in both the extruded central pair and the outer 

doublet microtubules of the central pair microtubule extruding axoneme (Fig. 26D). 

As for the PTMs, monomeric glycylation was continuous along the length of the control 

axoneme.  Monomeric glycylation was detected along the lengths of both the central pair and 

outer doublet microtubules in the central pair microtubule extruding axoneme (Fig. 26E).  

Polymeric glycylation, on the other hand, was not prominent in the axonemes (Fig. 26F).  Its 
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distribution was variable between axonemes, in which case, it was either absent or minimal in 

the axonemes. When present, polymeric glycylation was only detected in outer doublet 

microtubules.  It was never detected in central pair microtubules (Fig. 26F).  In contrast, 

polymeric glutamylation was detected along the entire length of the axoneme.  However, it was 

more prominent toward the distal tip of the axoneme (Fig. 26G).  This finding contrast to the 

distribution of βI tubulin which was more concentrated toward the base of the axoneme (Fig. 

26A).  This gradient-like distribution was also apparent in the outer doublet microtubules of the 

central pair microtubule extruding axoneme.  Polymeric glutamylation was also detected in the 

extruded central pair microtubule (Fig. 26A).   
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Figure 26.  Continues on page 74. 
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Figure 26. Bovine tracheal axonemes with extruded central pair microtubules.  Central pair 

microtubules are extruded to the right at the proximal tip in the extrusion images. (A) βI tubulin is 

more concentrated at one end of the axonemes. βI tubulin is detected in both outer doublet and central 

pair microtubules in the central pair microtubule extruding axoneme. (B) βIII tubulin is not detected in 

the axoneme. (C-D) βIV and βV tubulin are detected in both outer doublet and central pair 

microtubules. (E) MonoG is detected in both outer doublet and central pair microtubules. (F) PolyG is 

not detected central pair microtubules. (G) PolyE is detected in both outer doublet and central pair 

microtubules but it was more concentrated at the proximal end of the axonemes. Scale bar = 5 μm. 
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3.3. Discussion 

β Tubulin Isotypes and PTMs are Differentially Distributed Between the Two Axonemal 

Microtubule Populations  

Three different approaches (Western blot, immunohistochemistry, immuno-electron 

microscopy) were used to compare the distribution of β tubulin isotypes and PTMs in central pair 

and outer doublet microtubules.  Along with βI and βIV tubulin, βV tubulin was also detected in 

bovine tracheal axonemes. However, for the first time, I show that βV tubulin was not present in 

the cilia of mammalian nasal epithelium, bronchial epithelium and brain ependyma.  All three 

isotypes were present in both central pair and outer doublet microtubules of tracheal cilia.  But, 

βI and βIV tubulin were enriched in outer doublet microtubules whereas βV tubulin was enriched 

in central pair microtubules.  Monomeric glycylation and polymeric glutamylation were enriched 

in both central pair and outer doublet microtubules.  However, polymeric glycylation was absent 

in central pair microtubules and was limited in outer doublet microtubules.   

It is possible that the outer doublet microtubule samples used for the Western blot 

analyses were contaminated with central pair microtubules that remained in some intact 

axonemes.  However, the consistency of my results suggests that the effects of this 

contamination were minimal. 

The Distribution β Tubulin Isotypes and PTMs in the Axoneme Is Likely Essential for Function 

The cell’s requirement for multiple tubulin isotypes and for modifying this tubulin once it 

is incorporated into microtubules is a strong indication that the utility and distribution of these 

modifications are likely important function.  Several reports have demonstrated that β tubulin 

isotypes are differentially distributed in tissues and cell-types [74-76, 133].  Some reports have 
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demonstrated that the cell-types in the organ of Corti synthesize different populations of β 

tubulin isotypes [74, 76].  Other reports have demonstrated that the inhibition, over-expression or 

substitution of one or more tubulin isotypes resulted in the formation of disrupted microtubules 

that were incapable of forming correct microtubule structures [79, 148-151].  

For the first time, I show that βV tubulin is preferentially synthesized in tracheal cilia and 

not in the cilia of the nasal epithelium, bronchial epithelium and brain ependyma.  Thus, the 

distribution of β tubulin isotypes in cilia is tissue specific.  However, the structural and 

functional differences between cilia of the tracheal epithelium, nasal epithelium, bronchial 

epithelium and brain ependyma have not been explored.  Still, the use of βV tubulin in tracheal 

cilia suggests that it is likely essential for specifying function and supports the hypothesis that 

tubulin isotypic diversity is important for function. 

Tubulin PTMs increase the diversity of tubulin and likely provide additional methods to 

regulate function.  Several reports have demonstrated that polyglutamylation is enriched on the B 

tubule of outer doublet microtubules [122, 152, 153].  The role of the B tubule in interacting with 

microtubule associated proteins and motor proteins to ensure axoneme function suggests that its 

modification is essential for specifying function.  Wloga et al. demonstrated that the hyper-

glutamylation of Tetrahymena tubulin resulted in the stabilization of cytoplasmic microtubules 

and the destabilization of axonemal microtubules [131].  Moreover, the extension of glutamate 

side chains in HeLa cell resulted in the increased activity of spastin, a microtubule severing 

protein [132].  Finally, Kubo et al. demonstrated that tubulin polyglutamylation modulates the 

interaction of tubulin with inner dynein arms [122].  These reports suggest that 

polyglutamylation results in different responses in the cell and is thus important for function.  

The same could be possible for polyglycylation. 
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The Distribution of β Tubulin Isotypes in Outer Doublet Microtubules 

The contrasting distributions of βI tubulin and polymeric glutamylation along the 

axoneme suggest that their distributions are relevant for specifying function or the interaction of 

tubulin with other proteins.  It is also possible that in comparison to other tubulin isotypes, βI 

tubulin is not readily subjected to polyglutamylation.  This non-uniform distribution is not 

uncommon in the axoneme, as inner dynein arms are not uniformly distributed along the lengths 

of outer doublet microtubules [42].   

The interaction of β tubulin with both inner and outer dynein arms is crucial for the 

specification of the waveform and frequency of beating, respectively [39, 40].  Previous studies 

have demonstrated that isotype specific β tubulin antibodies are capable of inhibiting beating in 

reactivated bovine axonemes [49, 50].  Vent et al. also demonstrated that heptapeptides that 

mimic the axoneme motif of βI, βIV and βV tubulin blocked beating in bovine axonemes [50].  

