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ABSTRACT 
 
 
 

DETERMINING THE ROLE OF PROTEIN REGULATORS OF HAP ON ACTIN 
FILAMENT FORMATION 

 
 
 
Paul Alexander McRorie      Advisor: 
University of Guelph, 2012      Professor J. F. Dawson 
 
 
 

Protein structure and functions are tightly regulated.  Studying the integration of multiple 

modifications in single systems is a novel approach.  Hisactophilin protein from Dictyostelium 

discoideum, is an actin binding protein that serves to induce formation of actin filaments and is 

regulated by protonation and myristoylation.  Utilizing hisactophilin as a model, I determined the 

effect of pH and myristoyl-switching on actin binding and filament induction using fluorescence 

spectroscopy, light scattering, and time-course electron microscopy.  Results revealed the 

accessible myristoyl group slows binding and the rate of actin polymerization compared to when 

the group is sequestered.  Hisactophilin induces pH-dependent actin aggregates before 

reorganizing them into filaments and bundles.  Hisactophilin mutants impact initial actin binding 

and the kinetics of the aggregated state.  I determined the cooperativity of myristoylation and 

protonation as interdependent protein regulatory mechanisms, their impact on actin binding and 

proposed a novel mechanism for actin polymerization as a result of these integrated regulators. 
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1.1 - Overview 

1.1.1 – Actin and ABPs: they warrant study 

The cell is the basic structural and functional unit of all organisms.  The shape and 

structure of the cell is ultimately determined by its cytoskeleton, which consists of a system of 

protein fibres that extend throughout the cytoplasm (1).  In addition to providing structural 

definition, the cytoskeleton undergoes changes that permit the cell to grow, change shape, 

generate mechanical force and mediate intracellular movement of organelles (2).  The 

cytoskeleton consists of three major protein components; microtubules, intermediate filaments 

and microfilaments.  Microfilaments are made up of actin fibres, which represent more than 5% 

of the total eukaryotic cellular protein (3).  Actin is also highly conserved, maintaining an 88% 

amino acid identity between yeast cytoplasmic and human muscle variants (2,3).   

The dynamic properties of the microfilament network are a result of actin polymerization 

from monomeric subunits into filaments (4,5).  This dynamic process is tightly regulated by a 

plethora of actin binding proteins (ABPs), which serve to sever, cross-link and induce or impede 

polymerization (6,7).  ABPs themselves are then controlled by protein regulatory modifications.  

Studying the impact of these modifications on ABPs is critical to understand how the 

cytoskeleton is regulated in response to environmental stresses because, ultimately, cells that are 

not able to respond and adapt meet a lethal fate. 

 

The global goal of my research project is to determine how regulatory modifications of ABPs 

impact actin function. 
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 1.2 – Post-translational modification of proteins 

1.2.1 Regulatory modifications 

The study of modifications as protein regulatory mechanisms is crucial to understanding 

cellular biology.  Covalent modifications occur after the DNA has been transcribed into RNA, 

and the RNA translated into proteins.   The nascent proteins are subjected to a series of enzyme-

catalyzed modifications on the backbone or side chains (8).  Two broad categories of protein 

modifications occur: covalent modifications of a nucleophilic amino acid or cleavage of a protein 

backbone at a specific peptide bond.  Serving to increase diversity and regulate protein function, 

post-translational modifications (PTMs) are dynamic and incorporate a myriad of cofactors, each 

functioning via unique mechanisms (8).  

1.2.2 Classification 

Protein phosphorylation is the most biologically relevant type of reversible PTM found in 

signal transduction, affecting every basic cellular process, including metabolism, growth, 

division, differentiation, motility and muscle contraction (9).  Enzymes dedicated to protein 

phosphorylation are among the largest class of PTM enzymes and belong to the kinome 

superfamily of kinases (9).  The modification involves the covalent addition or removal of a 

phosphate aided by kinases or phosphatase enzymes, respectively.   

Acylation is another regulatory PTM that involves the enzymatic transfer of an acyl 

moiety to a protein.  Typical additions are C2 (histone tail acylations), C14 (myristoylation at 

glycine N-termini), C16 (palmityolated-S-Cys residues) and C15 farnesyl and C20 geranylgeranyl 

lipid additions in S-prenylation (8,10).  Due to the varying lengths of acyl chains, the 

consequences of each modification are extremely different. 
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Protonation is not a PTM, but is another regulator of protein function.  Protonation 

involves the addition of a proton to an atom, ion or molecule.  During protonation the charge of 

the protonated species changes (increasing positively).  In Dicty cells, external hyperosmotic 

stress results in cystolic acidification in which protons interact with positively charged histidine 

groups on HAP (11). 

For these regulators, association is covalent (except protonation) and reversible (8, 12).  

The proteins produced via these modifications make up subsets of the proteome of an organism: 

the phosphoproteome and the acyl proteome, for example (8).  For future work it is important to 

also mention that hydroxylation, sulfur transfer and modification by bacterial toxins such as 

ADP-ribosylation are alternative PTMs that also play a role in protein modification. 

1.2.3 Reversibility 

PTMs have varying biological implications, and for this reason reversibility is an 

important parameter to control.  Of the PTMs noted previously, all have large enzyme families of 

transferases that are dedicated to the addition of covalent modifications (8).  To control the 

intensity and duration of protein signaling, the signals need to be turned on or off.  Protein 

kinases are present in dormant basal states in the absence of stimuli.  When a signal is 

propagated and the kinases are activated, the target proteins are modified accordingly.  The 

practical relevance of enzyme-mediated reversibility of PTMs is that the balance within the 

proteome is constantly regulated and conserved. 

1.2.4 Multiple and tandem cascades 

 PTMs often occur at multiple sites or in a tandem cascade.  For example, the Ab1 

tyrosine kinsase is phosphorylated at 11 different sites, spread over the different catalytic and 

regulatory domains of the protein (8).  There are more than 40 million distinct phosphorylated 
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isoforms of Ab1 without taking into the account the potential of fractional occupancy. Recently, 

bioinformatics techniques have been coupled with high-resolution mass spectrometry to identify 

and predict variants of histones in nucleosomes (8).  Multiple modifications are “read” by 

enzymes in specific patterns for selective recruitment of transcriptional repressors and activator 

complexes (8). 

 Tandem PTM cascades consist of the multilayered information that drives the molecular 

logic of the system (8).  In many cases a PTM threshold exists before a biological signal is 

initiated.  This is illustrated clearly by the requirement for successive addition of a minimum of 

four ubiquitin 8-kDa tags to a target protein to set off the cascade of events leading to 

proteolysis.  Until the required numbers of tags are added, proteolysis is unable to occur (8,14). 

 As a result of the multitude of modifications, there are millions of possible molecular 

variants of proteins within a cell.  From a systems biology perspective, integration is not well 

studied.  Historically, PTMs have been explored as single systems within a protein (9, 10-12, 

14).  This exploration includes the characterization of major and minor PTMs, and the concept of 

multiple and tandem states of the same single modification.  

 This thesis will focus on the impact of two modifications within a protein system and the 

potential integration of these inputs to regulate a primary functional output.  I propose to 

determine if protonation and myristoylation of the histidine-rich ABP hisactophilin (HAP) are 

integrated to regulate actin filament formation. 

1.3 – HAP and its biological roles 

1.3.1 – Biological context 

 Highly motile amoeboid cells, such as those of Dictyostelium discoideum (Dicty) need 

mechanisms for coupling their actin cytoskeleton to the plasma membrane (PM).  For a cell to 
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move, it must regulate this coupling locally at the leading edge, and at sites of contact with the 

surface (15).  Two Dicty proteins have been implicated in actin coupling to the PM: HAP and 

ponticulin (16, 17).  Deletion of ponticulin, a trans-membrane glycoprotein, has shown no 

dramatic effect on cell movement or development, indicating that HAP has a redundant function. 

(17).   

Under physiological conditions, intracellular pH changes have functional consequences.  

Alterations in pH have been shown to regulate the speed of cell locomotion and control cell 

differentiation (18, 19).  HAP functions as a pH sensor at the PM by reversibly connecting the 

membrane with the actin cortical network upon local changes of proton concentration.  HAP also 

serves a role in osmoprotection, protecting the cytoskeletal network from harsh changes in 

internal pH.  External hyperosmolarity has been found to acidify the cytosol in Dicty from pH 

7.5 to 6.8 (18).  Cells deficient in HAP lose their resistance to acidification, confirming the vital 

role the protein plays within the cell (11, 20).   

 For my research project, a protein system that has multiple post-translational inputs that 

regulate a single quantifiable output function is required.  The HAP protein system is an 

excellent candidate.  HAP is a β-trefoil protein, which is regulated primarily by two input PTMs: 

myristoylation and phosphorylation as well as protonation (15, 21-23). 

1.3.2 – Structure 

HAP is a 13.5 kDa protein comprised of 118 amino acid residues, of which 30 (26%) are 

histidines.  The three-dimensional structure of HAP was first resolved in 1992, revealing 12 

antiparallel β-strands arranged in three subdomains about the axis backbone (23) (Fig. 1).  This 

tertiary structural arrangement, known as the β-trefoil, is a case for studying properties of folding  
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Figure 1: Surface structure of HAP.  A and B, blue colour indicates histidine residues located on 
the surface.  C. Ribbon representation of HAP structure showing the subsections of the β-trefoil 
tertiary structure.  β-sheets are coloured in red, yellow, blue, purple, green and orange and are 
connected via teal β turns.  Panel D shows a top-down view of HAP revealing an interior β-
barrel formed by red, orange and purple ribbons.  Figures were made using MacPyMOL 
(Molecular Graphics System, Version 1.2r3pre, Schrödinger) using HAP files from the PDB 
(1hce).  

Figure 1: Surface structure of hisactophilin.  Blue colour indiciates the saturation of histidine 
residues located on the surface A and B.  Ribbon representation of HAP structure showing the 
subsections of the !-trefoil tertiary structure.  !-sheets are coloured in red, yellow, blue, purple, 
green and orange and are connected via teal ! turns.  D shows a top-down view of HAP revealing an 
interior !-barrel formed by red, orange and purple ribbons.  Figures were made using MacPyMOL 
(Schrodinger) using hisactophilin files attainted from the protein data bank (1hce). 

!

A C 

B D 
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intermediates among proteins with the same fold.  The β-trefoil fold has been observed in five 

protein superfamilies: cytokines, which includes interleukin-1β and fibroblast growth factors; 

ricin B-like proteins; agglutinin; Kunitz inhibitor; and the ABP, HAP (24).  HAP amino and 

carboxyl termini are located close to the central axis so that the charged histidine residues are 

clustered at the protein surface, while hydrophobic residues and side chains are oriented within 

the β-trefoil (23).  The tightly packed β-strands are connected by turns and loops which 

externalize most histidine residues and all glycine residues (23, 25) (Fig. 2).   

HAP anchors actin networks to the PM in a pH-dependent manner (26).  In vivo and in 

vitro experiments have shown that below pH 7, HAP binds to both actin and the cell membrane, 

while at increased pH, binding capability is diminished (18, 27).  Two-dimensional 1H and 15N 

NMR titration experiments have revealed that the overall structure of HAP is maintained from 

pH 5.7-11.1, and that the ionization of histidine residues is implicated in pH-dependent actin and 

membrane binding (23, 28).  Structural data revealed that HAP has a stable conformation at pH 

values from 4.7-8.0; below 4.7 the NMR spectra are typical of a random-coil structure.  

However, HAP can be refolded to its native state by increasing the pH.  Typical pH values to 

study are between 5.7 and 6.7; the points at which HAP binds to actin (28).   

The structure of HAP reveals how this protein functions in the cell.  Structural studies 

have illustrated that 90% of all histidine residues are located in loops and turns at the surface of 

the molecule, and were estimated from NMR titrations to have very similar pKa values (22, 29).  

Within Dicty cells, slight shifts in intracellular pH create either a large number of positive 

charges, or leave the protein essentially uncharged (28).   
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Figure 2:  Cartoon representation of HAP substitutions. A.  Red colour indicates histidine 
residues shown on the surface.  The red α-helix reveals 4 consecutive residues (87-90 inclusive) 
that are suspected to play an important role in HAP protonation.  B. At position 90 (blue), a 
histidine has been replaced with a glycine (H90G). C. Top-down view shows the interior cavity 
of the β-barrel. This is the location where the myristoyl moiety is suspected to operate.  The 
F6L/I85L/I93L (LLL) mutant is constructed within the interior of the β-barrel (shown in red) 
with the intention of affecting protein symmetry.  Functional consequences of this mutation 
result in a disruption of the myristoyl switch.  Figures were made using MacPyMOL (Molecular 
Graphics System, Version 1.2r3pre, Schrödinger) using HAP files from the PDB (1hce). 

A B 

C 
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Recent investigations have revealed that HAP is N-terminally modified by myristoylation 

(22, 25, 29).  By reversed phase HPLC, two distinct isoforms of HAP were isolated.  The 

isoforms are distinguished by the location of the C14 myristoyl group.  In one form, the group is 

isolated in the hydrophobic interior of the protein, and in the other, the group protrudes out and is 

exposed to the hydrophilic surroundings (22, 29). 

