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STRUCTURAL MODELING OF REGULATION IN
a-ACTININ/F-ACTIN INTERACTIONS

Timothy Nino S. Travers, Ph.D.

University of Pittsburgh, 2014

The a-actinins (ACTNs) are a highly conserved family of actin-crosslinking proteins that are
critical to various fundamental biological processes in eukaryotes, ranging from cell motility and
surface remodeling to muscle contraction. Binding of ACTNs to actin filaments is regulated by
several mechanisms: epidermal growth factor (EGF)-induced tyrosine phosphorylation, binding
of calcium, limited proteolysis by calpain enzymes, and binding of phosphoinositide moieties.
The molecular mechanisms by which these external cues drive the regulation of ACTN function
are still not understood, however, largely because there is currently no high-resolution
experimental structure that brings together the multiple domains that comprise ACTNs. An
understanding of these molecular mechanisms should provide us with insights into how the cell
is able to modulate actin cytoskeletal remodeling and give rise to complex cellular phenomena.
In this thesis, we investigate how these external cues regulate the actin-binding function
of human ACTN4, a non-muscle isoform that is essential to cell motility and has been implicated
in cancer invasion and metastasis. First, we develop and validate an atomic model of the multi-
domain assembly that makes up the full ACTN4 homodimer, with a novel ternary complex
between CH2, neck, and CaM2 comprising the core of this assembly. Next, we show that a novel
tandem phosphorylation mechanism in the disordered N-terminal region of ACTN4, where
phosphorylation of the functional Y31 requires prior phosphorylation at Y4, is responsible for

the regulation of ACTN4 function in the presence of EGF. This tandem mechanism can work in
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conjunction with m-calpain cleavage of the N-terminal to generate varied actin-binding
responses at the front and rear ends of the cell during motility. Using our full structural model,
we also show that: (i) Y265 phosphorylation eases ABD opening: (ii) binding of calcium may
break the CaM2/neck complex; (iii) CaM2 protects the neck region from m-calpain cleavage;
and (iv) binding of phosphoinositides to CH2 allows ACTN4 to crosslink actin filaments at the
inner membrane. Finally, we bring together these structural insights to develop a preliminary
network-level model that can serve as a computational tool for predicting the actin-binding

response of ACTN4 in the presence of multiple external cues.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

One of the most abundant proteins found in eukaryotic cells is actin, which is able to form
polymers comprising long and stable filamentous structures called microfilaments [1]. These
microfilaments make up one of the three main kinds of cellular cytoskeleton (along with
microtubules and intermediate filaments), and so it comes as no surprise that actin is essential for
a variety of fundamental biological processes in eukaryotes, from cell motility and surface
remodeling to muscle contraction [2, 3]. These processes require crosslinking and/or bundling of
actin filaments [4], as well as their linking to other proteins, through interactions with various
actin-binding proteins. At focal adhesions, for instance, actin-binding proteins such as talin,
vinculin, zyxin, and a-actinin form a link between microfilaments and transmembrane integrins,
thereby allowing force transmission from the actin cytoskeleton to the extracellular matrix [5, 6].
A complete picture of how actin dynamics allows for these cellular processes to take place thus

requires an understanding of the precise roles that actin-binding proteins play.



The a-actinins (ACTNSs) are in fact a highly conserved family of actin-binding proteins
(Table 1.1), with four isoforms identified to date in mammals: ACTN2 and ACTN3 are specific
to muscle cells while ACTN1 and ACTN4 are ubiquitously expressed in non-muscle cells [7-9].
All four mammalian isoforms are multi-domain proteins, and each are comprised of the
following domains: an unstructured N-terminal region, an actin-binding domain (ABD), a “neck”
region”, a rod domain, and a C-terminal calmodulin (CaM)-like domain (Fig 1.1). Dimerization
is essential for the ACTNs in order to crosslink actin filaments, and the formation of antiparallel
homodimers is facilitated through the sturdy rod domain [10-12]. The rod domain is composed

of a series of four spectrin-like repeats, and has a K, for dimer formation at the picomolar level

[13, 14]. In addition to actin filament crosslinking, recent findings suggest that the non-muscle

Table 1.1: Percent identity matrix for human ACTN protein sequences.

ACTN1 ACTN2 ACTN3 ACTN4

ACTNI1 100

ACTN2 79.93 100
ACTN3 77.90 79.75 100
ACTN4 85.76 77.29 73.36 100

Full human ACTN protein sequences were taken from UniProtKB/Swiss-Prot [15], with the
following UniProt IDs: P12814 (ACTN1), P35609 (ACTN2), Q08043 (ACTN3), and 043707
(ACTN4). Percent identities between the sequences were computed from a multiple sequence
alignment built using the Clustal Omega alignment software v1.2.1 [16], using default parameters

at the web interface provided by EMBL-EBI [17].