The symmetrical distribution of outer dynein arms and βIV tubulin along outer doublet 

microtubules suggests that these proteins interact with each other and likely specify the 

frequency of beating.  Furthermore, the non-uniform distribution of βI tubulin suggests that it 

interacts with inner dynein arms to specify the waveform of beating.  Thus the distributions of βI 

and βIV tubulin are likely crucial for specifying waveform and frequency of beating.   

The Role of βV Tubulin in the Central Pair Microtubules of Tracheal Axonemes 

The preferential use of βV tubulin in central pair microtubules and in only tracheal 

axonemes suggests that it may be important for specifying function in the axonemes.  Several 

studies suggest that central pair microtubules play an important role in regulating the overall 

mechanism of the axoneme.  These studies propose that the mechanism of the axoneme is 

regulated by the interaction of intracellular Ca
2+

 with central pair microtubules and radial spokes 
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[154-156].  In fact, axonemes from Chlamydomonas mutants lacking their central pair 

microtubule and radial spokes are fully capable of microtubule sliding, but this sliding is not 

translated into the beating of the axoneme [157].  It is thus proposed that the synchronized 

beating of the axoneme is regulated by the rotation of central pair microtubule in conjunction 

with the sliding of outer doublet microtubules [63].  The dominance of βV tubulin in central pair 

microtubules thus suggests that it partakes in this mechanism or interacts with proteins that are 

crucial for regulation this mechanism.  Thus it is possible that axonemes in tissues that lack βV 

tubulin beat differently from those in the trachea.  

The Role of PTMs in the Axoneme 

Several reports have demonstrated the importance of polyglycylation and 

polyglutamylation in the axoneme [122, 128, 129, 132, 158, 159].  For instance, the substitution 

of aspartate for potentially modifiable glutamate residues resulted in the formation of defective 

axonemes [129, 160].  The recent discoveries and analysis of proteins that catalyze 

polyglycylation and polyglutamylation have further demonstrated that over-expression or 

reduction of these modification is often detrimental for the cell [112, 114-117, 159, 161, 162].   

Finally, the conservation of these modifications in the axonemes of species ranging from protist 

to mammals further supports their importance.  However, the utility of polymeric glycylation 

may have diverged in evolution.  For instance, this modification is enriched on the axonemal 

tubulin of protists such as Tetrahymena.  In contrast, polymeric glycylation is limited or rare in 

mammalian cilia [1, 83].  If polymeric glycylation is an indicator for the lifetime of tubulin in a 

cell, it is possible that the tubulin in the central pair is turned over at a rapid rate and as a result is 

not subjected to polymeric glycylation.  Additionally, if polymeric glycylation serves as a signal 

that promotes the interaction of tubulin with specific proteins, it is possible that the distribution 
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of these PTMs is specific to the proteins that need to be recruited to the different microtubule 

structures.  As a result unlike the outer doublet microtubules, the central pair microtubules, 

which are composed of predominantly βV tubulin, may not require polymeric glycylation for 

function.  Instead, polyglycylation may be important in the maintenance of outer doublet 

microtubules.    
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Chapter 4: Sub Aim 3  

Determine whether dynein binds to synthetic heptapeptides that mimic the axoneme motifs of βI, 

βIII, and βIV tubulin (EEDFGEE, GEMYEDD and EGEFEEE, respectively). 

 

Hypothesis: Dynein binds at the axoneme motifs of βI and βIV tubulin, but not βIII tubulin, to 

generate axoneme motility. 

I. The effectiveness of the synthetic heptapeptides in interfering with microtubule sliding 

was measured in microtubule sliding assays with digested Tetrahymena axonemes.  

II. The affinity of dynein for binding the synthetic heptapeptides was analyzed in co-

binding assays with extracted axonemal dynein arms and europium-DTPA conjugated 

heptapeptides.  

The two experimental series (Methods, Results, Discussion) will be described in 

succession. 
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4.1.A. Materials and Methods, Experiment I 

Tetrahymena Axoneme Extraction 

Tetrahymena were cultivated in complex growth medium (2% protease peptone, 0.2% 

glucose, 0.1% yeast extract, 0.5 mM CaCl2 and 10 mM FeCl2) for 16 hr at RT.  The cells were 

pelleted at 1,200g for 5 min and de-ciliated with dibucaine [163].  Cilia were de-membranated 

with 0.5% Triton X-100 for 30 min, pelleted at 20,000g for 10 min, and washed in axoneme 

buffer (20 mM K acetate, 5 mM MgSO4, 0.5 mM EDTA, 30 mM HEPES, pH 7.6).  Axonemes 

were re-suspended in axoneme buffer supplemented with 25% glycerin and stored at -80 °C for 

further use.  

Microtubule Sliding Assay 

Microtubule sliding assays were performed in the laboratory of Peter Satir at Albert 

Einstein University (New York, NY) and under the direction of Ravi Seetharam.  Tetrahymena 

axonemes were digested with trypsin (Sigma, bovine pancrease, Type III) at a trypsin/ axoneme 

protein ratio of 1:500 for 3 min at RT.  The digestion was terminated with excess soybean trypsin 

inhibitor and the axonemes were placed on ice for immediate use [59].  Microtubule sliding 

assays were performed in microchambers constructed from a glass slide, a #0 cover slip and 

double-sided tape (Fig. 27).  The microchambers allowed for the perfusion of buffers and 

reagents through the chamber by using the wicking actions of a filter paper strip.  Tetrahymena 

axonemes were perfused into the chamber and allowed to settle onto the glass slide for 1 min.  

To remove excess axonemes or axonemes that had not settled onto the slide, the chamber was 

washed 2 times with motility buffer (10 mM Mg acetate, 1 mM EGTA, 2 mM dithiothreitol, 10 

mM Tris-acetate, pH 7.5).  Test samples of axonemes were incubated (1 min) with varying 
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concentrations of each heptapeptide (βIII and βIV), which were also re-suspended in motility 

buffer (0.3 to 5 μg/μl). 