1.3.3 - Function 

Cellular HAP exhibits a number of intrinsic functions that include: acting in distinct 

regions as a proton sponge that buffers intracellular pH; influencing the physical properties of the 

cytoskeleton; and stabilizing the cell membrane while acting as a pH sensor (27, 30).  These 

capacities regulate two primary functions: facilitating actin polymerization into a cytoskeletal 

network, and linking that network to the PM (28, 30).  As a result of the high concentration of 

histidine residues, HAP facilitates cell shape changes and movements in response to osmotic 

stress and chemotactic signals, which result in altered cellular pH (18, 20).  Histidine residues 

have a pKa of 6.5, and their abundance at the surface of HAP is responsible for its strict pH-

dependence.  In vivo, HAP reversibly switches between a cytoplasmic form at pH 7.5 to a 

membrane bound form at pH 6.5, which then anchors actin filaments to the interior of the PM 

(15, 26) (Fig. 3). 

1.3.4 Actin binding 

HAP is a member of the fascin family of ABPs and serves to bind, nucleate and bundle 

actin filaments (31, 32).  HAP dimers are formed under non-reducing conditions by a disulfide 

bridge (15).  Bundling activity indicates that HAP binds filaments as a lateral-side binding ABP, 

stabilizing the actin oligomers by binding in the cleft between 2 monomers (15, 33). 
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Figure 3: pH-dependent membrane association of HAP.  A. At a pH > 7.5, HAP is free in the 
cytosol with the myristoyl group buried within the protein.  B. At pH < 6.5, the myristoyl moiety 
(green) is exposed and mediates HAP-PM binding.  C. HAP facilitates linking actin filaments 
(blue) to the PM.  The myristoyl-electrostatic switching mechanism is regulated by cytoplasmic 
pH. 

 

 

 

 

 

 

 

 

Figure 3: pH-dependent membrane association of Hisactophilin.  At a pH > 7.5 HAP is free in the 
cytosol with the myristoyl group buried within the protein A.  At pH < 6.5 the myristoyl moiety 
(green) is exposed and mediates HAP-PM binding B.  Exposed histidine residues at the surface 
regulate HAP binding to membranes and actin filaments C.  The myristoyl-electrostatic switching 
mechanism is regulated by cytoplasmic pH.  Image modified from work by Martin Smith. 
!

B A C 
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Correlation of the specific molecular structure of an actin cross-linker to the resulting 

structural network and its inherent mechanical response is important for studying functional 

consequences induced by ABPs.  There has been substantial research that relates the mechanical 

potency of different cross-linking molecules with the geometric structure of the network (33).  

The effect of Dicty filamin and HAP on the formation of orthogonal networks and ordered 

bundles is dependent upon the geometric length of the construct and the number of spacing 

domains.  Short cross-linkers are most effective in enhancing the linear viscoelastic properties of 

F-actin networks whereas large and longer cross-linkers have a lower propensity for bundling 

and have no significant increase in linear elastic moduli (33). 

1.4 – HAP is regulated by three modifications 

To perform its dynamic functions, HAP structure and function are regulated primarily by 

three processes: myristoylation, protonation and phosphorylation.   

1.4.1 Myristoylation 

Myristoylation is a co-translational modification found in 0.5-0.8% of eukaryotic 

proteins.  It involves the addition of a C14 acyl chain to an N-terminal glycine residue and is 

essential for HAP interaction with the PM (34).  HAP purified from cytosolic and membrane 

fractions has the same mass, indicating that all HAP in Dicty cells is myristoylated (15, 18).  

HAP is one of many myristoylated proteins detected in the cytosol and in subcellular 

compartments of eukaryotic cells (Fig. 4A).   

  Previous research has revealed that myristoylation serves to mediate protein-membrane 

binding (35).  However, the myristoyl moiety alone does not provide enough hydrophobic 

energy to attach a protein to the PM.  Protein anchoring via the myristoyl chain is often  
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Figure 4:  A. N-terminal acylation of a Gly residue by a 14-carbon acyl moiety, shown in red 
(myristoylation).  The addition of this group is catalyzed by CoA enzymes and serves to regulate 
protein function.  B. A cartoon visualizing the impact of protonation of a histidine residue.  The 
side chain includes the ionizable imidazole ring.  The pKa for the ring is approximately 6.7.  
Addition of a proton changes the charge from neutral to positive. 
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reinforced by additional hydrophobic and electrostatic interactions (36, 37).  The dynamic 

balance between hydrophobic and electrostatic repulsive/attractive forces regulated by 

phosphorylation provides the foundation for the proposed ‘myristoyl-electrostatic switch’ (21, 

38).  As such, ligand-regulated myristoyl switching is a versatile mechanism for controlling a 

wide range of biologically important processes. 

The ‘flipping’ of a myristoyl switch typically involves the conversion between a 

myristoyl-sequestered state, myrseq, where the myristoyl group is located in a hydrophobic 

binding pocket within the protein, and a myristoyl-accessible state, myracc, where the myristoyl 

group is available, and protrudes out for binding to membranes or other proteins.  Switching may 

be associated with relatively large or subtle structural changes in the protein (38, 39).  Switching 

can also be regulated by binding of various ions such as H+, Ca2+, or a regulatory protein (39).  In 

vitro, HAP undergoes a reversible myristoyl switch driven by pH (18).  Reversible protonation of 

histidines has been implicated in regulating the equilibrium between the cytosolic and 

membrane-bound forms (23, 40).   

1.4.2 – Protonation 

In Dicty, protonation regulates the myristoyl switching of HAP, so the proton 

concentration regulates myristoyl orientation and function (34, 35). At low ionic strength, the 

binding of HAP to the membrane is purely electrostatic.  Free protein in the cytosol is in 

dynamic equilibrium with protein bound to the membrane.  Lowering the internal cellular pH 

shifts this equilibrium and HAP favours the bound state leading to an accumulation of the protein 

just below the membrane (30).  A basic pH shift increases electrostatic repulsion and favours 

unbound, free HAP in the cytosol (34) (Fig. 3B).  In HAP–deficient cells, decreasing the internal 

cellular pH by proton pump inhibition led to significant changes in cell shape and actin 
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arrangements when compared to wild type cells.  Increased amounts of HAP relative to a 

standard actin concentration were shown to stabilize the interaction between the PM and the 

actin cortex (38). 

1.4.3 – Phosphorylation 

In contrast to other myristoylated proteins (41, 42), phosphorylation does not seem 

necessary for HAP to bind actin monomers and induce filament formation.  Phosphorylation 

may, however, function as an additional regulatory element for either membrane binding or actin 

binding, since both myristoyl isoforms of HAP proved to be substrates of membrane-associated 

threonine/serine kinases from Dicty (15).  While phosphorylation is suspected to play a role in 

regulating the propensity of HAP to insert into the PM, my work will focus solely on the impact 

of protonation and myristoylation of HAP on actin filament formation. 

1.4.4 – Previous research 

There are a number of biological perspectives from which HAP has been studied 

historically due to the dynamic functions of the protein within the cell.  HAP was discovered in 

1988 as part of a search for new classes of ABPs in Dicty by Scheel et al., who determined it had 

pH-dependent membrane linker activity using viscometry assays (18).  The regulation of 

binding/insertion of HAP into PM by phosphorylation has been studied by Hanakam et al. using 

CD spectroscopy and bilayer reconstitution models (15, 31).  Furthermore, Bausch et al. studied 

HAP as a molecular cross-linker of actin bundles, and examined the biophysics of the resulting 

structural networks by chemotaxis, sedimentation assays and transmission electron microscopy 

(EM) (33).  Recent exploration by Meiering et al. exploited HAP as a model for ascertaining the 

energetics and mechanisms of folding and the flipping of its myristoyl switch using NMR 

techniques (22, 29, 40).   
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Two distinct isoforms of HAP have been studied: one with and one without a myristoyl 

moiety.  Myristoylation affects protein folding and function, and switching has already been 

introduced (22).  Through coarse-grained folding simulations, the myristoylated protein was 

discovered to be more stable than the non-myristoylated protein at both high and low pH (29).  

Changes in pH affect not only the protonation state of histidine residues, but also the strength of 

the interaction between the protein and the myristoyl group.  In the absence of protonation, HAP 

is thermodynamically stable and undergoes minimal structural fluctuations.  Upon protonation, 

HAP is less stable, probability for switching is increased and the accessible myristoyl state is 

more populated (29).  Non-myristoylated protein is less thermodynamically stable because of the 

loss of enthalpathic contributions from the direct interactions of the myristoyl group in the 

hydrophobic pocket of HAP (29).  Among the states of myristoyl orientation, there is a 

difference in relative pKa values (22).  As the myristoyl group switches from sequestered to 

accessible, the relative pKa values of histidine residues shift from ~6–6.5 to ~7–7.6 (22).  

Decreasing pH favours an increase in the accessible population because that state binds protons 

at higher pKa values.  There is a total uptake of ~1.5 protons associated with the switch of the 

myristoyl moiety from sequestered to accessible. 

Recent studies have produced two biologically relevant mutants that were devised to 

manipulate HAP symmetry and understand the subsequent impacts on thermal stability and 

unfolding (29).  A set of single substitutions, which make up the LLL mutant (F6L/I85L/I93L), 

has been designed to increase symmetry in the β-barrel core of the trefoil, known as the 

myristoyl-binding pocket (Fig. 2C).  As a result of these substitutions, the switching capacities of 

HAP have been impaired.  It was discovered that these substitutions impact the protein 

functionally by breaking the myristoyl switching capacities of HAP.   The myristoyl moiety 
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remains “locked in” the sequestered conformation when the pH drops to a level that would have 

the group exposed.  A second mutant designed to increase overall stability and symmetry on the 

surface of HAP was constructed by substituting a histidine for a less-bulky glycine (29).  The 

substitution is located in a tight turn in the third trefoil of HAP, at position 90 (Fig. 2B).  This 

mutation affects proton uptake as a proton accepting histidine has been replaced.  Subsequently 

the mutation impacts the pH-dependence of myristoyl switching.  These functional consequences 

of these substitutions will be utilized to understand of how myristoylation and protonation 

impact protein function.  In this thesis, I will study how these modifications impact HAP-actin 

binding and filament formation. 

1.5 Actin is an integral component of the cytoskeleton 

1.5.1 – Biological relevance 

Although actin is distributed throughout the cell, it is mainly concentrated in a dense 

network of microfilaments and associated proteins just beneath the PM (43).  This network 

makes up the cell cortex, which gives mechanical strength to the cell surface, permitting 

movement through shape dynamics (43, 44).  The structure of the cellular cortex is variable 

between cells and at regions within the same cell, ranging from a three-dimensional network of 

cross-linked actin filaments that exclude organelles and other large structures in the cytoplasm, 

to a thinner, more permeable two-dimensional network (45, 46).  In specific areas in animal 

cells, small bundles of actin filaments protrude outward forming a stiff core of cell-surface 

extensions, while in other areas actin filaments pull inward on the membrane (46). 

1.5.2 - Polymerization 

Actin filaments are polar, self-assembling, dynamic polymers with a diameter of 9 nm 

(43-46).  At low ionic strength, actin occurs as a 375-residue globular monomer referred to as G-
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actin, with a specific binding cavity for one nucleotide molecule (43, 47).  Actin monomers are 

composed of two domains, each containing a separate subdomain that come together around the 

bound nucleotide, which is either ATP or ADP (48, 49) (Fig. 5A). 

In vitro, the initiation of actin polymerization is slow because actin dimers and trimers 

are unstable due to relatively weak subunit-subunit contacts (43-47).  However, once a stable 

nucleus of four subunits is formed, additional monomers are able to quickly associate (Fig. 5C).  

As the aggregate mass of F-actin increases, the concentration of free actin monomers decreases 

until equilibrium is reached.  At this point, F-actin subunits at each end continue to exchange 

with free G-actin in solution, but there is no net change to the overall filament length, hence a 

steady-state is reached.  The dynamic equilibrium that exists between the pool of unpolymerized 

G-actin and actin filaments helps to drive many of the surface movements of the cell (50).   The 

reaction for F-actin formation is expressed,  

G actin + F actin (n subunits) 
!"#

 F actin (n + 1 subunits) 
F actin (n subunits) 

!"##
 G actin + F actin (n-1 subunits) 

	  
where kon is the rate constant for subunit association with filaments, and koff is the rate constant 

for subunit dissociation from filaments.   

The G-actin concentration at the steady-state is called the critical concentration, Cc; 

typically 0.1 µM (45).  At steady-state the F-actin ends are reactants for both the forward and 

reverse reactions, hence the concentration of F-actin is the same for both reactions.  Above the 

critical concentration, G-actin polymerizes; below it, F-actin depolymerizes.  The value of kon is 

5-fold to 10-fold greater for subunit addition to the (+)/barbed end than for subunit addition to 

the (-)/pointed end.  Thus, the koff for subunit dissociation from the (+) end must be larger than 

that from the (-) end by the same factor, so that at equilibrium there is no net change in filament 
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Figure 5: The atomic resolution structure of G-actin.  A. A G-actin monomer consists of 4 
subdomains, each is labeled in pink.  This structure was adapted from the actin-DNAse-I crystal 
structure (PDB: 1ATN), and manipulated in Mac (Molecular Graphics System, Version 1.2r3pre, 
Schrodinger).  B. A trimer of three actin monomers, represented as green, orange and pink is 
oriented in agreement with current models.  This short molecular scaffold of F-actin was 
visualized using MacPYMOL (Molecular Graphics System, Version 1.2r3pre, Schrodinger) to 
identify three unique binding sites of ABPs.  C. A model of actin polymerization is illustrated.  
Actin monomers are visualized forming the initial nucleus (grey) that is subsequently seen in the 
actin filament.  The size of the arrows represents the thermodynamic favourability of each step.  
The barbed (+) and pointed (-) ends of the actin filament are indicated.  
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Figure 5:  The atomic resolution structure of G-actin.  Consisting of 2 domains and 2 subdomains, each are 
labeled.  This structure was adapted from the actin-DNAse-I crystal structure, PDB 1ATN, and manipulated 
using MacPyMOL A.  A trimer of three actin monomers, represented as green, orange and pink oriented in 
agreement with current models B.  This short molecular scaffold of F-actin was visualized using 
MacPyMOL to identify the three unique binding sites of ABPs.  A model of actin nucleation and elongation 
C.   Actin monomers are visualized forming the initial nucleus (coloured in grey) and the subsequent 
placement within the actin filament.  The size of the arrows represent the thermodynamic favourability the 
step. 
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length.  This makes physical sense because subunits added to either end have identical 

interactions with other subunits in the filament (45). 