N-terminal CH1 CH2 neck spectrin rod CaM-like

ACTN1 pY ABS pY Ca2+

muscle non-muscle

ACTN4 pY pY ABS pY Ca2+

Figure 1.1: Domain structure of ACTNs.

Each ACTN monomer contains (from left): a disordered N-terminal region, two calponin-homology (CH) domains
that comprise the actin-binding domain (ABD), a “neck” region that connects CH2 to the first spectrin-like repeat of
the rod domain, the rod domains (made of four spectrin-like repeats), and a calmodulin (CaM)-like domain. The
actin-binding site (ABS) is located within the CH1 domain [18]. Only the CaM-like domains of the non-muscle
isoforms contain binding sites for calcium ions [19, 20]; the corresponding domains in the muscle isoforms contain
point and deletion mutations that abrogate these binding sites. Tyrosine phosphorylation sites in the N-terminal
region and CH2 have been confirmed experimentally for the non-muscle isoforms [21-24]; corresponding

phosphorylation sites in the muscle isoforms are inferred based on sequence homology.

ACTN isoforms bridge the actin cytoskeleton to the inner cell membrane, with ACTN4 in
particular being essential for the maintenance of normal cell motility [25-29] and implicated in
cancer invasion and metastasis [30-35].

The binding of ACTNs to actin filaments has been shown to be regulated by several
mechanisms: (i) phosphorylation at particular tyrosine residues in the unstructured N-terminal
region inhibits actin binding [21, 22], (ii) phosphorylation at a tyrosine residue in the CH2

domain promotes actin binding [21], (iii) binding of calcium ions to the CaM-like domain in the



calcium-sensitive non-muscle isoforms inhibits actin binding [19, 20], (iv) limited proteolysis by
the ubiquitous intracellular enzymes calpain-1 and calpain-2 [36-38], and (v) binding of
phosphatidylinositol moieties (e.g. PIP2 and PIP3) to a putative binding site on the ABD [39]
promotes actin binding in muscle isoforms [40] but inhibits binding in non-muscle isoforms [41].
The existence of these multiple mechanisms clearly points to the complexity of regulating the
actin binding function of ACTNs, especially for non-muscle cells where extracellular signals
control the dynamics of the actin cytoskeleton. Unraveling the molecular mechanisms behind
these various regulatory events for the ACTNs should thus allow us to attain a better
understanding on how covalent and non-covalent modifications in this family of actin-binding
proteins allows cellular functions such as cell spreading and motility to take place.

The research presented in this dissertation focuses on the use computational approaches,
primarily through structural modeling and molecular dynamics (MD) simulation studies, to
investigate the molecular mechanisms by which the binding of a-actinins to actin filaments is
differentially regulated by the various regulatory events mentioned earlier. Our use of these
computational techniques is driven by previous experimental data, and in turn any new concepts
and models that emerge from these techniques are experimentally verified. Our experimental
collaborators for this research are Dr. Alan Wells and Dr. Hanshuang Shao from the Department

of Pathology, University of Pittsburgh.

1.2 COMPUTATIONAL METHODS

In this section, a brief survey of the various computational modeling techniques used in this

research is provided.



1.2.1 Molecular dynamics simulations

For biomolecules such as proteins, the function carried out is closely tied to the dynamics of the
molecule. While various experimental techniques can provide information on the dynamics of
these molecules, each technique has its own limitations in terms of spatial and/or temporal
resolution [42]. An alternative approach is to generate a computational model of the atomic-level
motions of the molecule; ideally the model should be based on first-principles physics, however
a direct solution to the time-dependent Schrodinger equation in order to describe the quantum
mechanical behavior is in fact computationally infeasible for protein-sized molecules. To
circumvent this, the standard approach currently used is to model all the atoms in the molecule as
point particles, and to calculate the evolution of the positions and velocities of these point
particles using the laws of classical physics. This is the basis for the computational method
referred to as all-atom molecular dynamics (MD) simulations.