Peptide synthesis was performed according to the methods of Vent et al. [50].  The 

selection of the test heptapeptides was based on the CBF results reported by Vent et al. [50]. In 

the assays, the βIV tubulin heptapeptide (EGEFEEE) inhibited axoneme motility whereas the βIII 

tubulin heptapeptide (GEMYEDD) had no effect.  Control samples were incubated in only 

motility buffer for 1 min. 

Microtubule sliding was initiated by reactivating the axonemes with 100 mM ATP in 

motility buffer.  Sliding microtubules were observed through dark-field imaging on a Zeiss 

microscope with an Ultrafluar 100x lens (Zeiss, Thornwood, NY) and a 200 W mercury arc 

lamp.  Only axonemes that remained adhered to the slides and presented sliding in an observable 

plane were analyzed.  The microtubules were visualized on a SIT-68LX camera (Dage-MTI, 

Michigan City, IN) and recorded on a Panasonic (Secaucus, NJ) AG-7350 S-VHS recorder with 

a time stamp.   

 

 

 

 

 

 

 

 

 

 
 
Figure 27. Microtubule sliding assay setup. Axonemes were place in chamber and reaction buffers 

were wicked across the chamber. 
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Image Analysis 

The image recordings were converted to digital files by the Creighton University 

Division of Information Technology.  Individual frames of microtubule sliding were analyzed 

with Pinnacle systems video analyzing software (Pinnacle System, Mountain View, CA).  The 

times at which microtubule sliding was initiated and terminated, as well as the axoneme length 

during and after sliding, were tabulated.  Each data set was analyzed using ANOVA and 

subsequent post-hoc t-tests, when appropriate. 
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4.2.A. Results, Experiment I 

Microtubule Sliding 

In the control axoneme samples, microtubule sliding was initiated within 30 sec of ATP 

activation, which occurred at 1 min, and terminated within 45-60 sec afterwards (Fig. 28).  

Microtubule sliding was observed in approximately 40-50% of the axonemes.  A schematic 

diagram summarizes the proposed mechanism of microtubule sliding in Tetrahymena axonemes 

(Fig. 29). 
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Figure 28. Dark field images of microtubule sliding in Tetrahymena axonemes.  Time stamps (min: 

sec: msec) are presented in the lower right corner in each image frame.  The activation of the 

axonemes occurred at 1:00:00.  After activation, the axoneme remained intact until 1:10:43 where 

microtubules began to slide out of the axoneme (sliding occurred to the left).  The sliding of 

microtubules was terminated within 30 sec of ATP activation. 
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Effect of Heptapeptides on the Initiation of Microtubule Sliding 

Control samples, in which heptapeptides were omitted, exhibited microtubule sliding 

within 30 sec of ATP activation (Fig. 29).  The same was observed in test samples that were 

incubated with varying concentrations of the βIII heptapeptide.  However, microtubule sliding 

initiation was significantly delayed in samples incubated with the βIV heptapeptide.  The delay 

was concentration-dependent and, in experiments in which the βIV heptapeptide concentration 

was greater than 3 μM, microtubule sliding was inhibited.  Samples incubated with 0.3-3 μM of 

the βIV heptapeptide initiated microtubule sliding after 30 sec (Figs. 30-31).  Thus, in comparison 

to the control samples, the average microtubule sliding initiation time was significantly 

 
 
Figure 29. Schematic diagram of microtubule sliding in Tetrahymena axonemes. Microtubule sliding 

occurred within 30 sec after reactivation with ATP. 
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prolonged, by 95 s, when the axonemes were incubated with the βIV tubulin heptapeptide (Fig. 

31). 
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Figure 30. Intiation time of microtubule sliding as a function of βIV tubulin heptapeptide 

concentration.  The solid line shows a sigmoidal (dose-response) function fit to the data, with the IC50 

at 3.42 µM (± 0.10).  The correlation coefficient of the fit (R
2
) is 0.966. 
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Effect of Heptapeptides on the Velocity and Duration of Microtubule Sliding 

The βIII and βIV heptapeptides did not significantly affect the velocity of microtubule 

sliding or the total time over which microtubule sliding occurred (Fig. 32).  While both were 

decreased by the heptapeptides, the decreases were not significant.   
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Figure 31. Effect of heptapeptides on the average microtubule sliding initiation time.  The βIV 

heptapeptide significantly increased the microtubule sliding initiation time.  Error bars represent 

standard error of mean (** = significantly different from negative control at p ≤ 0.01). 
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Figure 32.  The heptapeptides had no effect on the average velocity of sliding microtubules (A) or on 

the duration of microtubule sliding (B). Error bars represent one standard error of the mean. 
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4.3.A. Discussion, Experiment I 

The βIV tubulin heptapeptide significantly delayed the initiation time of microtubule 

sliding, and at the highest concentration it completely inhibited microtubule sliding.  However, 

the βIII tubulin heptapeptide had no effect on the initiation of microtubule sliding at any 

concentration.  Neither heptapeptide affected the velocity or duration of sliding. Thus the βIV 

tubulin heptapeptide, but not the βIII tubulin heptapeptide, likely interfered with the interaction 

between tubulin and dynein. 

These results are consistent with Vent et al. [50], who demonstrated that heptapeptides 

mimicking the axoneme motifs of βI, βIV and βV tubulin blocked the beating of bovine axonemes.  

Vent et al. proposed that the interference of beating resulted from the competition of the peptides 

for the dynein binding sites on tubulin.  A schematic diagram depicts this hypothesis (Fig. 33).  

While both the microtubule sliding assays performed in this study and the CBF assays performed 

by Vent et al. demonstrate that the axoneme motif is important for the beating of the axoneme 

and for the sliding of microtubules, neither study demonstrated a direct interaction of dynein 

with the heptapeptides.  Thus, the possibility that the observations from these assays resulted 

from the interaction of the heptapeptides with other proteins such as radial spoke proteins or 

MAPs cannot be excluded. 

Unlike the CBF assays utilized by Vent et al., in my microtubule sliding assays the 

heptapeptide concentrations were diluted over the duration of the microtubule sliding assays.  