 At steady-state, when the net rate of addition of subunits at the (+) end is equal to the net 

rate of dissociation of subunits at the (-) end, G-actin concentration falls below the Cc values for 

the two ends (39-42).  Then, as subunits add to the (+) end, other subunits dissociate from the (-) 

end.  This process, which is called treadmilling, is driven by the free energy of ATP hydrolysis 

and hence is not at equilibrium (45, 51).  Treadmilling is responsible for cell locomotion.  

Following nucleation, the rates of actin polymerization and branching increase dramatically (40, 

42).  In this event, the (+) end of growing microfilaments pushes the PM outward.  If the 

cytoplasmic protrusion anchors itself to the extracellular matrix, then the cell can use the 

adhesion point for traction to advance further (43).  To crawl, however, the trailing edge of the 

cell must release its contacts with the matrix while newer contacts are being made at the leading 

edge.  In addition, as microfilament polymerization proceeds at the leading edge, 

depolymerization must occur elsewhere in the cell, since the pool of G-actin is tightly regulated 

by ABPs (43). 

1.5.3 – ABPs 

There are a multitude of ABPs that perform many functions within the cell.  At least 

twelve ABPs are membrane-associated proteins, and another nine are membrane receptors or ion 

transporters (44).  Thirteen ABPs cross-link filaments, whereas others allow actin filaments to 

interact with other elements of the cytoskeleton (44).  Binding occurs at three specific sites: side, 

barbed and pointed ends (Fig. 5B).  For example, β-thymosin binds to G-actin to inhibit both 

polymerization and nucleotide exchange (44).  Gelsolin aids in maintaining a fluid state within 

the cell.  When activated by calcium, gelsolin severs an actin filament, and forms a cap on the 
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newly exposed (+) end, thus breaking up filamentous actin (44, 52).  In contrast, there are many 

proteins that increase and sustain the dense cellular cortex, such as cross-linking proteins that 

connect actin filaments to assist in the formation of a stiff three-dimensional network.  HAP is a 

homologue of human fascin (18, 32).  HAP is a side-binding ABP that induces polymerization of 

actin filaments, then cross-links and couples the cytoskeleton to the cellular membrane (33). 

1.6 – Fluorescence spectroscopy 

Studying how modifications within HAP impact its capacity to induce polymerization of 

actin filaments may be carried out through a number of techniques based on fluorescence 

spectroscopy.  To this end, it is important to present some background on this phenomenon.  

Fluorescence excitation and emission parameters are preferred when studying proteins in 

aqueous solutions, because of their increased sensitivity when compared to that of absorption. 

Fluorescence spectroscopy relies on native or introduced molecular probes.  Thousands of probes 

exist, and experimental information is determined by the properties of specific probes.  Probe 

emission spectra following fluorescent excitation are critical tools for studying a number of 

biological events, such as the solvent environment polarity changes that occur during protein 

restructuring (53). 

The basic premise of fluorescence is that probe emission spectra occur at wavelengths 

longer than those at which absorption occurs (55).  The solvent surrounding the probe plays a 

crucial role in fluorescence emission.  Following excitation to the first singlet state, energy is lost 

to the solvent, which shifts the emission to a lower energy level due to stabilization of the excited 

state by polar solvent molecules (54).  In the excited states, fluorophores have a larger dipole 

moment than in ground states and following excitation, solvent dipoles relax, lowering excited 
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state energy and resulting in emission (54).  Increasing solvent polarity in turn increases this 

effect, resulting in emission at longer wavelengths (lower energies).   

Utilizing these emission signals is a useful tool in determining the polarity of the probe 

environment, revealing insight into molecular conformation.  Investigations of actin are a useful 

example of utilizing fluorescence to provide insight into the structural rearrangements that occur 

during polymerization and depolymerization.  Intrinsic fluorescence of unlabeled actin is derived 

from tryptophan and tyrosine residues, and undergoes wavelength shifts upon polymerization 

(56).  These changes are too subtle for practical study, and therefore researchers need to employ 

an extrinsic fluorescent probe.  Actin can be labeled specifically at Cys-374 by N-(1-pyrenyl) 

iodoacetamide (56).  Pyrene is a polycyclic hydrocarbon consisting of a linear system of four 

benzene rings.  It reports the polarity of the environment and detects changes in the medium.    

In the case of actin, variation in the vibrational structure of the fluorescence spectrum 

occurs in polar solvents such as water or G-buffer (57, 58).  The fluorescence signal is 

dramatically increased when pyrene is embedded within the hydrophobic microenvironment of 

the protein during polymer formation.  In contrast, when actin is in its monomeric form, the tag 

is exposed to the polar environment, and the fluorescence emission signal is dramatically 

decreased. Pyrene-actin filaments have excitation peaks at 365, 386, 397 and 304 nm, which are 

not seen in fluorescent monomers.  When λex = 365 nm and λem = 407 nm, the difference 

between actin monomer and polymer is a 20- to 25-fold increase in fluorescence emission 

intensity (58).   

Fluorescence probe signals can be quenched by intramolecular and intermolecular 

interactions.  There are a number of mechanisms that bring about quenching, including 

collisional and static quenching, electronic exchange, proton transfer and binding (54).  Upon 
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introduction of a quencher, the signal decreases by a varying amount, depending on the quencher 

efficiency.  For example, the emission signal of pyrene-actin filaments is decreased by up to 70% 

upon myosin binding (59).  This decrease in signal can also be explained by an allosteric shift in 

the polymer, which exposes the Cys-374 residue of actin subunits and thus the pyrene tag to the 

solvent.   

1.7 Rationale and research objectives 

HAP is regulated by protonation and post-translationally modified by myristoylation and 

protein phosphorylation.  A lot is known about the protein folding dynamics of HAP, and the 

impact of HAP protonation on actin binding.  The work in this thesis aims to determine the 

impact of protein modifications on function.  Through analysis of wild type and HAP mutants, I 

will determine the impact of protonation and myristoylation on HAP function. 

Specific objective 1: Determine the effects of protonation and myristoylation of HAP as 

they impact the functional relationship between the ABP and actin. 

Hypothesis 1:  HAP will bind actin monomers and induce filaments in a concentration-

dependent manner.  Protonation will impact HAP potency, as well as the configuration of the 

myristoyl moiety (accessible vs. sequestered).  Furthermore, the presence of the myristoyl group 

in its accessible state will affect the functional capacities by reducing actin polymerization. 

Previous studies have shown a likely protonation site in HAP that is involved in the pH-

dependent myristoyl switch, located in the tight turn containing histidine residues 88-91 (21, 24).  

These studies also revealed a likely communication pathway that links these protonation sites to 

the myristoyl group through the tertiary structure.  Substitutions have been devised to determine 

the impact that manipulating protein symmetry has on HAP thermal unfolding.  It will be 

advantageous to investigate the functional consequences of these mutants on actin binding and 
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filament formation.  Utilizing the H90G, LLL and the combined (QUAD) mutants, I will 

investigate the pH-dependent and myristoyl pathway coupling effects on the actin binding 

function of HAP.   

Specific objective 2: Determine the level of integration between protonation and myristoylation 

by studying the impact of HAP substitutions on actin filament formation. 

Hypothesis 2: Substitutions that affect HAP symmetry will exhibit functional consequences by 

limiting the potency of actin filament formation.  Studying the impact of these substitutions on 

actin filament formation will provide further insight into the roles of protonation and 

myristoylation by breaking the myristoyl switching capacities (LLL) and reducing protonation 

potentials (H90G).  Further, the QUAD mutation will assess the level at which these two 

independent modifications are integrated within the HAP system.  I hypothesize that reduced 

protonation potentials will reduce the concentration of F-actin induced by HAP. 

The research presented will provide insight into the impact of regulatory modifications on 

protein function; specifically, how they affect the structure and function of ABPs, revealing their 

impact on actin dynamics and roles as regulators of the cytoskeleton. 
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2.1 – Reagents 

 All buffer reagents were obtained from Sigma Aldrich (St. Louis, MO) or Fisher 

Scientific (Mississauga, ON) unless otherwise stated.  Chromatography columns used for 

purification on the AKTA Fast Protein Liquid Chromatography were obtained from Amersham 

(GE Healthcare, Piscataway, NJ). 

2.2 – Standard protocols 

2.2.1 – Protein concentration determination 

 A standard Bradford colorimetric assay was used to determine actin protein concentration 

(60).  α-Skeletal actin samples were used to generate a standard curve with increasing 

concentrations from 0.031 to 0.500 mg/mL. Absorbance was determined at 595 nm.  The assay 

used Bio-Rad Protein Assay Dye Reagent (Bio-Rad, Hercules, CA).   

2.2.2 – Polyacrylamide gel electrophoresis 

 SDS-PAGE gels were made in the lab using 29:1 acrylamide: bisacrylamide solution 

obtained from Bio-Rad (Hercules, CA).  The polyacrylamide glycine gels consisted of a 5% w/v 

stacking and 10% w/v separating gel.  Protein samples were diluted with a 2X Laemmli buffer 

(50 mM Tris pH 6.8, 2% w/v SDS, 0.1% w/v bromophenol blue, 10% w/v glycerol and 0.5 M 2-

mercaptoethanol) prior to loading into the gel (61).  The gel box was immersed in running buffer 

(25 mM Tris pH 8.6, 250 mM glycine and 0.1% w/v SDS) and subsequently run in a Bio-Rad 

Mini-PROTEAN Tetra cell system.  The power was fixed at 80 V until the dye-front passed the 

separating gel and then it was increased to 120 V until completion.  Protein was visualized on the 

gel by initial staining using Coomassie Brilliant Blue dye, and destaining with a solution 

containing 50% w/v Milli-Q (MQ) water, 40% w/v methanol and 10% w/v acetic acid for two 60 

min intervals. 
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2.3 – Protein purification 

2.3.1 – Actin acetone powder preparation from chicken pectoralis muscle 

Actin purification was achieved as outlined by Spudich and Watts (62).  Briefly, 1000 g 

of raw chicken breast was ground into a mince.  This mince was extracted through five buffer 

exchanges; 1 L of 0.1 M KCl for 10 min, 1 L of 0.15 M potassium phosphate, pH 6.5 for 10 min, 

2 L of ice-cold 0.1 M NaHCO3, pH 6.5 for 10 min, 1 L of 1 mM EDTA at pH 7.0 for 10 min, and 

1 L of ice-cold water for 5 min.  Between each buffer exchange, the slurry was poured into 1 L 

centrifuge bottles and spun in a Beckman J6-B centrifuge (JS-5.2 rotor) at 5,000 rpm (4,000 x g) 

for 10 min.  The supernatant was discarded and the proteinaceous solid mince was used in the 

next exchange. The five exchanges were done at approximately 5° C.  Four final buffer 

exchanges were done with 1 L of ice-cold acetone for 10 min each at room temperature (RT).  

The same process was repeated as in the previous buffer exchanges except isolation of the 

proteinaceous mince was achieved using cheesecloth that separated it from the supernatant.  The 

mince was then spread on a large tray, covered, and left to dry in the fume hood for a minimum 

of 12 h.  The resulting powder was then weighed and used for actin extraction immediately, or 

stored frozen at -80° C. 

2.3.2 – Preparation of actin from chicken muscle acetone powder 

Fifty grams of chicken acetone powder was removed from the -80° C freezer and 

suspended in 20 mL of G-buffer (2 mM Tris pH 8, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM 2-

mercaptoethanol)/g powder (1,000 mL buffer) for 30 min at 4° C with continuous stirring.  The 

supernatant was decanted and saved while the proteinaceous solid was isolated using cheesecloth 

and resuspended in the same volume of buffer for 5 min at 4° C, with continuous stirring.  The 

supernatant from the second extraction was combined with the first, poured into Oakridge 40 mL 
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centrifuge tubes, and spun at 19,000 rpm (30,000 x g) in a Avanti J-25 centrifuge (JA 25.5 rotor) 

for 30 min.  The supernatant was then decanted and the volume was measured.  Based on this 

volume, polymerization salts were added to bring the concentration of the solution to 50 mM 

KCl, 2 mM MgCl2, and 1 mM ATP.  This solution was incubated at RT for 60 min with slow 

stirring.  The concentration of KCl was then raised to 0.6 M using solid KCl and the solution was 

aliquoted into 75 mL Ti45 ultracentrifuge tubes, ensuring that the tubes were as full as possible.  