In MD simulations, a force field is needed to calculate the forces acting on each atom at
every time step. Force fields are comprised of two components: (i) a potential energy function
for computing the total force exerted on an atom by the system, with each term in the function
describing a particular interaction type and based on approximations to first-principles physics,
and (ii) a set of parameters that are used in this function and that are based on fitting to
experimental data and smaller-scale quantum mechanical computations. For most force fields in
common use today, the following interaction types are accounted for in the potential energy
function: covalent bonds (two-atom) and angles (three-atom) using harmonic potentials around
equilibrium values, torsional/dihedral angles (four-atom) using a cosine expansion function,
nonbonded van Der Waals (VDW) interactions using a Lennard-Jones potential, and nonbonded

electrostatic interactions using a Coulombic potential. Each of these parts relies on the use of
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atom-specific parameters that are also provided by the force field. Note that current force fields
generally use the same form for describing the potential energy function, and mostly differ in the
optimization protocol for deriving the atomic parameters.

One of the limitations of MD simulations is that in practice only nanosecond timescales
are typically accessible, while the biomolecular events of interest (such as protein folding, ligand
binding, allosteric changes) usually occur on timescales of microseconds to milliseconds. Major
advances to access longer timescales with MD simulations have been made both from the
algorithmic and hardware perspectives. On the hardware side, the use of graphical processing
units (GPUs) has become increasingly popular for scientific computation by allowing massive
parallelization of computations on a single chip. Simulations that used to require multiple
CPUs/nodes on CPU-based computer clusters can now be performed on a single GPU in a
desktop machine, with matching or even better performance [43]. Leveraging the parallelization
capabilities of GPUs requires clever porting of existing MD implementations; one example is the
development of a new precision model for the GPU implementation of the Amber MD software,
where the replacement of double precision floating point arithmetic with 64-bit fixed point
integer arithmetic for the accumulation of force components was found to provide higher
computational throughput on GPUs as well as reducing the required memory footprint, while
affording equivalent numerical stability of the calculations [44]. In this research, all MD
simulations are accelerated using the Amber implementation for GPUs.

Two other limitations of MD simulations must be kept in mind when forming hypotheses
based on these or when comparing these to experimental data. First is the issue of whether or not
sufficient equilibrium sampling has been achieved in the simulation, such that different regions

of configuration space have been accessed with the correct relative probabilities and distributed



according to the Boltzmann-factor distribution [45]. Second is the accuracy of the force field
model used in the simulation. By being able to now access longer timescales during the
simulations, extensive validation against experimental data has allowed for substantial
improvements in the parameterization of various force fields. One major and anticipated
improvement is the development of polarizable force fields, which can model the redistribution
of electrons around an atom in response to changes in its environment, thereby possibly
providing more accurate models of hydrogen bond networks within biomolecules and with
solvent [46, 47].

In Section 4.3, we use a particular MD variant called targeted molecular dynamics
(TMD), in which a subset of atoms is guided towards a target structure during the course of the
simulation through the use of steering forces. The rationale for using this approach, as well as its

limitations, are discussed in that section.

1.2.2 Virtual docking

Cellular processes come about due to the biomolecular interactions that occur with other
biomolecules or with a variety of small molecules. Virtual molecular docking tools aim to
predict the how two molecules orient with respect to one another in order to form a stable
complex, with predicted poses ranked based on some scoring function to approximate the
binding affinity of the complex. Docking protocols can thus be thought of as a combination of a
search algorithm and a scoring function [48]. In this research, we use protein-protein virtual
docking for predicting if and how some of the multiple domains from ACTN4 interact with one
another, and also protein-ligand docking to predict the binding mode of the hydrophilic head
group of phosphatidylinositol moieties (e.g. PIP2 and PIP3) to the ABD.
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Docking search algorithms can be classified based on how much flexibility is tolerated in
the ligand and/or the protein side chains. Rigid-body search algorithms were first developed and
still remain popular today, and are based on an exhaustive sampling of the rotational and
translational degrees of freedom for the molecules being docked [49]. In protein-protein docking,
fast Fourier transform (FFT)-based approaches are commonly used to enhance the speed of the
search [50, 51]. Modeling of flexibility is commonplace today for exploring the conformational
space of small molecule ligands; while modeling of flexibility in protein receptors, even for only
the side chain motions, would be preferred, this can have a significant impact on the search time
due to the increase in number of protein configurations that need to be considered. Perhaps one
of the biggest limitations in docking searches is that role of solvent molecules and ions is often
disregarded, due to the huge number of degrees of freedom associated with these that would
make such searches computationally impractical if accounted for. It may be possible to address
this by implicitly modeling the solvent effect within the scoring functions, although this will still
not provide any useful insights on the interactions made by explicit waters during binding.