Thus, the heptapeptides were slowly perfused out of the microchamber over the 180 sec 

activation time.  This allowed a gradual dilution of the βIV heptapeptides out of the chamber and 

permitted the rescue of microtubule sliding (Fig. 34).  The recovery of microtubule sliding 

resulted in an “all or none” sliding response, in which microtubule sliding was initiated and 
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completed without any significant effects on the velocity of the sliding microtubules or the time 

in which microtubule sliding occurred.  A schematic diagram depicts the results observed during 

the microtubule sliding assays (Fig. 35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 33. Model of the effect of heptapeptides on CBF.  βIV heptapeptides interfere with the 

interaction of dynein and tubulin and as a result block ciliary beating. 
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Figure 34.  Comparison of CBF and microtubule sliding assays. A) Heptapeptide concentrations 

remained constant during the CBF assays. B) Due to the gradual perfusion of the peptides out of the 

chamber, the concentration of the heptapeptides decreased over time in the microtubule sliding 

assays. 
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Figure 35. Diagram of a model of the effects of the βIV heptapeptide on microtubule sliding.   
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4.1.B. Materials and Methods, Experiment II 

The synthesis, purification and analysis of the heptapeptides were performed in the laboratory of 

Dr. Sandor Lovas with help and advice from Nicholas Palermo, Richard Witt, Eva Lovas and 

Marcus Hatfield. 

Microwave Assisted Peptide Synthesis 

Solid phase peptide synthesis of heptapeptides that mimic the axoneme motifs of βI 

(EEDFGEE), βIII (GEMYEDD) and βIV (EGEFEEE) tubulin was performed on a Liberty 

automated microwave peptide synthesizer (CEM, Matthews, NC).  The peptides were 

synthesized at a 0.1 mM scale using PAL-ChemMatrix resin and 5 M excess N
α
-Fmoc-amino 

acids [N
α
-Fmoc-Asp(OtBu)-OH, N

α
-Fmoc-Glu(OtBu)-OH, N

α
-Fmoc-Gly-OH, N

α
-Fmoc-Met-

OH, N
α
-Fmoc-Phe-OH and N

α
-Fmoc-Tyr(tBu)-OH].  The coupling reaction occurred with an 

activator mixture composed of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate dissolved in dimethylformamide (DMF) and N,N-diisopropylethylamine 

dissolved in N-methylpyrrolidone (NMP).  Each coupling reaction was performed for 10 min at 

75 °C using 25 W microwave irradiation.  N
α
-Fmoc groups were removed with 20% (v/v) 

piperidine dissolved in DMF and 0.1 M hydroxybenzotriazole (HOBt) for 3 min at 75 °C with 35 

W microwave irradiation.  After the addition of the final N
α
-Fmoc amino acids, the peptide-resin 

was de-protected a final time in order to obtain a free N-terminus for acetylation or 

diethylenetriaminepentaacetic (DTPA) acid coupling.  

Acetyl Group Coupling 

Peptide-resin (0.02 mMol) was swollen in DMF at room temperature for 10 min.  

Acetylation was performed by incubating the peptide-resin with a reaction mixture (85% DMF, 
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10% acetic anhydride and 5% N,N-diisopropylethylamine (v/v/v)) for 30 min at RT and again 

for 1 hr at RT.  The peptide-resin was rinsed in DMF and the effectiveness of the coupling was 

analyzed using a ninhidrin test.  

Europium-DTPA Signaling 

The heptapeptides were labeled with europium (Eu
3+

), a lanthanide that fluoresces when 

it forms stable complexes with ligands such as DTPA (393.35 Da) (Fig. 36).  This labeling 

method provided an effective way to detect the heptapeptides.  DTPA was conjugated to each 

heptapeptide and then allowed to chelate Eu
3+

 [164, 165] (Fig. 36).  Eu
3+

 was then excited and 

the emitted fluorescence detected.  The europium signal was further enhanced by reacting the 

europium-DTPA conjugated heptapeptides (Eu
3+

–DTPA peptide) with Delfia enhancement 

solution (Perkin Elmer, Waltham, MA).  This solution contains acidic detergents that chelated 

the Eu
3+

 ions associated with the DTPA-heptapeptides and formed micelles around the 

lanthanide that augment its intrinsic fluorescent signals.  Time-resolved fluorescence was used to 

detect the lanthanide signal.  The Eu
3+

-detergent complex was excited with a xenon flash light 

source.  Lanthanide fluorescence was detected after a 400 μs delay with a 590/35 nm filter set on 

a Gen5 plate reader (BioTek, Winooski, VT).  The 400 μs time delay allowed sufficient time to 

ensure the decay of background fluorescence and to detect long lived lanthanide fluorescence.  
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DTPA Coupling  

Peptide-resin (0.02 mM) was dissolved with DMF at room temperature for 10 min.  

DTPA coupling was performed with 3 M excess DTPA, di-isopropyl carbodiimide and HOBt 

dissolved in 35% (v/v) dimethyl sulfoxide in DMF for 30 min at RT.  The peptide-resin was 

rinsed in DMF and the effectiveness of the coupling was analyzed using a ninhidrin test.  

Ninhidrin Test 

Ninhidrin tests were performed to determine the yield of the acetyl and DTPA coupling 

reactions by identifying the presence of free primary amines.  In this test, the detection of free 

amine groups yielded a purple test product which indicated that the coupling reaction was 

incomplete.  In contrast, the absence of free amine groups yielded a clear or yellow tinted 

product that indicated that the coupling reaction was complete.  The ninhydrin tests were 

 
 
Figure 36.  Chemical structure of different forms of DTPA. DTPA in its anhydride (A) and acidic 

form (B). DTPA conjugated to the heptapeptide (C) and chelated with Eu
3+

 (D). 
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performed by mixing the peptide-resin (10-15 resin beads) with 75 μl of 76% (v/v) 

phenol/ethanol, 100 μl of 0.0002 M potassium cyanide/pyridine and 75 μl of 0.28 M 

ninhydrin/ethanol for 7 min at 100 °C.  Immediately after the reaction, the samples were diluted 

with 4.8 ml of 60% ethanol and vortexed for 5 s.  The color of the beads and solution was 

analyzed to determine whether the coupling reactions were effective.  