The actin solution was then spun at 38,000 rpm (118,000 x g) for 75 min.  After the spin, the 

supernatant was decanted, and the pellet in each tube was suspended in 1 mL of G-buffer, 

followed by incubation on ice for 15 min.  The resuspended pellets were then combined and 

mixed using a homogenizer.  This solution was then dialyzed against 2 L of G-buffer in 10,000 

molecular weight cut off (MWCO) regenerated cellulose dialysis tubing over 4 exchanges.  The 

dialyzed solution was then aliquoted into 2 mL ultracentrifuge tubes and spun at 95,000 rpm 

(375,000 x g) for 20 min using the Beckman Optima Ultracentrifuge (TLA 110 rotor).  The 

supernatants from each tube were combined and run on a Sephacryl S300 26/60 FPLC column 

pre-equilibrated with G-buffer, collecting 1 mL fractions to isolate for monomeric G-actin.  The 

G-actin concentration of each fraction was determined in mg/mL by measuring the absorbance at 

290 nm, and using the extinction coefficient of 0.62 M -1 cm-1, based on a path length of 1 cm 

(3).  The fractions were stored at 4°C and employed in the following experiments. 

2.3.3 – Preparation of pyrene-actin solution 

Pyrene-actin purification was undertaken as outlined by Zigmond et al, (63).  Briefly, a 

sample of previously purified monomeric G-actin was dialyzed against 2 L of G-buffer in the 

absence of 2-mercaptoethanol in 10,000 MWCO regenerated cellulose dialysis tubing over 2 

exchanges.  The resulting solution was diluted with G-buffer, again in the absence of 2-
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mercaptoethanol, to a final concentration of 1 mg/mL.  Based on the volume, polymerization 

salts were added to bring the final concentration of the solution to 1 M MgCl2/0.3 M KCl and the 

sample was incubated for 30 min at RT.  Pyrene-iodoacetamide was then used to label the actin 

monomer on Cys-374.  Using a 2 mg/mL stock of N-(1-pyrene)iodoacetamide in 

dimethylformamide, the volume of pyrene-iodoacetamide required for pyrene labeling of actin in 

a 1:1 molar ratio was calculated.  This was added drop-wise to avoid denaturing the actin.  The 

product was covered in tin foil to reduce photobleaching and incubated at RT for at least 2 h.  

The labeled actin was then spun in a JA-6 centrifuge (JS 5.2 rotor) at 4,000 rpm (3,000 x g) for 

15 min to remove any large aggregates.  The supernatant was then spun at 95,000 rpm (375,000 

x g) for 20 min using a Beckman Optima Ultracentrifuge (TLA 110 rotor).  The supernatant was 

discarded and the pyrene-actin pellet was suspended in 1 mL of G-buffer with 2-

mercaptoethanol.  The resuspended pellets from each tube were combined and dialyzed against 2 

L of G-buffer in 10,000 MWCO regenerated cellulose dialysis tubing over 2 exchanges.  The 

dialyzed solution was then aliquoted into 2 mL ultracentrifuge tubes and spun at 95,000 rpm 

(375,000 x g) for 20 min using a Beckman Optima Ultracentrifuge (TLA 110 rotor).  The 

supernatants from each tube were combined and run on a Sephacryl S-300 26/60 column (GE 

Healthcare) pre-equilibrated with G-buffer, collecting 1.0 mL fractions.  The actin and pyrene 

concentrations of each fraction were determined using absorbance measurements at wavelengths 

of 290 nm and 344 nm, respectively (54).  The percent labeling was determined from the 

concentration of pyrene relative to the concentration of actin. The fractions stored at 4°C and 

used for the following experiments. 
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2.3.4 – HAP expression and purification   

 HAP variants were a gift of Dr. Elizabeth Meiring from the University of Waterloo 

(Waterloo, ON).  The following is a brief summation of their purification techniques (described 

in (22)).  Wild-type non-myristoylated HAP was expressed as described previously.  

Myristoylated HAP was obtained by co-expressing human N-myristoyltransferase-1 using 

pHV739.  Myristoylated HAP was purified as described previously with an additional RP-HPLC 

purification step.  Briefly, cells containing myristoylated HAP were resuspended in Tris buffer 

pH 8 and lysed using an Emulsiflex C-5 emulsifier (Avestin, Ottawa, ON).  Next, 0.5% w/v 3-(3-

Chloramidopropyl)] dimethylammonio-1-propanesulfonate (CHAPS) was added to the crude cell 

lysate, which was then incubated for 2 h at 4˚C to facilitate solubilization of membrane-bound 

HAP.  HAP was purified using DEAE (Bio-rad, Hercules, CA) anion exchange chromatography, 

followed by gel filtration using a HiLoad 26/60 Superdex 75 column (GE Healthcare, 

Piscataway, NJ).  Myristoylated and non-myristoylated HAP eluted in well-separated peaks in 

RP-HPLC chromatography using a C18 column (Waters, Milford, MA) and an acetonitrile 

gradient.  The level of myristoylation of HAP was typically ~80%.   Purified protein was 

exchanged into 25 mM ammonium carbonate, lyophilized and stored at -80˚C.  Homogeneity of 

purified protein was verified by mass spectrometry.  

2.4 – HAP-induced actin polymerization assays 

2.4.1 – Pyrene-labeled actin filament formation assays 

Actin filament formation was quantified using a pyrene-based fluorescence assay to 

produce a polymerization curve.  A standard solution consisted of 5 µM actin that was labeled 

with 5% pyrene was used in a 100 µL reaction volume.  Recombinant HAP protein was diluted 

using G-buffer from 2 mg/mL to 50 µM, 25 µM, 17 µM and 10 µM yielding a final molar ratio 
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of HAP:actin of 1:1, 1:2, 1:3 and 1:5, respectively.  For example, 90 µL of 5.5 µM actin was 

mixed with 10 µL of 50 µM HAP in a final reaction volume of 100 µL containing 5 µM actin/5 

µM HAP (1:1 molar ratio).  Prior to reaction, samples were incubated separately at RT for 20 

min in the absence of light.  After the pre-incubation period, 10 µL of each concentration of HAP 

was mixed with 90 µL of actin and placed in an ultramicro fluorescence cuvette (3 mm 

pathlength; Helma Inc., Concord, ON) and run under otherwise non-polymerizing conditions 

separately.  The change in fluorescence was monitored for 50 min using a Cary Eclipse Win 

fluorometer (Varian Canada, Mississauga, ON).  Data acquisition employed the following 

parameters; λex = 347 nm, slit width = 2.5 nm; λem = 407 nm, slit width = 5 nm; dwell time of 5 s 

per well; cycle time between samples of 0.5 s.  The resulting data were quantified and visualized 

using Sigmaplot (Systat Software, San Jose, CA) and GraphPad (La Jolla, California USA).  

Fluorescence emission was measured in arbitrary units and then normalized against standard F-

actin controls that were polymerized at the specific pH. 

2.4.2 – Light scattering assay 

 Light scattering assays were conducted with the same protocol used in fluorescence 

assays; however, unlabeled monomeric actin was use.  The λex and λem were both set to 360 nm.  

Again, actin polymerization was induced by HAP under otherwise non-polymerizing conditions, 

and results were analyzed using Sigmaplot (Systat Software, San Jose, CA), however, they were 

expressed as arbitrary units of light scattered, with no normalization against F-actin controls. 

2.5 – Characterization of F-actin induced by HAP using EM 

 The time-course EM of formation of HAP-induced filaments was by EM at the imaging 

facilities at the University of Guelph (Guelph Regional Integrated Imaging Facility, Guelph, ON) 

and Mount Sinai Hospital (Joseph & Wolf Lebovic Health Complex, Toronto, ON).  A 100 µL 
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solution comprised 5 µM actin and 5 µM HAP was utilized.  For steady-state filament imaging, 

the reaction was allowed to proceed for 90 min, at which time 2 µL samples were deposited onto 

a Formvar and carbon-supported 200-mesh copper grid and stained with 2% w/v uranyl acetate.  

Filaments were visualized at the University of Guelph facility with a LEO 912AB transmission 

electron microscope operating at 80 kV.  Images were obtained using a SIS MORADA CCD 

camera and software.  The images were then analyzed using ImageJ software (National Institute 

of Health, MD). 

 Time course images were recorded in association with the fluorescence filament 

formation assays.  A reaction was set up as described above (2.4.1), and 3 series of images were 

recorded using 2 µL of the reaction volume at each time interval.  Images were obtained at 0.5, 

1.5, 3, 5 and 50 min.  These experiments were conducted at Mount Sinai Hospital using an FEI 

Tecnai 20 transmission electron microscope, AMT 1600 CCD camera and visualized with ATM 

Image Capture software.  

2.6 – Induction of actin filaments via HAP contains statistical variance 

 The pyrene-based filament formation assay contained statistical variance (Fig. 6).  Wild 

type samples were run in triplicate with at least three replicates.  Fluorescence assays of HAP- 

induced actin polymerization revealed initial overshoots that decreased over time to reach a 

stable end point.  Fluorescence spike maximum and end-point steady state F-actin concentrations 

(average of last 39-50 min) were determined and varied minimally within each triplicate set, but 

often varied dramatically between independent experiments.  For instance, some HAP proteins 

exhibited large fluorescent spikes, while others were devoid of the phase entirely.  Since this 

assay is extremely sensitive, a number of factors were taken into consideration: date of protein 

purification, temperature, time in the freezer, and incubation time on the bench before each 
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Figure 6: Statistical analysis of polymerization curves.  Fluorescence curves were initially 
overlaid in Microsoft Excel to visualize if statistical analysis was necessary.  In this example, 15 
curves of wild type myristoylated HAP at pH 6.0 at a 1:1 molar ratio of HAP:actin are 
represented A.  From the data, features were selected to compare and identify outliers.  Features 
included spike (peak fluorescence in the first 15 min.) and steady state (average of last 20 data 
points) fluorescence values (Spike Fl*, SS Fl*) B.  Values from each curve were then analyzed 
in GraphPad Prism, which calculated a z-score for each point, taking into account the mean, 
standard deviation and sample size used to determine if a curve’s features fell outside of the 95% 
confidence interval (p<0.05).	   
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Sample Spike Fl* SS Fl* Z-Score Outlier 
1 272.31 236.182989 0.9 
2 162.07 152.3635773 0.75 
3 261.3142141 205.6520966 0.29 
4 280.4430135 245.7438731 1.08 
5 325.495636 213.2915143 0.45 
6 317.3617707 170.9917269 0.4 
7 243.1688182 185.6366262 0.1 
8 248.0907237 212.0025821 0.43 
9 228.5881348 198.4444984 0.15 
10 238.4886136 198.7642731 0.15 
11 247.0294283 204.0376295 0.27 
12 260.9842141 205.3220966 0.29 
13 278.6274327 245.7048731 1.08 
14 n/a 143.9986341 0.93 
15 n/a 41.03477732 2.93 > critical (2.54) 

Figure 6:  An example of statistical analysis that polymerization curves were subjected to.  Fluorescence 
curves were initially overlayed in Microsoft Excel to visualize if statistical analysis was necessary.  In this 
example, 15 curves of wild type myristoylated HAP at pH 6.0  at a 1:1 molecular ratio of HAP:actin are 
represented A.  From the data, features were selected to compare and identify outliers.  Features included 
spike and steady state fluorescence values (Spike Fl*, SS Fl*) B.  Values from each curve were then analyzed 
in GraphPad Prism, which calculated a z-score for each point which took into account the mean, standard 
deviation and sample size to determine if a curves features fell beyond the 95% confidence interval (P<0.05).   
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reaction.  Data were then statistically scrutinized, but no correlation between these parameters 

and the results were noted.  Statistical analysis was utilized to remove single polymerization runs 

that were deemed to be “outliers”, as described below. 

2.7 – Data analysis 

 Data acquired from fluorescence microscopy were transferred into Microsoft Excel 

(Microsoft Corporation, Redmond, WA) and then plotted in GraphPad Prism (La Jolla, 

California USA).  Runs were averaged and overlaid to visualize outliers.  Statistical analysis was 

carried out by isolating specific features from polymerization curves that included: time of spike 

maximum, spike fluorescence, and steady-state fluorescence.  Values derived from each curve 

(different pH and molar ratio) were then used to calculate mean and standard deviations.  Using 

the sample size, (n) a critical z-score at the 95% confidence interval was found and used to 

justify the removal of outliers (Fig. 6).  

	  



	   35 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 3 
 

Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   36 

3.1 – HAP induces actin filaments and can be monitored using a number of experimental 

techniques 

HAP has previously been purified and characterized in an attempt to understand actin 

regulators (18).  In 1988, Scheel et al. utilized a viscosity assay to quantify their discovery that 

HAP induces actin filaments in a pH-dependent manner.  A number of other techniques are 

possible for determining the functional relationship between HAP and actin. 

For actin, a fluorescence increase over time in the pyrene-activity assay is indicative of 

filament formation as described in section 1.6.  I hypothesized that this assay could be adapted 

for HAP-induced filament formation.  Qualitatively, HAP-induced actin polymerization 

produced kinetics different from those seen in previous viscosity studies (18).  Pyrene-

fluorescence was employed throughout the project to ascertain the concentration of F-actin 

induced by myristoylated and non-myristoylated HAP and the H90G, LLL and QUAD mutants 

across increasing molar ratios of HAP:G-actin.  Initially, fluorescence “spiked” in both 

myristoylated and non-myristoylated samples and then decreased to reach a steady-state 

intensity.  These spikes suggested a novel mechanism for filament formation by HAP, likely 

representing aggregate formation, which will be explored in this chapter. 

The fluorescence increase was normalized to the maximum fluorescence of 5 µM F-actin.   