Peptide Cleavage 

After confirming the completion of acetylation and DTPA coupling, the PAL-

ChemMatrix resin and the amino acid side chain protecting groups were cleaved from the 

peptides in a cleavage mixture.  Each reaction mixture was appropriately tailored in order to 

avoid potential side reactions of the amino acid R groups.  The following (v/v/v) mixtures were 

used for each peptide:  

 βI tubulin heptapeptide: 90% trifluoroacetic acid (TFA), 5% phenol, 2.5% 

triisopropylsilane (TIS), and 2.5% H2O 

 βIII tubulin heptapeptide: 81.5% TFA, 5% thioanisole, 5% phenol, 5% H2O, 2.5% 

EDT, and 1% TIS with 3% NH4I 

 βIV tubulin heptapeptide: 90% TFA, 5% phenol, 2.5% TIS, and 2.5% H2O. 

Peptide-resin and the cleavage mixture were stirred at 0 °C for 15 min and then at RT for 

105 min.  The peptides were precipitated in 30 ml of ice cold diethyl ether and filtered with a 4-

5.5 fine filter (Pyrex, Lowell, MA).  Peptides were dissolved in TFA, filtered, and the filtrate was 

evaporated to 1 ml on a Heidolph Loborota Collegiate Rotary Evaporator at 30 °C and 150 rpm.  

The peptides were again precipitated in ether and incubated at 4 °C for 2 hr. The peptides were 

collected by filtration, dissolved in 25-30 ml of 5% acetic acid and lyophilized. Lyophilized 

peptides were stored at RT in a vacuum-sealed flask until use.  
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Peptide Purification 

Analysis and purification of the peptides were performed by reverse phase high 

performance liquid chromatography (HPLC) on a Gilson dual pump HPLC system with a 322 

pump and a GX-271 liquid handler (Gilson, Middleton, WI).  Both analytical and purification 

HPLC were performed with an aqueous (0.1% TFA in H2O) and organic (0.09% TFA in 

acetonitrile) solvents. 

For analytical HPLC, peptides were dissolved in 10% acetic acid (1 mg/ml), filtered 

through a 0.22 μm filter (Fisher) and injected into a Vydac C8 column (5 μm particle size, 4.6 

mm x 250 mm column size).  Peptides were eluted at a flow rate of 1 ml/min under a 3 to 60% 

linear organic phase gradient for 40 min.  Eluting peptides were detected at 220 nm, and 

aromatic side chains were detected at 280 nm. 

After analysis, the peptides were purified in a semi-preparative Vydac C8 column (5μm 

particle size, 10 mm x 250 mm column size).  The peptides were eluted at a flow rate of 4.0 

ml/min under a 3 to 30% linear organic phase gradient for 60 min.  Eluted samples were 

collected in 4 ml fractions every minute and fractions with an associated peak of interest was 

analyzed using the analytical HPLC methods mentioned above. Fractions that were collected 

under a peak and exhibited the same retention time when analyzed via analytical HPLC were 

pooled and lyophilized. 

The molecular weights of the peptides were identified by electron spray ionization mass 

spectrometry performed on a Perkin-Elmer quadrupole mass spectrometer (Waltham, MA, USA) 

by Eva Lovas.  Mass spectrometry results were also obtained on a 4000 Q TRAP system 

(Applied Biosystems, Carlsbad, CA) at the University of Nebraska Medical Center Mass 

Spectrometry and Proteomics Core Facility.   
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The degradation of DTPA, which entails the loss of 4 CO2 molecules when ionized 

during electrospray ionization, were also considered in the calculated and detected masses [164].  

The mass of 4 CO2 molecules was deducted from the tabulated mass of the DTPA-peptides. 

Europium Coupling Reaction 

DTPA conjugated heptapeptides were chelated to Eu
3+

 ions by dissolving the peptides in 

30% acetic acid for 1 hr and reacting them with 3 M excess Eu
3+

 cation dissolved in 0.1 M 

ammonium acetate buffer (pH 4.5) for 2 hr at RT.  The Eu
3+

-chelated peptides were extracted on 

a Sep Pak C18 cartridge (Waters, Ireland), lyophilized and stored under a vacuum until further 

use.  

Europium Peptide Standards 

To develop a standard curve, time-resolved fluorescence was used to measure the long 

lived fluorescent signal of Eu
3+

 ions conjugated to DPTA-peptides.  The peptide concentrations 

were based on maintaining specific stoichiometry ratios of dynein and peptide (1:0, 1:0.1, 1:1, 

1:5, 1:10, 1:50 and 1:100).  Peptides were incubated with enhancement solution for 1 hr at RT 

and Eu
3+

 fluorescence was measured as previously described.  

Bovine Axoneme CBF Assay 

Bovine axonemes were extracted as described in Sub Aim 2.  The axonemes were re-

suspended in axoneme re-suspension buffer (0.5 mg/ml) and placed in the well of a 48 well plate.  

The plate was centrifuged at 1,000 rpm for 2 min to allow the axonemes to settle onto the plate.  

The axonemes were then reactivated with activation buffer (20 mM Tris HCl, 400 mM 

potassium acetate, 6 mM magnesium sulfate, 0.5 mM EDTA and 10 mM ATP, pH 8).  To 

determine the effectiveness of the acetylated and DTPA conjugated peptides in blocking ciliary 
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beating, the peptides (0.22 μM) were added to the axonemes at 1 min post activation.  CBF was 

measured every minute for 20 min using the SAVA system.  

Dynein Extraction 

Dynein arms were extracted from bovine axonemes in a high salt dynein extraction buffer 

(0.6 M NaCl, 20 mM Tris HCl, 1 mM DTT, 4 mM MgCl2, 0.5 mM EDTA, 0.5 mM PMSF (pH 

8)) supplemented with complete protease inhibitor cocktail for 16 hr at 4 °C.  The sample was 

then centrifuged at 16,000 rpm for 60 min to pellet microtubules and insoluble proteins.  The 

supernatant, which contained soluble dynein arms, was concentrated in a 15 ml Amicon 

ultrafiltration Centricon microconcentrator (30,000 MW) at 2,000 g until 500 μl of the 

concentrate remained.  The concentrate was maintained on ice for immediate use. 

Dynein Extract Analysis 

The extracted dynein arms were characterized through SDS-PAGE and ATPase assays.  

Inner and outer dynein arms were separated in a 5-20% sucrose gradient at 35,000 rpm in a 

SW40 rotor for 16 hr at 4 °C.  The gradient was separated into 500 μl fractions and maintained 

on ice or at -80 °C for later use.  The protein composition of each fraction was determined using 

SDS-PAGE.  Fractionated samples were loaded onto 10% sodium dodecyl sulfate gels with lysis 

buffer and Lamelli buffer.  Gels were run at 200 V for 45 min in 1x running buffer and stained 

with Coomassie Blue for 30 min to visualize the total protein composition of each fraction.  

Excess Coomassie Blue stain was removed with 10% acetic acid and the gels were imaged. 

To ensure that extracted dynein arms remained functional, the ability of the purified 

proteins to hydrolyze ATP was verified.  ATPase assays were performed in the laboratory of 

Joseph Sisson at the University of Nebraska Medical Center (Omaha, NE) under the direction of 
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Jackie Pavlik and the assistance of Samantha Simet.  A silicotungstic acid ATPase assay was 

used to measure the production of radioactive 
32

Pi that resulted from the hydrolysis of [γ-
32

P] 

ATP [166, 167].  Each sucrose gradient fraction was reacted with an ATP buffer (20 mM Tris, 4 

mM MgCl2, and 0.1 mM [γ
32-

P] ATP (pH 8.0)) and incubated at 37 °C for 30 min.  The reaction 

was terminated with 1.25 N perchloric acid, and the hydrolysis product, 
32

Pi , was detected in a 

scintillation counter (Beckman Coulter).  The protein concentration of the hydrolysis product 

was tabulated for each fraction. 

Dynein Binding Assays  

The binding of dynein to Eu
3+

–DTPA peptides was analyzed in co-precipitation assays. 

Extracted dynein arm concentrates were washed in three times excess binding buffer (80 mM 

PIPES, 2 mM MgCl2, 0.5 mM EGTA, pH 6) and concentrated to 125 μl in an Amicon 

ultrafiltration Centricon microconcentrator (30,000 MW) at 14,000 g for 10 min.  The 

concentrations of the dynein samples were measured on a Nanodrop (Thermo Fisher).  

The binding of dynein to native tubulin were analyzed as a positive control.  Here, 2 

μg/μl of dynein was incubated with 1 μg/μl of tubulin (rhodamine tubulin from bovine brain, 

Cytoskeleton Inc, Denver, CO) for 30 min.  To pellet both bound and unbound tubulin, the 

samples were centrifuged at 16000 rpm for 10 min.  To analyze whether dynein and tubulin 

bound, the protein composition of the pellets and supernatants were analyzed using SDS-PAGE.   

Binding of the Eu
3+

-DTPA peptide to dynein was determined by incubating dynein (5 μg 

or 1.4 x 10
-12

 M) with varying concentrations of Eu
3+

-DTPA peptides at stoichiometric dynein: 

Eu
3+

-DTPA peptides molar ratios (1:0, 1:0.1, 1:1, 1:5, 1:10, 1:50 and 1:100).  The samples were 

reacted in a centrifuge vial for 1 hr at RT and centrifuged at 100,000 rpm for 10 min to extract 

the bound and unbound dynein arms.  The extracted pellet was re-suspended in 200 μl of Delfia 
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enhancement solution and incubated for 1 hr at RT.  The Eu
3+

 fluorescence signal was detected 

via time-resolved fluorescence as previously described.  Sigmoidal fits for the binding curves 

were obtained using Origin Software.  
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Heptapeptide Purification  

The acetylated and DTPA conjugated heptapeptides were the major products detected 

during both analytical and purification HPLC.  The purification HPLC results, which resembled 

the analytical HLPC (not shown), are presented in Figures 37-38.  The retention times of the 

heptapeptides are summarized in Table 1.  The aromatic tyrosine of the βIII tubulin heptapeptide 

and the anhydride form of DTPA were detected at 280 nm (Fig. 37-38). 

Heptapeptide Mass Spectroscopy 

Both acetylated (Ac-βI, Ac-βIII and Ac-βIV) and DTPA-conjugated (DTPA-βI, DTPA-βIII 

and DTPA-βIV) heptapeptides were the major products detected by mass spectroscopy analysis 

(Fig 39-40).  Table 1 summarizes the calculated and measured mass to charge ratio (m/z + H
+
) of 

each peptide.  The measured and calculated (m + H
+
)/z of the DTPA-βIV peptide differed by 10.9 

Da.  This discrepancy could not be accounted for.  Thus the identification of the DTPA-βIV 

peptide could not be confidently established. 

 

 

 

 

 

 

 

 

 

 

Table 1. Retention time and mass to charge ratios of peptides. 

Peptide Retention time (min) Calculated (m + H
+)

/z Measured (m + H
+
)/z

 

Ac-βI 18 894.8 895.95 

Ac-βIII 10 898.9 900.37 

Ac-βIV 18 908.9 910.08 

DTPA-βI 31 1032 1032.1 

DTPA-βIII 29 1036 1036.1 

DTPA-βIV 32 1047 1057.9 
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Figure 37.  HPLC purification of acetylated heptapeptides.  Peptide bonds are detected at 220 nm 

(blue) and aromatic structures are detected at 280 nm (red).   

The aromatic residue (Y) of Ac-βIII was detected at 280 nm. 
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Figure 38. HPLC purification of DTPA heptapeptides.  Peptide bonds are detected at 220 nm (blue) 

and aromatic structures are detected at 280 nm (red).  The anhydride form of DTPA and the aromatic 

residue (Y) of Ac-βIII are detected at 280 nm. 
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Figure 39. Mass spectra of the acetylated heptapeptides. 
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Figure 40. Mass spectra of the DTPA conjugated heptapeptides. 
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4.2.B. Results, Experiment II 

Effects of Acetylated and Europium-DTPA peptides on Ciliary Beat Frequency 

I first conformed that the acetylated and Eu
3+

-DTPA-conjugated heptapeptides behaved 

as did the unmodified peptides in previous experiments [50]. The peptides were applied to the 

axonemes at 1 min post-activation (Fig. 41).  Both the Ac-βI and Eu
3+

-DTPA-βI peptides 

decreased CBF 9 min post-addition.  Neither the Ac-βIII or Eu-DTPA-βIII heptapeptides inhibited 

ciliary beating.  In contrast, the Ac-βIV and Eu-DTPA-βIV peptides both began to decrease ciliary 

beating at 5 and 6 min post-addition, respectively, and ciliary beating was nearly abolished by 15 

min.  These results were consistent with those demonstrated by Vent et al. and confirmed that the 

europium ion and DTPA compound do not alter the intrinsic properties of the heptapeptides [50]. 
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Figure 41. Effect of the heptapeptides on CBF. Peptides addition at 1 min (arrows) A). Ac-βI and 