As shown in Fig. 7A, myristoylated HAP in a 1:1 molar ratio to actin induced actin filaments in a 

pH-dependent manner.  The pH 6 and 6.5 experiments produced the highest yields of F-actin at 

steady-state, 5.70 ± 0.87 µM and 5.36 ± 1.33 µM, respectively (Appendix 1).  Similar 

experiments buffered to pH 7 and 8 showed greatly reduced filament formation, only reaching 

steady-state F-actin concentrations of 0.59 µM and 0.37 µM, respectively.  In non-myristoylated 

samples, while pH 6 and 6.5 produced steady-state intensities of 4.41 ± 0.78 µM and 4.1 ± 1.50  
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Figure 7: Myristoylated (A) and non-myristoylated (B) HAP induces the formation of actin 
filaments in a pH-dependent manner.  The impact of pH was measured across a range of pH 6 
(), 6.5 (), 7 () and 8 () in 1:1 molar ratio of actin to myristoylated HAP.  Note that at 
pH 7 and 8 there is little change (A).  The pH dependence is also seen in non-myristoylated 
samples (B).  Molar ratios of myristoylated HAP to actin were tested from 1:1 (), 1:2 (), 1:3 
() and 1:5 (), shown in C and D.  At pH 6, (C) the impact of the molar ratio of HAP:actin is 
clearly shown.  At pH 8 (D) however, this effect is no longer observed.  Only the highest molar 
ratio of initial HAP:actin has an impact on actin polymerization.  Experiments were run in 
triplicate from at least 3 independent experiments with a minimum n ≥ 9.  All plots are 
representative of average data. 
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Figure 7: Myristoylated and non-myristoylated hisactophilin induces actin filaments in a pH-
dependent manner.  The impact of pH was measured across a range of pH 6, 6.5, 7 and 8 in 1:1 
molecular ratio of actin to myristoylated HAP (filled circles, empty circles, filled triangles and empty 
triangles respectively).  Note that at pH 7.0 and 8.0 there is relatively no change (A) and pH 6.0-7.0 
non-myristoylated HAP (B).  The amount of F-actin formed is proportional to HAP below pH 6.5.  
Concentration ratios of hisactophilin to actin were tested from 1:1, 1:2, 1:3 and 1:5 shown in C and 
D, (filled circles, empty circles, filled triangles and empty triangles, respectively).  At pH 6.0, (C) the 
impact of initial HAP concentration is clearly delineated.  At pH 8.0 (D) however, this effect is no 
longer observed.  Only the highest concentration of initial HAP:actin has an impact on actin 
polymerization.  Experiments were run in triplicate from at least 3 biological replicates with a 
minimum n of 9. 
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µM F-actin respectively, at pH 7 a dramatic decrease was seen in the concentration of F-actin 

filaments produced: 0.97 ± 0.13 µM F-actin (Fig. 7B).   

End point EM images were utilized to determine the structural impact of ABP cross-

linkers compared to physiologically induced filaments (32).  Fig. 8A-D presents a comparison 

between physiologically-induced F-actin achieved by raising the ionic concentration and F-actin 

induced by HAP under otherwise non-polymerizing conditions.  Differences can be observed in 

filament structure and will be expanded upon in section 3.4. 

Light scattering assays utilize light to monitor F-actin dynamics in solution without 

fluorescent tags.  Actin monomers allow light to pass through relatively freely with minimal 

scattering.  As filaments are formed, the solution becomes denser, hence light scattered increases 

signal.  Light scattering was used as a technique to confirm the validity of the results obtained 

from the fluorescence-based assays, with particular interest in investigating the kinetics of the 

observed novel filament formation.  Myristoylated HAP was buffered to pH 6.5 at increasing 

molar ratios of HAP to G-actin (Fig. 9A).  Light scattering reached an initial maximum of 

roughly 500 a.u. and a steady-state intensity of 150 a.u. for the 1:1 molar ratio, and a relative 

increase was observed for the lower ratios of HAP:G-actin (Fig. 9C).  The data obtained from 

light scattering assays confirmed a two-step filament formation process that will be expanded 

upon in the next chapter.  

3.2 – Filament formation is dependent upon HAP concentration 

 Results at pH 6 revealed that the steady-state level of myristoylated HAP-induced actin 

filaments was dependent on the concentration of HAP (Fig. 7C).  The 1:1 HAP:G-actin ratio 

produced the highest concentration of F-actin at steady-state (5.70 µM).  As the molar ratio of 

HAP:actin in solution was decreased to 1:2, 1:3 and 1:5, the resulting F-actin concentration was  
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Figure 8.  HAP induces non-conventional actin 
filaments.  Actin filament images were recorded via 
EM.  Standard 5 !M actin filaments were induced 
by increasing the physiological ion concentration at 
pH 6.5 and are visualized in panels A and C, 
showing filaments and networks induced.  HAP 
filaments were induced by reacting HAP with G-
actin in a 1:1 molar ratio and are illustrated in 
panels B and D, which also reveal filaments and 
networks, respectively.  HAP-induced bundles do 
not maintain the same level of structural flexibility 
(C and D).  Results are confirmed using non-
myristoylated HAP (E). 

E 
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Figure 9:  Biphasic kinetics of filament formation observed by fluorescence spectroscopy and 
confirmed with light scattering assays.  Concentration dependence is observed at pH 6.5 for both 
myristoylated and non-myristoylated samples by pyrene fluorescence (A and B) with 1:1 (), 
1:2 (), 1:3 () and 1:5 () molar ratios of HAP:actin. The formation of an initial aggregate 
was validated via light scattering analysis.  For consistency, both myristoylated and non-
myristoylated wild-type HAP samples were run at pH 6.5 (C and D).  Although concentration 
dependence in light scattering analysis was minimal, it is seen during the formation of the 
aggregate phase.  Panels E and F illustrate this result.  Dark bars represent the concentration of 
the initial F-actin spike, and are compared with lighter bars that represent F-actin filament 
concentrations at steady-state.  The experiments under these conditions were run with an n=1, 
hence no error could be calculated. 
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Figure 9.  Biphasic mechanism of filament formation observed in fluorescence spectroscopy samples and 
confirmed with light scattering assays.  Concentration dependence is observed at pH 6.5 for both 
myristoylated and non-myristoylated samples (A and B).  1:1, 1:2, 1:3 and 1:4 molecular ratios of HAP:actin 
are represented by closed circles, open circles, closed triangles and open triangles, respectively. The 
formation of an initial aggregate was validated via light scattering analysis.  For consistency, both 
myristoylated and non-myristoylated wild-type HAP samples were run at pH 6.5 (C and D).  Although 
concentration dependence seen in light scattering analysis was minimal, it is clearly seen during the 
formation of the aggregate phase.  Panels E and F illustrate this result.  Dark bars represent concentration of 
initial F-actin spike and are contrasted against lighter bars that signify filament concentrations at steady state. 
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subsequently reduced to 2.68, 1.98 and 1.16 µM, respectively.  This concentration dependence 

was observed at pH 6 and pH 6.5. (Appendix 1). 

While HAP concentration dependence was observed in samples below pH 7, samples at 

or above pH 7 did not exhibit the same trend.  At pH 8, only the highest ratio of myristoylated 

HAP:actin produced polymerization above 0.2 µM F-actin, with 5 µM HAP producing an F-

actin concentration of 0.37 ± 0.02 µM.  Although the F-actin concentration produced at pH 8 was 

minimal (below 10%), when compared to results at pH 6 and 6.5, it was more than double the 

lower molar ratios at pH 8 (Fig. 7D, Appendix 1).  It was determined that the optimal condition 

for study was pH 6.5.  Subsequent analysis was carried out using pH 6.5 unless otherwise stated.   

Light scattering analysis confirmed strong HAP molar ratio dependence for the initial 

spike in polymerization, and weak HAP dependence for steady-state filament for both 

myristoylated and non-myristoylated HAP (Fig. 9C and D).  Myristoylated wild type HAP 

produced initial intensities at 2.5 min of 500, 150, 117 and 40.5 a.u. in the presence of 5, 2.5, 

1.67 and 1 µM HAP, revealing HAP concentration dependence (Fig. 9E).  Intensities achieved at 

steady-state however, determined to be 150, 90.9, 101 and 80.8 a.u., which showed slight HAP 

concentration dependence.  This trend was mirrored in experiments with non-myristoylated HAP 

(Fig. 9F).  Initial aggregate formation at faster 1.7 min led to intensities of scattered light of 659, 

404, 253 and 148 a.u. while steady-state results yielding values of 179, 180, 135, and 74 a.u. 

using 5, 2.5, 1.67 and 1 µM HAP, respectively.  At steady-state, light scattering was dramatically 

lower than at the initial stage.  These results are illustrated most prominently in non-

myristoylated variants, which produced initial intensities 3.7, 2.2, 1.9 and 2-fold higher than the 

steady-state intensity for 5, 2.5, 1.67 and 1 µM of HAP, respectively.  This initial stage or spike 

in polymerization was also seen for all HAP variants, particularly when studied at pH 6.5.  This 
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suggests to a two-step mechanism of HAP-induced actin polymerization, which is expanded 

upon in section 3.5. 

3.3 – Presence of a reversible myristoyl moiety impacts HAP polymerization capacities. 

The kinetics of HAP-induced filament formation suggests a two-step mechanism  (Fig. 

9A and B).  The dynamics and kinetics of these steps depend on the presence of the switching 

myristoyl moiety.  At pH 6.5, the initial spike F-actin concentration, time of spike and F-actin 

concentration at steady-state were examined in the presence of myristoylated and non-

myristoylated HAP.  Myristoylated HAP induced spike intensities of 6.21 µM F-actin at 5.7 min, 

and a steady-state concentration of F-actin of 5.37 µM.  Non-myristoylated HAP induced a spike 

intensity of 6.41 µM at 1.7 min with a steady-state concentration of 49 µM.  The duration of the 

spike was taken as the time that the F-actin concentration was over 6 µM.  For myristoylated and 

non-myristoylated wild-type HAP samples, the duration of the spike was 11.9 and 0.6 min, 

respectively.  These parameters were then used to analyze the impact of HAP substitutions on 

filament formation. 

3.4 – HAP induces unconventional actin filaments. 

Fluorescence spectroscopy suggested that HAP induces actin filaments.  This result was 

then confirmed through EM.  Fig. 8 shows steady-state conventional actin filaments formed by 

increasing the physiological ionic conditions and unconventional filaments formed in the 

presence of HAP at pH 6.5.  HAP-induced filaments retain a high level of structural rigidity and 

are more susceptible to fracture and breaking than flexible filament strands observed in 

conventional F-actin.  Conventional actin filaments were helical with a regular twist (Fig. 8A).   
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Figure 10.  Time-course EM reveals the structure of the intermediates in filament formation.  
Panels A through D show actin polymers induced by myristoylated HAP at 0.5, 1.5, 3 and 5 min.  
Initially a large aggregate is present, and as time progresses this aggregate rearranges into 
unconventional filaments.    
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Figure 13.  Time course electron microscopy reveals the structure of the transition state.  Panels A through D 
show actin polymers induced by myristoylated HAP at 0.5, 1.5, 3.0 and 5.0 minutes.  Initially a large 
aggregate is present and as time progresses this aggregate rearranges into non-conventional filaments.  It is 
supposed that HAP binds actin monomers rapidly and then rearranges these dense aggregates over time 
revealing a novel, two-step mechanism. 
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HAP-induced filaments also had helical twists (Fig. 8B), but with reduced pitch.  

Conventionally-induced filaments and networks possessed a high level of structural flexibility 

(Fig. 8C).  Conversely, HAP-induced filaments and networks were more rigid and susceptible to 

fracture (Fig. 8D).  This trend was observed with both myristoylated and non-myristoylated wild 

type HAP (Fig. 8E).  For the purpose of these assays, it is important to note that HAP induces 

and maintains actin filaments and bundles in an acidic system. 

3.5 – HAP induces actin filaments via a two-step process 

 To further investigate the 2-step polymerization process, time-course EM studies were 

carried out.  EM images were recorded at 0.5, 1.5, 3, 5 and 50 min following addition of 

myristoylated wild type HAP (Fig. 10 A-E).  At 0.5 min, little is seen apart from some sporadic 

aggregate masses (Fig. 10A).  As time progresses to 1.5 min, the aggregate masses appear to be 

multilayered (Fig. 10B).  At 3 min, filaments are being formed adjacent to these aggregates, (Fig. 

10C).  At 5 min, there is a decrease in the presence of aggregates and an increase in filaments 

(Fig. 10D).  At steady-state (50 min), induced actin filaments and bundled networks are seen 

(Fig. 10E), although they are unconventional with respect to their structure.   

These results support a model whereby HAP polymerizes actin via a multi-step 

mechanism, initially forming an aggregate mass that rearranges into unconventional filaments.  

Only wild type myristoylated HAP samples were subjected to time-course EM studies, because 

they display a slower rate of formation and decay of the initial spike/transition state compared to 

non-myristoylated samples.   

3.6 – HAP structural substitutions impact polymerization potentials 

 Engineered HAP derivatives were designed by Martin Smith and Dr. Elizabeth Meiering 

at the University of Waterloo to elucidate the impact of structural symmetry and protonation on 
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protein unfolding thermodynamics.  These variant proteins were then utilized to determine if 

structural manipulation affected the ability of HAP to induce actin filament formation.   