Eu-DTPA-βI peptides decreased the CBF of bovine axonemes.  B) Neither Ac-βIII or Eu-DTPA-βIII 

affected ciliary beating.  C) Ac-βIV and Eu-DTPA-βIV peptides decrease ciliary beating. 
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Characterization of Dynein 

The protein content of the dynein extraction sucrose gradient fractions were visualized 

through SDS-PAGE (Fig. 42).  Dynein heavy chains were detected as the top bands in fractions 

F11-24 (arrows).  Each gradient fraction was subjected to an ATPase assay to determine whether 

the dynein arms retained their ATP hydrolysis capabilities after extraction.  The dynein arms 

effectively hydrolyzed ATP and thus were functional (Fig. 43).  Two ATP hydrolysis peaks were 

detected (Fig. 43).  Inner dynein arms, which migrated to regions of lower sucrose density, were 

detected in gradient fractions 11-17 and outer dynein arms which migrated to regions of higher 

sucrose density, were detected in fractions 19-24 [166].  The results were consistent with those 

previously demonstrated [166]. 
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Figure 42. Dynein fractions on SDS gels.  The sucrose gradient fraction numbers represent regions of 

lower sucrose concentration (5% = Fraction 1) to higher sucrose concentrations (20% = Fraction 24). 

The protein composition of each fraction was detected.  Dynein heavy chains were apparent as the top 

bands in lanes 11-24 (arrows). 
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Figure 43. ATPase activity in sucrose gradient fractions.  The sucrose gradient fraction numbers 

represent regions of lower sucrose concentration (5% = F1) to higher sucrose concentrations (20% = 

F24).  Inner dynein arms were detected in fraction F11-17 and outer dynein arms in F19-24. 
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Tubulin Binding Assay 

Co-precipitated pellets, which contained bound and unbound tubulin, were analyzed by 

SDS-PAGE (Fig. 44).  Both bound dynein (*) and tubulin (arrow) were detected on the pellets.  

Unbound dynein arms were not detected in the supernatant, however some unbound tubulin 

remained in the supernatant. Thus the tubulin binding properties of the extracted dynein arms 

were preserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 44. Dynein-tubulin binding assay.  Bound dynein (*) and tubulin (arrow) co-precipitated in the 

pellet.  Unbound dynein was not detected in the supernatant.  Some unbound tubulin remained in the 

supernatant. 
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Europium Peptides Detection 

The fluorescent signal of each Eu
3+

-DTPA peptide was determined to establish standard 

curves (Fig. 45).  The peptide concentrations used to generate the standard curves were identical 

to those used to establish the peptide-dynein molar ratios (1:0, 1:0.1, 1:1, 1:5, 1:10, 1:50 and 

1:100) used in the binding assays (refer to Methods II).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 45. Standard curves for Eu

3+
-DTPA peptides. Straight line fits of the standard curves are 

depicted. n = 2. 
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Europium Peptide – Dynein Binding Assay 

The Eu
3+

-DTPA peptides co-precipitated with the dynein arms and thus successfully 

bound to dynein (Fig. 46).  The binding was temperature dependent.  Thus, binding was not 

observed when the co-precipitation assays were performed at 0 °C.  Dynein exhibited a specific 

binding affinity for each Eu
3+

-DTPA peptide.  The affinity was greatest for Eu-DTPA-βIII (EC50-

37.91), followed by Eu-DTPA-βI (EC50-44.70) and finally Eu-DTPA-βIV (EC50-5161.41).  The 

EC50 result observed for Eu-DTPA-βIV was significantly higher than those observed for the other 

peptides.  Thus dynein did not have a high affinity for this peptide.  The sigmoidal curve fit 

values obtained for binding curves are listed in Table 2. 
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Figure 46. Dynein- Eu
3+

-DTPA peptide binding assay.  Dynein bound the Eu
3+

-DTPA peptide. 

 

 

Table 2. Sigmoidal fit results for co-precipitation assays. 

 

Peptide Χ
2
 R

2
 Baseline 

response 

Maximum 

response 

EC20 EC50 power 

βI 87.950 0.985 4.00 177.65 10.03 44.70 0.93 

βIII 0.005 1 2.68 97.69 12.80 37.91 1.28 

βIV 10.797 0.998 6.40 16461.92 1636.32 5161.42 1.26 
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4.3.B. Discussion, Experiment II 

Previous studies have suggested that the axoneme motifs of β tubulin isotypes are 

involved in the binding of tubulin and dynein [50].  For the first time, I show preliminary results 

that demonstrate that axonemal dynein does bind to the axoneme motifs of β tubulin isotypes.  

The binding affinity is specific for each Eu
3+

-DTPA peptides.  Eu-DTPA-βIII peptide presented 

the highest affinity, followed by Eu-DTPA-βI and finally Eu-DTPA-βIV.  

While the results show that dynein binds to the Eu
3+

-DTPA peptides, the binding affinity 

and the efficacy at blocking CBF did not correspond.  The CBF assay results demonstrated that 

the Eu-DTPA-βIII peptide had no effect on ciliary beating, while the co-precipitation assay results 

demonstrate that dynein has a high affinity for this peptide.  Moreover, the Eu-DTPA-βIV 

decreased ciliary beating but the binding affinity of dynein for Eu-DTPA-βIV was very low.  This 

result could be explained by the mass discrepancy observed between the calculated and 

measured m/z + H
+
 of the Eu-DTPA-βIV peptide.  It is possible the DTPA complex did not 

couple properly to the βIV peptide and as a result, while the peptide was able to block ciliary 

beating its binding to the extracted dynein could not be detected.  However, the affinity and 

efficacy results obtained for the Eu-DTPA-βI and Eu-DTPA-βIII peptides indicate that while 

dynein can bind both peptides, the affinity of this binding varies among the peptides.  

More work is needed to fully characterize the binding affinities of dynein and the β 

tubulin axoneme motif heptapeptides.  First, new Eu-DTPA-βIV peptides need to be generated.  

Secondly, the affinity binding curves need to be better established.  Finally, the affinity of inner 

and outer dynein arms for binding the peptides needs to be compared. 
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Binding Affinity Regulates Function 

The variations in the binding affinities of the Eu
3+

-DTPA peptides suggest that the 

affinity may be relevant for specifying function.  Thus the binding affinities could differ among 

inner and outer dynein arms as well as among β tubulin isotypes.  This hypothesis could explain 

the variable distribution of inner and outer dynein arms along the axoneme.  Thus, the variable 

distribution of inner dynein arms, coupled with their variable binding affinities for tubulin, may 

serve as a method to coordinate the beating waveform.  The same could be true for outer dynein 

arms, which could also bind tubulin at different affinities in order to regulate beat frequency. 
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Chapter 5. Conclusion  

Mammals have evolved to possess extensive tubulin isotypic diversity.  However the role 

of this diversity remains a conundrum.  In this dissertation, I demonstrate that β tubulin isotypes 

and tubulin PTMs are differential distributed between the central pair and outer doublet 

microtubules of mammalian axonemes.  I also demonstrate that dynein binds to heptapeptides 

that mimic the axoneme motif of β tubulin isotypes.  However, the affinity and efficacy of this 

binding varies among β tubulin isotypes.   

Cumulatively, this data supports the model that the isotypic diversity of tubulin is 

important for function. It is apparent that central pair and outer doublet microtubules serve 

specific functions in the axoneme.  Outer doublet microtubules are associated with proteins such 

as dynein in order to slide along each other to generate motility.  Meanwhile, central pair 

microtubules are associated with radial spoke and central sheath proteins. Central pair 

microtubules are proposed to rotate in axonemes and allow the conversion of outer doublet 

microtubule sliding into beating [62, 64-66].  Thus, it is no surprise that β tubulin isotypes and 

tubulin PTMs are differentially distributed between the microtubule populations.  This finding 

strongly suggests that axonemal tubulin isotypic diversity is important for specifying functions.  

My results, demonstrating that dynein binds heptapeptides that mimic the axoneme 

motifs of β tubulin isotypes at different affinities and efficacies, further support the hypothesis 

that isotypic diversity is essential for specifying function.  Hence, the distributions of β tubulin 

isotypes and PTMs are likely important in specifying the interactions of tubulin with proteins 

such as dynein.  Such specificity could in turn allow the regulation of important factors such as 

the frequency and waveform of beating. 
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In this dissertation, major progress has been achieved toward understanding the role of 

tubulin isotypic diversity in mammalian cells. However, more direct functional tests need to be 

performed in order to fully characterize the role of tubulin isotypic diversity in mammalian cells 

and particularly in sub-cellular structures.  For instance, binding assays that are similar to the 

binding assays demonstrated in this dissertation could be used to characterize the interaction of 

inner and outer dynein arms with different tubulin isotype monomers. These assays could be 

expanded by investigating the interactions of synthetic peptide that mimic the C-terminus of 

tubulin isotypes as well was synthetic peptides with differing states of PTMs. Such studies could 

not only resolve the significance of tubulin isotypic diversity but also lead to an understanding of 

why the axoneme is constructed with variable distributions of β tubulin isotypes and tubulin 

PTMs.  This information will also clarify the importance of the C-terminus and why it is the site 

of isotypic variability and PTMs.  Moreover, these studies will broaden the understanding of why 

tubulin is subjected to PTMs.   
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Chapter 6. Appendix 

List of Abbreviations 

AAA – ATPase Associated with Cellular Activity 

ALI – Air Liquid Interface 

ADP – Adenosine Diphosphate  

ATP – Adenosine Triphosphate 

BSA – Bovine Serum Albumin 

CBF – Ciliary Beat Frequency 

CCP – Cytosolic Carboxypeptidase 

CCP – Cytosolic Carboxypeptidase Protein 6 

CP – Central Pair Microtubules 

CTL – Negative Control  

DMF – Dimethylformamide 

DTPA – Diethylenetriaminepentaacetic 

EM – Electron Microscopy 

N
α
-Fmoc – α-amino fluorenylmethyl carbamate 

HPLC – High Performance Liquid Chromatography () 

Hz – Hertz 

IgG – Immunoglobulin 

kDa – Kilo Dalton 

MAPs - Microtubule Associated Proteins 

MonoG – Monomeric Glycylation 

MTBD – Microtubule Binding Domain 
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MTEC – Mouse Tracheal Epithelial Cell 

(m + H
+
)/z – Mass to Charge Ratio 

NGS – Normal Goat Serum 

NMP – N-methylpyrrolidone 

OD – Outer Doublet Microtubules 

PBS – Phosphate Buffered Saline 

PolyE – Polymeric Glutamylation 

PolyG – Polymeric Glycylation 

PTMs – Post-Translational Modifications 

RT – Room Temperature 

SAVA – Sisson-Ammons Video Analysis 

SDS – Sodium Dodecyl Sulfate 

TFA – Trifluoroacetic acid 

TIS – Triisopropylsilane 

TTL – Tubulin Tyrosine Ligase 

TTL – Tubulin Tyrosine Ligase Like 
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Peptide Nomenclature 

βI – EEDFGEE  

βIII – GEMYEDD  

βIV – EGEFEEE  

Ac-βI – Acetylated EEDFGEE-NH2  

Ac-βIII – Acetylated GEMYEDD-NH2  

Ac-βIV – Acetylated EGEFEEE-NH2 

Ac-peptide – Acetylated heptapeptide 

DTPA-βI – DTPA conjugated EEDFGEE-NH2  

DTPA-βIII – DTPA conjugated GEMYEDD-NH2  

DTPA-βIV – DTPA conjugated EGEFEEE-NH2  

DTPA-peptide – DTPA conjugated heptapeptide 

Eu
3+

-DTPA-βI – Eu
3+

 DTPA conjugated EEDFGEE-NH2  

Eu
3+

-DTPA-βIII – Eu
3+

 DTPA conjugated GEMYEDD-NH2  

Eu
3+

-DTPA-βIV – Eu
3+

 DTPA conjugated EGEFEEE-NH2  

Eu
3+

-DTPA peptide – Eu
3+

 DTPA conjugated heptapeptide 
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