The H90G mutation is thought to play a critical role in proton uptake.  Analysis was 

conducted across the pH range 6-8 for myristoylated samples and 6-7 for non-myristoylated 

samples.  Data exhibited both pH and HAP concentration dependence that mirrored the trends 

seen in fluorescence assays using wild type protein.  Fig. 11B illustrates the impact of the 

myristoyl moiety of H90G HAP at pH 6.5 and a 1:1 HAP:G-actin molar ratio.  Results showed 

an initial spike of 3.60 µM at 5.2 min and a steady-state concentration of 3.55 µM F-actin for 

myristoylated samples, only 58% and 66% of wild type, respectively.  H90G samples devoid of 

the myristoyl moiety produced a faster and more dramatic initial spike of 4.41 µM F-actin at 1.7 

min and pH 6.5, 68% that of wild type HAP.  It is important to note that the concentration of the 

spike in polymerization in this instance was lower than the concentration achieved at steady-state 

which was 4.61 µM, 13% higher than the concentration of F-actin realized with non-

myristoylated wild type HAP.   

At pH 6, myristoylated H90G HAP produced a steady-state F-actin concentration of 3.78 

µM at a 1:1 molar ratio of HAP to actin.  The protein did not follow a linear concentration 

dependence with decreasing molar ratios observed in wild type samples.  Interestingly, non-

myristoylated samples reached a F-actin concentration of 6.66 ± 1.49 µM F-actin, which was 

much higher than wild type.  As the molar ratios of HAP to actin were decreased, this protein did 

follow a linear trend in concentration dependence.  Time-course EM revealed a second 

noteworthy observation while studying H90G.  Fig. 12 illustrates the formation of actin filaments 

via a multitude of shorter filament segments.  These segments were also observed arranging into 

network bundles via unconventional rigid filaments.   
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Figure 11.  The impact of HAP mutants on actin polymerization.  Data were collected using a 
pyrene-based filament formation assay at pH 6.5.  Wild-type HAP, H90G, LLL and QUAD 
mutants at a 1:1 molar ratio of HAP:actin are illustrated in panels A through D, respectively. 
Both myristoylated () and non-myristoylated samples () are illustrated.  Characteristics 
analyzed include the time and duration of the aggregate phase, and the steady-state concentration 
of induced F-actin. 
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Figure 10.  The presence of a reversible myristoyl-moiety impacts HAP polymerization dynamics.  
Data was collected using a pyrene-based filament formation assay at pH 6.5.  Wild-type HAP, 
H90G, LLL and QUAD mutants at a 1:1 molecular ratio of HAP:actin are illustrated in panels A 
through D, respectively.  Characteristics analyzed include formation of the aggregate phase and 
steady state concentration of F-actin induced.  Wild type myristoylated samples (closed circles) 
revealed a slower formation and decay of the aggregate state than non-myristoylated samples 
(open circles) revealing the potential hindrance in monomer binding and initial polymerization.  
H90G analysis revealed similar trends in polymerization mechanism although F-actin 
concentrations achieved were significantly retarded in myristoylated samples revealing that the 
histidine at position 90 plays a role in polymerization potential.  The LLL mutation breaks the 
myristoyl switching potential of HAP.  Steady state F-actin concentrations potentials are restored.  
Dramatic reductions are seen in the aggregate formation induced by non-myristoylated samples 
revealing that the integral myristoyl switching pathway also plays a role in filament formation 
dynamics.  Finally, the quadruple mutant that combines both H90G and LLL mutations.  
Myristoylated samples did not show a spike at the aggregate state, but rather stalled before 
continuing polymerization.  Non-myristoylated samples confirmed trends observed in previous HAP 
mutants revealing that even though protonation is retarded, mutations affecting myristoyl switching 
restore HAP potency at steady state. 
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Data was collected using a pyrene-based filament formation assay at pH 6.5.  Wild-type HAP, 
H90G, LLL and QUAD mutants at a 1:1 molecular ratio of HAP:actin are illustrated in panels A 
through D, respectively.  Characteristics analyzed include formation of the aggregate phase and 
steady state concentration of F-actin induced.  Wild type myristoylated samples (closed circles) 
revealed a slower formation and decay of the aggregate state than non-myristoylated samples 
(open circles) revealing the potential hindrance in monomer binding and initial polymerization.  
H90G analysis revealed similar trends in polymerization mechanism although F-actin 
concentrations achieved were significantly retarded in myristoylated samples revealing that the 
histidine at position 90 plays a role in polymerization potential.  The LLL mutation breaks the 
myristoyl switching potential of HAP.  Steady state F-actin concentrations potentials are restored.  
Dramatic reductions are seen in the aggregate formation induced by non-myristoylated samples 
revealing that the integral myristoyl switching pathway also plays a role in filament formation 
dynamics.  Finally, the quadruple mutant that combines both H90G and LLL mutations.  
Myristoylated samples did not show a spike at the aggregate state, but rather stalled before 
continuing polymerization.  Non-myristoylated samples confirmed trends observed in previous HAP 
mutants revealing that even though protonation is retarded, mutations affecting myristoyl switching 
restore HAP potency at steady state. 
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Figure 10.  The presence of a reversible myristoyl-moiety impacts HAP polymerization dynamics.  
Data was collected using a pyrene-based filament formation assay at pH 6.5.  Wild-type HAP, 
H90G, LLL and QUAD mutants at a 1:1 molecular ratio of HAP:actin are illustrated in panels A 
through D, respectively.  Characteristics analyzed include formation of the aggregate phase and 
steady state concentration of F-actin induced.  Wild type myristoylated samples (closed circles) 
revealed a slower formation and decay of the aggregate state than non-myristoylated samples 
(open circles) revealing the potential hindrance in monomer binding and initial polymerization.  
H90G analysis revealed similar trends in polymerization mechanism although F-actin 
concentrations achieved were significantly retarded in myristoylated samples revealing that the 
histidine at position 90 plays a role in polymerization potential.  The LLL mutation breaks the 
myristoyl switching potential of HAP.  Steady state F-actin concentrations potentials are restored.  
Dramatic reductions are seen in the aggregate formation induced by non-myristoylated samples 
revealing that the integral myristoyl switching pathway also plays a role in filament formation 
dynamics.  Finally, the quadruple mutant that combines both H90G and LLL mutations.  
Myristoylated samples did not show a spike at the aggregate state, but rather stalled before 
continuing polymerization.  Non-myristoylated samples confirmed trends observed in previous HAP 
mutants revealing that even though protonation is retarded, mutations affecting myristoyl switching 
restore HAP potency at steady state. 
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 The F6L/I85L/I93L (LLL) replacement was engineered to introduce symmetry within the 

interior of the β-barrel of HAP, disrupting myristoyl switching.  Fig. 11C (pH 6) shows an initial 

spike in myristoylated samples of 4.7 µM at 1.7 min that persisted for 1.8 min leading to a 

steady-state concentration of 5.5 µM.  These results are 75% and 103% of the spike and steady-

state concentrations of wild type HAP, respectively.  Uniquely, non-myristoylated LLL samples 

did not show any spike in initial actin polymerization.  The concentration of F-actin did, 

however, increase rapidly up to a time 1.2 min reaching a concentration of 2.45 µM.  At later 

times, polymerization proceeded more slowly, revealing that, while no spike was achieved, the 

reaction still remained biphasic.  It’s important to note that data were collected initially at 0 s and 

then at increments of 0.6 s, so there is a possibility that the spike in polymerization was present, 

however the equipment was unable to capture it.  Steady-state F-actin was 4.6 µM, 12% above 

the concentration achieved by non-myristoylated wild type samples.  At pH 6 non-myristoylated 

LLL samples induced actin filaments to a steady-state of 1.4 ± 0.33 µM at a 1:1 molar ratio of 

HAP:actin.  Under the same conditions myristoylated samples produced 8.12 ± 0.24 µM F-actin.   

 The final sample variant analyzed combined both H90G and LLL replacements and was 

referred to as the quadruple mutant, (QUAD).  Comparative results are displayed in panel D of 

Fig. 11.  Myristoylated samples again did not show an initial spike above intensity achieved at 

steady-state but rather a slowing rate of polymerization at 3.1 µM F-actin, for 1.7 min.  The 

concentration of F-actin produced at steady-state was 4.9 µM, 92% that of wild type.  Non-

myristoylated QUAD samples showed rapid polymerization spiking at 1.2 min at a concentration 

of 5.10 µM filamentous actin.  Compared to wild type, the QUAD mutant spike reached an F-

actin level of 80%.  Steady-state F-actin concentrations however, were 147% of wild type at 5.44   
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Figure 12:  Presence of an intermediate state was confirmed in H90G mutant HAP by time-
course EM.  Analysis revealed the reorganization into actin filaments from a large volume of 
short filament segments rather than an aggregate intermediate (A-D).   
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Figure 14.  Presence of a transition state was confirmed in H90G mutant HAP.  Snapshots of HAP-induced 
actin filaments were again realized, this time with the H90G mutant protein.  Analysis revealed the 
reorganization into actin filaments not from an aggregate mass transition state, but rather a large volume of 
short filament segments (A-D).  These small sub-filaments can be utilized to provide tensile strength to the 
cell at low pH levels, protecting the cellular cytoskeleton.  These results provide further insight into the 
HAP-induced filament mechanism. 
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µM revealing a difference between non-myristoylated wild type and the QUAD mutant.  In line 

with all other mutants, initial polymerization spikes did not exceed the F-actin concentration 

achieved at steady-state.  Spike time and intensities are illustrated in Table 1. 

3.7 – HAP mutants maintain pH and concentration dependence. 

 HAP mutants followed the same trend of pH- and HAP concentration-dependence as in 

wild-type protein (Fig. 13 and 14).   The pH effect is seen for each sample, except the QUAD 

mutant, since it was only analyzed at pH 6.5.  Myristoylated and non-myristoylated wild type 

samples show a significant reduction in steady-state polymer concentration above pH 7 (Fig. 

13A).  This effect is mirrored in the myristoylated H90G sample; however, the decrease is not as 

large in the non-myristoylated cases, where a linear decrease at a 1:1 molar ratio HAP:actin is 

shown from 6.6 µM to 4.6 µM and finally 3.74 µM F-actin, at pH 6, 6.5 and 7, respectively (Fig. 

13B).  The results of the LLL studies agreed with those of other myristoylated samples, revealing 

a dramatic decrease in steady-state F-actin concentration above pH 7.  Interestingly, of the two-

pH environments studied, there was a significant increase in the non-myristoylated LLL sample 

from pH 6 to 6.5 (Fig. 13C). 

Fig. 14 A and B illustrate the effect of HAP:actin molar ratios across all variants at pH 6 

and 6.5, respectively.  HAP concentration dependence is observed for all samples with the 

highest concentration of F-actin being formed at the 1:1 HAP:G-actin ratio.  At pH 7, however, 

concentration dependence is less apparent, with clear correlations only seen in the H90G samples 

(Fig. 14C).  At pH 8, there was no concentration dependence observed in mutant samples, with 

minimal actin filaments formed.  Wild-type followed a dependence with 1:1, 1:2, 1:3 and 1:5 
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Table 1:  Time of fluorescence spikes and spike intensities for all species at pH 6.5.  Spikes are 
defined as the maximum F-actin concentration in the first 15 min of fluorescence-based pyrene 
filament formation assays.  Steady-state concentrations are defined as the average of the last 20 
data points. 

 

    
Myristoylated 

    
Species 

Spike 
t 

Spike t vs. 
WT [Spike] % WT 

[Steady-
state] 

s.d. 
(+/-) 

% 
WT n 

WT  8 0 6.31 100 5.35 1.32 100 16 
H90G  5.7 -2.3 3.65 57.84 3.55 1.22 66.35 14 
LLL 2.3 -5.7 4.83 76.54 5.52 0.63 103.18 6 

QUAD 2.3 -5.7 3.05 48.33 4.94 0.61 92.33 3 

         

    

Non-
myristoylated 

    
Species 

Spike 
t 

Spike t vs. 
WT [Spike] % WT 

[Steady-
state] 

s.d. 
(+/-) 

% 
WT n 

WT  1.7 0 6.49 100 4.09 1.49 100 16 
H90G  1.7 0 4.44 68.41 4.59 0.31 112.22 14 
LLL 1.2 -0.5 2.54 39.13 4.57 0.43 111.73 6 

QUAD 1.2 -0.5 5.2 80.12 5.44 0.57 133 3 
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molar ratios of HAP:actin producing 0.4, 0.16, 0.16 and 0.1 µM steady-state F-actin, 

respectively.  The highest concentration achieved by myristoylated H90G was 0.16 µM F-actin 

at pH 6.5 (Fig. 14D). 
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Figure 13. The pH dependence of HAP protein-induced actin filament formation.  Myristoylated and non-myristoylated samples of 
1:1 HAP: G-actin wild type, H90G and LLL were studied in pyrene-fluorescence experiments and the data are displayed in A through 
C, respectively.  Steady state F-actin concentration is plotted against pH to display the effect of pH on HAP potency.  Myristoylated 
and non-myristoylated are shown in blue and red, respectively. 
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Figure 14.  Steady state levels of F-actin produced at varying molar ratios of HAP proteins at differing pH. 1:1, 1:2, 1:3 and 1:5 ratios 
are represented by bars of blue, red, green and purple, respectively. Myristoylated and non-myristoylated samples are designated 
mHAP and nmHAP, respectively.  Included are error bars that represent standard deviation.  This figure summarizes data collected 
using a pyrene-based filament formation assay.  Data collected at various pH values are shown; 6.0 (A), 6.5 (B), 7.0 (C) and 8.0 (D).  
Cumulative data were obtained from n≥ 3.  Values are found in Appendix 1. 
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4.1 – The use of pyrene fluorescence to monitor HAP-induced actin filament formation has 

been substantiated. 

 In 1989, Scheel et al. explored a functional relationship between HAP and actin.  They 

discovered that HAP binds F-actin in a pH-dependent manner and, utilizing a high-shear 

viscosity assay, showed that HAP induces actin polymerization (18).  To address my specific 

goal of characterizing this HAP-induced polymerization and elucidating the impact of regulatory 

mechanisms on function, I employed a number of techniques that provided increased sensitivity. 

Pyrene-actin fluorescence spectroscopy is a sensitive and widely used assay for studying 

the dynamics of actin polymerization (58).  This technique is preferred to other assays such as 

viscosity and flow birefringence because fluorescence does not subject the sample to shear, 

which breaks the filaments. I hypothesized that pyrene fluorescence would be useful to 

determine the effect of different molar ratios of HAP:actin, pH, myristoylation and HAP 

mutants.  Before the assay was utilized, it was validated in a reaction system consisting of 

increasing concentrations of HAP and actin up to a 1:1 molar ratio at a 5 µM concentration.  This 

is the first time that pyrene fluorescence has been used to study HAP-induced polymerization, to 

our knowledge.  

Wild type myristoylated HAP gave a significant response to shifts in pH.  While pH 6 

and 6.5 produced steady-state F-actin concentrations of about 5 µM, at pH 7 and 8 very little F-

actin was observed.  The same pattern was seen for non-myristoylated wild type HAP.  Since the 

pKa value for histidine is approximately 6.5, it is likely that regulation of HAP function occurs 

through one or more of its His residues (22, 23). 

The steady-state pyrene fluorescence was maximal at 1:1 HAP:G-actin molar ratio under 

the conditions used in the thesis, suggesting that myristoylated and non-myristoylated HAP 
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bound and induced nearly all G-actin to form filaments at pH 6 and 6.5.  The observation of F-

actin concentrations above 5 µM in myristoylated HAP samples might be attributed to error in 

the normalization against F-actin controls.  Alternatively, it is possible that F-actin 

concentrations above 5 µM are a function of the way pyrene-actin interacts with myristoylated 

HAP (as distinct from non-myristoylated HAP) at pH conditions in which these two variants are 

structurally different.  Perhaps the hydrophobic myristoyl group interacts with the pyrene moiety 

on actin, resulting in an increase in pyrene fluorescence not seen in non-myristoylated samples. 

Above pH 6.5, the ability of HAP to induce actin polymerization decreased dramatically, 

reflecting the physiological role of HAP as a pH sensor, and the regulatory role of His residues in 

its structure.  This regulation of HAP function as a response to pH allows Dicty cells to adapt to a 

decrease in cellular pH, linking chemical signals to responses in the cellular cytoskeleton (31). 

Scheel et al. used 12 µM G-actin mixed with 1.9 µM HAP in their viscosity 

measurements.  Actin clearly polymerized after an initial lag phase of six minutes at pH 6 and 

6.5; however, polymerization was slow and incomplete at pH 7 (18).  My data was collected 

using increasing molar ratios of HAP:actin and confirmed the pH dependence achieved in the 

viscosity assay with pyrene fluorescence with.  I also made a novel observation: an initial spike 

in fluorescence after relatively no lag phase.  These spikes in fluorescence are thought to 

represent formation of an intermediate aggregate phase in filament formation.  This phase was 

dependent upon myristoylation.  Since the exposure of the myristoyl moiety is dependent on 

protonation of histidine residues, I used this aggregate phase as a feature to discern the impact of 

HAP mutant proteins on actin polymerization. 

Light scattering measurements at pH 6.5 of HAP-induced actin filaments validated 

pyrene fluorescence as a means to measure HAP activity.  The same pattern with an initial spike 
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was seen; however, the ratio of spike:steady-state intensities was 2- to 3-fold higher.  Pyrene 

fluorescence data revealed ratios for spike:steady-state of 1.2 and 1.6 for myristoylated and non-

myristoylated wild type HAP, respectively.  Light scattering ratios of spike:steady-state of 3.31 

and 3.69 were measured for the same samples.  These results imply that light scattering is a 

valuable technique for elucidating the formation of the aggregate state of HAP-induced 

filaments.  It does not provide sufficient sensitivity to study steady-state filaments, but it is 

clearly more sensitive when studying the aggregate phase of polymerization.  It is important to 

note that light scattering experiments were only run with single samples at pH 6.5.  Perhaps the 

lack of sensitivity achieved at steady-state can be optimized for future studies through 

manipulating reaction conditions and replicates. 

 The steady-state concentration of actin filaments formed was dependent upon the molar 

ratio of HAP:actin in the reaction system.  HAP is a structural facilitator of actin filaments; 

binding is necessary for polymerization.  Once HAP is used up, the transition from G to F-actin 

is no longer possible, as seen in lower steady-state F-actin concentrations when the HAP:G-actin 

ratio is low.  HAP is intrinsically able to induce for filament formation, as distinct from 

conventional filaments formed by increasing the ionic strength in the system.  These 

observations support the model that HAP-induced actin filaments are unconventional, and I 

propose they are formed through a unique mechanism. 

4.2 – Presence of the myristoyl moiety affects the kinetics of HAP induced filament 

formation 

The HAP myristoyl modification serves the cell by anchoring the actin cytoskeletal 

network to the plasma membrane in a pH-dependent manner.  As well as mediating actin-plasma 

membrane anchoring, I have confirmed that HAP also binds actin monomers and induces 
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filaments.  To explain the effect of myristoylation on HAP, I propose that HAP-induced actin 

filament formation follows a two-step mechanism in which HAP rapidly binds actin monomers 

and then rearranges HAP-actin dimers into filaments.  The stages of this model can be described 

using the following variables: initial spike F-actin concentration, time the spike was observed, 

and F-actin concentration at steady-state.  Analysis revealed spike intensities of 6.2 µM F-actin 

at 5.7 minutes, and a steady-state concentration of F-actin of 5.4 µM for wild type samples where 

the myristoyl moiety was present at pH 6.5.  Alternatively, non-myristoylated wild type sample 

data at pH 6.5 disclosed an initial spike intensity of 6.4 µM; much faster at 1.7 minutes with a 

lower steady-state F-actin concentration of 4.1 µM.  The duration of the spike state also uncovers 

pertinent differences.  While myristoylated samples show a slower rate of spike formation and 

decay, non-myristoylated sample spikes occurred much more rapidly.  The time when an F-actin 

concentration of > 6 µM was observed was 11.9 and 0.6 minutes for myristoylated and non-

myristoylated samples, respectively. 

 The presence of the myristoyl group does not impede polymerization, nor does it limit the 

formation of the aggregate state.  Both myristoylated and non-myristoylated samples reached 

steady-state intensities of approximately 5 µM F-actin, (within standard error).  The initial spikes 

in fluorescence reveal insight into the kinetics of HAP-induced polymerization.  My working 

model proposes that HAP binds actin monomers first, and then the HAP-actin dimers form an 

aggregate prior to arranging into filaments (Fig. 15). Myristoylation does, however, impact the 

kinetics of the two-step model.  Initially, both samples showed the same fluorescence increase up 

to about 4 µM, but thereafter the systems diverge.  Myristoylated HAP showed a decreased rate 

of formation and decay of the aggregate state.  It has been shown that myristoylation acts as a 

protein regulator, slowing down functional formation of the aggregate state.  I propose that when 
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the myristoyl moiety is exposed, it affects the dynamics of dimer and aggregate formation.  

However, as the previous work suggests, it is protonation that regulates myristoyl switching, so I 

studied actin polymerization induced by the HAP mutants, H90G and LLL. 

 The histidine at position 90 of HAP is suspected to play a role in pH-dependence and was 

replaced with a glycine residue.  My data showed pH and concentration dependence of H90G 

HAP that mirrored the trends of the wild type.  However, at pH 6.5, the 1:1 H90G myristoylated 

HAP:actin molar ratio spike and steady-state concentrations were 58% and 66% of wild type, 

respectively.  Like wild type HAP, non-myristoylated H90G samples at pH 6.5 produced earlier 

and more dramatic initial spikes at 1:1 molar ratios; the spike concentrations for this sample were 

68% of wild type results.  The concentration of the polymerization spike in this instance was 

lower than the concentration achieved at steady-state for non-myristoylated H90G HAP, which 

was 4.6 µM, 13% higher than the concentration of F-actin reached in non-myristoylated wild 

type. 

Replacing the histidine residue at position 90 has an impact on HAP filament formation.  

There is a dramatic decrease in steady-state concentration of F-actin produced in myristoylated 

samples, while for non-myristoylated HAP, this remains relatively unchanged at pH 6.5 

compared to wild type.  At pH 6, however, non-myristoylated H90G HAP samples produced 

steady-state F-actin concentrations of 6.7 ± 1.5 µM at a 1:1 molar ratio with actin.  These results 

imply that the conformation of the myristoyl chain is linked to shifts in proton uptake, and HAP- 

actin binding is more rapid when the chain is sequestered in the hydrophobic protein core.  Lack 

of full protonation in myristoylated samples impacts steady-state F-actin concentrations.  When 

the myristoyl group is absent, mimicking the sequestered conformation, the ideal condition for 



	   60 

 
 

A 

B 

C 

D 

E 

0 

50 

100 

150 

200 

250 

300 

0 10 20 30 40 50 

Fl
uo

re
sc

en
ce

 (a
.u

.) 

Time (min.) 

1:1 WT nmHAP pH 6.5 

A 

B 

C 

D 

Figure 15:  Proposed HAP-actin filament 
formation model.  Above pH 7, both actin (blue) 
and HAP (red) monomers are free in solution A.  
Once the pH drops below 6.5, HAP-actin dimers 
assemble and then associate into larger 
aggregates, B and C. These aggregates then 
reorient into structurally rigid F-actin D. Pyrene 
tags (orange arrows) on actin monomers explain 
the spikes observed in polymerization assays E. 
In solution, pyrene tags are exposed and produce 
a low fluorescence signal A. Upon binding HAP, 
tags become buried and the signal increases and 
stays high during aggregate formation, B and C. 
As the aggregates reassemble into filaments, 
pyrene tags become more exposed as the protein 
structure becomes less dense D. 
!



	   61 

actin-binding and polymer induction is affected, with optimal functioning at pH 6. 

The most dramatic impact of the H90G substitution is on the formation of the aggregate 

state.  Spikes in fluorescence are significantly dampened when contrasted with wild type.  These 

results illustrate that the histidine residues on the α-helix turn of HAP play an integral role in 

actin binding and aggregate formation as a function of protonation.  Fully protonated HAP is 

more proficient at binding and forming HAP-actin dimers through electrostatic interactions.  

H90G is missing a critical histidine, leading to a lower overall charge.  This, in turn, retards 

formation of the dimer and subsequent HAP-actin aggregates and filaments, as seen through 

fluorescence analysis.  Spike time results mirrored those of wild type, again revealing a shorter 

time for formation and decay of the aggregate state for non-myristoylated relative to non-

myristoylated samples, solidifying the idea that the presence of the myristoyl moiety retards actin 

binding and aggregate formation.  These results suggest that the regulatory mechanisms of 

myristoyl switching and protonation are linked.  To explore this idea further, a HAP mutant 

(LLL) in which the myristoyl function has been altered was employed. 

 At steady-state, the concentration of filaments formed by LLL-HAP was similar to that of 

wild type, suggesting that sequestering the myristoyl group does not negatively impact HAP-

induced filament formation.  However, the substitution dramatically affected the aggregate 

formation phase of polymerization.  Even when there is no myristoyl group, substitutions 

affecting switching play a role in dynamics.  Myristoylated LLL-HAP still forms an aggregate 

intermediate state; however, it displays a pattern typically seen for non-myristoylated samples.  

This is as expected, due to the myristoyl chain’s inability to switch and become accessible, even 

at pH conditions that would normally cause it to be exposed.  Furthermore, the myristoyl group 

is responsible for the kinetics of formation of the aggregate state, particularly during the initial 
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binding of actin monomers.  The pKa of ionizable groups involved in forming the sequestered 

state is ~6-6.5, and it more readily binds protons.  Protonation and myristoyl conformation are 

related.  The inability of the myristoyl moiety to switch impacts proton uptake and thus the 

myristoylated LLL HAP mutant functions similarly to the non-myristoylated wild type. 

 The final mutant HAP protein constructed included a combination of both H90G and 

LLL, and was termed QUAD HAP.  I hypothesized that the substitutions would increase 

symmetry in the interior of the β-barrel (LLL), while reducing protonation (H90G).  Results 

should prove similar to those of LLL, with reduced potency due to the inability of HAP to 

become fully protonated.  If this were true, it would suggest that protonation and myristoylation 

act as independent protein regulators. 

 Steady-state F-actin concentrations were similar in myristoylated and non-myristoylated 

QUAD HAP when compared with wild type HAP.  This observation illustrates that, while 

protonation is diminished, substitutions increasing symmetry within the β-barrel restore actin 

polymerization potency.  Again, reduced presence of the aggregate state in myristoylated 

samples reveals that the locked-in myristoyl chain still has an impact on polymerization, and the 

absence of the chain altogether increases the initial binding rate of actin monomers.  The QUAD 

mutation also delays the lag phase, which could be the result of decreased protonation.  The data 

confirm the model that full protonation on the surface of HAP is not required for the formation 

of filaments; it is however, required for aggregate formation.  Furthermore, the QUAD-HAP data 

reveal that myristoyl switching and protonation are not independent events; pH is the master 

signal that controls myristoyl switching and actin binding, impacting the two processes 

simultaneously. 
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4.3 – HAP induces actin filament formation through an aggregate intermediate 

 HAP induces the formation of unconventional actin filaments through a two-step process.  

This structural rearrangement was first observed via fluorescence spectroscopy and light 

scattering, and was further explored through EM, to explore the mechanism characteristics of 

HAP-induced actin polymerization and determine the effect of HAP mutants. 

 Conventional actin filaments are helical with regular twists, while HAP-induced 

filaments exhibit reduced twist frequency.  Conventional actin filaments and networks are 

flexible, while filaments and networks formed through HAP induction are more rigid and 

susceptible to fracture, with both myristoylated and non-myristoylated wild type HAP.  Small 

cross-linking molecules act as structural connectors between filaments, creating a network.  This 

leaves the filaments more rigid, and affects the filament twisting.  My data confirm previous 

structural studies that examined the macroscopic properties of actin filament networks as a 

function of cross-linkers (33).  The unconventional nature of HAP-induced filaments when 

compared with those induced by raising the ionic strength has a number of consequences within 

the cell.  Most notably, HAP allows cells to maintain cytoskeletal function at low pH levels in 

which it would normally be compromised. 

HAP binds to actin, and induces the formation of actin filaments, and inserts into the PM 

below pH 7 (23). The cytoskeleton may transmit cellular signals by using assembly regulation, 

conformational changes and electrostatic and rheological switches as possible regulatory 

mechanisms (23).  In my studies, it is evident that the HAP charge regulates myristoyl-switching 

and as a result, determines actin binding, filament induction and organization of the cytoskeleton.  

It is the impact of osmolarity and internal acidification that ultimately regulates these processes. 
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My results support the idea that HAP plays an essential role in osmoprotection.  Work by 

Pintsch (11) showed a reduction in cytosolic HAP under hypertonic conditions compared to 

controls, suggesting that HAP is translocated from the cytosol to the cytoskeleton under 

hypertonic conditions.  HAP was also involved in the unique mechanism seen employed by 

Dicty cells, which rearrange their cellular cortex in response to osmotic stress which is mediated 

through changes in cytosolic pH (acidification) (11).   

 Time-course EM studies conducted with myristoylated wild type HAP supported my 

model of HAP induction of actin filaments (Fig. 10).  Initially, a large aggregate mass is present, 

which rearranges into filaments and networks over time.  It is supposed that HAP binds actin 

monomers and quickly assembles to form HAP-actin dimers.  The rearrangement of these dimers 

into large aggregates is dependent upon myristoylation.  Myristoylation does not impede dimer 

and aggregate formation, but rather impacts the kinetics of formation of this intermediate, as 

observed by fluorescence, light scattering and EM analyses. 

Time-course EM of H90G myristoylated HAP provides further insight into the impact of 

protonation on the aggregate phase of filament formation.  As seen in Fig. 12, filament formation 

arises from many shorter, ‘mini-filaments,’ suggesting that the aggregate dissociates into small 

filaments that assemble with other small molecular scaffolds to create longer filaments, resulting 

in the formation of filament networks.  These mini-filaments are not seen in wild type HAP 

samples, which suggests a correlation between complete protonation and the formation of actin 

networks.  It can be postulated that full-length HAP-actin filaments must be formed first, prior to 

the assembly of cabled networks.  The formation of the filaments via aggregation is facilitated by 

full protonation of the protein. H90G HAP-actin filaments are more fragile and are induced 

through formation of smaller mini-filaments as distinct from aggregates observed in wild-type.  
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It is proposed that the kinetics of aggregate formation are impeded due to reduced charge on the 

protein surface impacting formation of initial HAP-actin dimers.  
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5.1 – Conclusions 

I have shown that a fluorescence-based pyrene actin polymerization assay is a valid tool 

for analyzing the HAP-actin functional relationship.  The pH-dependence of HAP and the 

HAP:actin molar ratio dependence on the concentration of resulting F-actin were confirmed.  

The data suggest a two-phase model for HAP-induced actin polymerization. 

 It has been observed that experimental manipulation of pH dramatically impacts HAP 

function.  It has also been reported that the presence of the myristoyl moiety plays a significant 

role in HAP-induced actin polymerization. It is known that myristoylation and protonation of 

HAP are linked at the structural level.  One affects the other – as pH drops below 6.5, the 

myristoyl moiety becomes accessible, allowing HAP to link the cytoskeleton to the plasma 

membrane.  Above pH 6.5, the myristoyl group is buried in the hydrophobic core, and the rate of 

formation and decay of the aggregated state of actin induced by HAP is slower than when it is 

exposed.  It appears that the myristoyl chain mainly influences the way filaments are formed by 

impacting actin binding and the kinetics of the spike/aggregate phase of the polymerization 

reaction.  The concentration of steady-state actin filaments, however, is less dependent on the 

presence and exposure of the myristoyl group. 

Protonation and myristoylation are dynamic HAP regulators.  The pH of the system is the 

only limiting factor in whether or not filaments are induced by HAP.  In that sense, the 

modifications are not integrated.  However protonation and myristoylation are connected and 

integrated within the protein system with respect to the mechanism of filament formation – they 

work as a cascade in a single protein mechanism.  Protonation of histidine residues acts as the 

master signal, which subsequently directs myristoyl switching.  As such, the myristoyl group 

affects the binding of actin monomers and resulting formation of HAP-actin dimers, which then 
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assemble to form protein aggregates.  In conclusion, the two protein regulators are not linked in 

their capacity to perform HAP function, however they operate in tandem and are integrated 

within to regulate the mechanism and kinetics of filament formation. 

 Since it is regulated by myristoylation and protonation, HAP acts as a proton sponge that 

buffers changes in intracellular pH, thus influencing the physical properties of the cytoskeleton 

and stabilizing the cell membrane while acting as a pH-sensor.  Below physiological pH, HAP is 

activated, allowing cells to function amid acidification of the internal environment.  The 

abundance of histidine residues is vital to allow HAP to operate under acidic conditions.  

Specific residues are crucial in function as seen in the diminished capacity of the H90G mutation 

HAP. 

5.2 – Future directions 

 Conducting EM time-course analysis of all HAP mutants across a wider pH range would 

provide deeper insight into the impact of HAP structure on actin polymerization.  I would expect 

to observe variations, particularly in the aggregated state, because this is the point in the process 

most affected by structural substitutions in HAP.  Furthermore, I would expect to see a decrease 

in the concentration of filaments as the pH is increased to 7 or 8 where actin binding is lessened.  

Potential pitfalls of this work involve the sensitivity of EM data collection and the potential 

breakdown of F-actin filaments when attaching samples to the slide grid with uranyl acetate.  To 

address these concerns, other negative-staining agents could be employed, such as sodium 

silicotungstate or ammonium molybdate. 

Structural studies of a HAP-actin complex would also further advance our understanding 

of the polymerization process.  Utilizing a short polymerization-deficient (via ADP-ribosylation) 

F-actin scaffold/actin-trimer developed in the Dawson lab (64), co-crystallization studies would 
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reveal structural details of the HAP-actin complex.  The stability of such a HAP-actin complex 

will have to be validated before attempting crystallization since there is a concern that these 

samples will degrade during shipping.  As a preventative measure, samples of each batch could 

be thawed and tested on a weekly basis to establish a lifetime timeline.  Tests will include native 

PAGE gel electrophoresis to ensure that the HAP-trimer complex is still bound and incubation 

under high salt conditions to ensure ADP-ribosylation of the polymerization-deficient trimer 

scaffold is still intact.  

Since the rate of polymerization to aggregate of HAP is rapid and fluorescence 

measurements were taken at 10 s intervals, stopped-flow fluorimetry would be a useful technique 

to employ to capture the kinetics of rapid initial HAP-actin binding and aggregate formation.  

Given that the reaction system has been set-up previously with pyrene-labeled G-actin and HAP 

for fluorescence experiments, stopped-flow experiments would be fast and relatively easy to 

undertake.   

Single particle analysis (SPA) and cryo-EM are modern techniques in the field of 

structural biology.  Very recently, two significant investigations into the multiplicity of F-actin 

states have been carried out using these techniques (65, 66).  Future work could utilize the F-

actin trimer scaffold to elucidate the effect of HAP binding on actin at a molecular level.  Images 

of trimer alone and the trimer-HAP complex might reveal the molecular shifts within the 

polymer. 

 The primary concern when attempting SPA is structural homogeneity.  Previous 

researchers split the filament into sections or ‘particles’ of approximately 17 subunits and then 

used these to reveal heterogeneity within actin filaments.  By utilizing a trimer of only three actin 

subunits, heterogeneity is significantly reduced and higher resolution images might be achieved.  
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A second obstacle in cryo-EM is the high noise levels in the images.  To address this and aid in 

particle picking, alignment and classification, negative stain EM would have to be done first.  

 Finally, mathematical analysis of polymerization curves would be of great value.  

Defining a model with an equation for the formation and degradation of the aggregate 

intermediate would allow researchers to more accurately explain the functional phenomenon of 

HAP-induced actin polymerization.  The data implied that the model would be constructed of 

two separate steps: one for the appearance and conversion of the aggregate intermediate and 

another for formation of steady-state F-actin.  Variables to be analyzed would include; time of 

spike, spike and steady-state F-actin concentrations as functions of pH and myristoylation.  By 

employing these state-of-the-art techniques, novel insight into the structural dynamics of HAP-

induced actin filaments may be provided.  
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Appendix Table 1: Steady-state actin filament concentrations as induced by HAP variants.  
Column 1 represents each HAP variant (m = myristoylated and nm = non-myristoylated) and the 
corresponding row indicates the steady-state F-actin concentrations achieved at each 
concentration of HAP in solution, starting with 5 µM G-actin.  The standard deviation for each 
sample is recorded in columns labeled sd 5.0 µM, sd 2.5 µM, sd 1.67 µM and sd 1.0 µM.  The 
pH of each reaction is indicated by the shade of the cell with the darkest grey representing pH 
6.0 and the lightest representing pH 8.0.  The number of fluorescence runs is indicated (n) in the 
far right column.  Data were collected using pyrene-based filament formation assays and 
analyzed in Microsoft Excel and GraphPad Prism. 

Sample 5.0!M sd 5 !M 2.5 !M sd 2.5 !M 1.67!M sd 1.67 !M 1 !M sd 1 !M pH n 
WT m 5.51 0.87 2.68 0.82 1.98 0.66 1.15 0.44 pH 6.0 6 

WT nm 4.41 0.78 2.48 0.39 1.71 0.45 2.49 1.37 6 
WT m 5.35 1.32 3.43 1.15 2.38 1.08 1.68 1.11 pH 6.5 16 

WT nm 4.09 1.49 3.41 1.57 3.21 1.84 2.66 1.54 16 
WT m 0.59 0.45 0.32 0.17 0.26 0.19 0.75 0.38 pH 7 6 

WT nm 0.97 0.13 0.47 0.02 0.16 0.03 0.40 0.02 3 
WT m 0.37 0.27 0.16 0.07 0.16 0.08 0.13 0.07 pH 8 3 

H90G m 3.78 0.63 1.22 0.23 0.95 0.19 0.75 0.38 pH 6.0 6 
H90G nm 6.6 1.49 3.67 0.44 2.67 0.41 2.20 0.29 6 
H90G m 3.55 1.23 2.29 1.38 1.73 0.93 1.29 0.87 pH 6.5 14 

H90G nm 4.59 0.31 3.44 0.61 3.18 0.92 2.32 0.94 14 
H90G m 0.72 0.49 0.46 0.29 0.38 0.31 0.51 0.68 pH 7 5 

H90G nm 3.74 0.58 0.74 0.65 0.35 0.04 0.05 0.01 3 
H90G m 0.08 0.02 0.15 3.0x10-3 0.09 0.02 0.14 0.04 pH 8 3 
LLL m 8.19 0.24 1.96 1.14 2.13 0.85 1.32 0.45 pH 6.0 3 

LLL nm 1.42 0.33 0.93 0.11 1.02 0.26 0.72 0.27 3 
LLL m 5.52 0.64 4.35 0.33 3.79 0.63 2.53 0.81 pH 6.5 6 

LLL nm 4.57 0.43 3.04 0.34 2.36 0.66 1.59 0.76 6 
LLL m 0.58 0.13 0.06 0.04 0.41 0.05 0.62 0.46 pH 7 3 
LLL m 0.06 5.79x10-6 0.07 0.005 0.07 1.0x10-3 0.01 0.05 pH 8 3 

QUAD m 4.94 0.61 3.94 0.62 3.60 0.70 1.8 0.16 pH 6.5 3 
QUAD nm 5.44 0.57 5.69 0.71 5.09 0.33 4.57 1.09 3 

Appendix Figure 1: Steady state actin filament concentrations as induced by HAP variants. Column 1 
represents each HAP variant (m-myristoylated and nm-non-myristoylated) and the corresponding row
reveals the steady state F-actin concentrations achieved at each concentration of HAP in solution with 5 
!M G-actin. As well as F-actin concentrations reached, the standard deviation for each sample is recorded 
in columns labeled sd 5.0 !M, sd 2.5 !M, sd 1.67 !M and sd 1.0 !M. The pH of each reaction is indicated 
by the shade of the cell with the darkest grey representing pH 6.0 and the lightest representing pH 8.0. The
number of fluorescence runs are shown by the sample size analyzed (n) in the most right column. Data
was accrued using pyrene-based filament formation assays and analyzed in Microsoft Excel and GraphPad
Prism. 
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