Development of scoring functions used for ranking predictions remains a key research
area [52], with current approaches being either physics-based (using a classical physical
treatment of interactions), knowledge-based (using observations based on statistical physics from
a large number of complexes with known structures), or empirical (based on counting certain
types of interactions) [53]. Just as in the force fields used in MD simulations, inaccuracies in
scoring functions are still a major limiting factor, and as such the improvement of existing

scoring functions or the developments of new ones continues to be a major topic of research.



1.3 OUTLINE

This dissertation is organized as follows:

In Chapter 2, we present an atomic model for the full homodimer of WT ACTN4. This
model shows the assembly of the multiple domains of ACTN4, and provides a starting point for
understanding how external cues can lead regulation of the actin-binding function via allosteric
changes in the assembly.

In Chapter 3, we show that a tandem phosphorylation mechanism is involved in the EGF-
induced dual phosphorylation of the ACTN4 N-terminal region, such that phosphorylation of the
functional Y31 requires prior phosphorylation of Y4. We also show that this tandem mechanism,
in conjunction with m-calpain cleavage, allows for differential regulation of actin binding
between the front and rear of the cell during cell migration.

In Chapter 4, we use the atomic model of WT ACTN4 homodimer that was developed in
Chapter 2 to gain insight on how the mechanisms by which the following external cues lead to
regulation of actin binding: phosphorylation of Y265, binding of calcium ions, m-calpain
cleavage at the neck region, and binding of phosphoinositide moieties.

In Chapter 5, we bring together the structural insights from the previous chapters to
develop a preliminary network-level model that can serve as a computational tool for predicting
the actin-binding response under multiple external cues.

In Chapter 6, we give the main conclusions of this research and discuss possible
directions for future research.

In Appendix A, we describe the protocol used here for running GPU-accelerated MD

simulations.



CHAPTER 2

STRUCTURAL MODELING OF THE FULL
MULTI-DOMAIN ACTN4 HOMODIMER

2.1 BACKGROUND

The majority of human proteins are composed of multiple domains such that their assemblies and
interactions [54], including those in response to various extracellular signals, are still an active
research topic. This holds true for the isoforms belonging to the ACTN family of actin-binding
proteins, and an additional complication is that each ACTN monomer is a large protein such that
only parts of the full structure have been solved experimentally. Being able to understand how
regulatory events such as tyrosine phosphorylation, which likely induce allosteric changes in the
protein, are able to regulate protein function, however, can be made more tractable if one is first
able to map the positions of the different domains relative to one another.

The most studied among the multiple domains present in the ACTNs (Fig 1.1) in terms of
the number of solved structures is the actin-binding domain (ABD) that is found towards the N-
terminal of the monomer sequence, since it is this domain that directly performs the function of

binding to actin filaments. To date, there are three solved structures for the ABD of various
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ACTNs: human ACTN1 (PDB IDs 2EYI and 2EYN [55]), human ACTN3 (PDB IDs 1TJT and
IWKU [56]), and human ACTN4 (PDB ID 2R00 [57]). The ABD is comprised of two adjacent
calponin-homology (CH) domains, which is a recurrent domain in several actin-binding proteins
[58, 59], and all the solved structures show both CH domains juxtaposed to each other with an
extensive binding interface between them (Fig 2.1), in what is referred to as the “closed
conformation” of the ABD. Results from several studies suggest a total of three putative actin-
binding sites (ABSs) found in the ABD, with two found on the CHI domain and the other on the
CH2 domain [60-63]. However, a recent low-resolution cryo-EM structure of the complex
between the ABD and an actin filament shows that binding occurs primarily through ABS2 on
the CHI domain only. ABS2 binds to a hydrophobic cleft between actin subdomains 1 and 3,

which is believed to be binding “hot spot” for actin-binding proteins [64]. Interestingly, this

Figure 2.1: Closed conformation of the ACTN ABD.

The CH1 and CH2 domains are colored in blue and red, respectively. The three putative actin-binding sites (ABS1-
3) are colored in yellow. The N-terminal of the CHI domain (labeled “N”) connects to the disordered N-terminal
region, while the C-terminal of the CH2 domain (labeled “C”) connects to the neck region. Coordinates are from

PDB ID 2R00 [57].
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Figure 2.2: Low-resolution cryo-EM structure of ACTN CH1 bound to F-actin.

(A) An actin filament (green) was “decorated” with ACTN ABD prior to solving the cryo-EM structure, however
reconstruction of only the CH1 domains (orange) was possible at the chosen resolution (16 A) [18]. (B) Zoom-in of
boxed region in (A). In this view, the closed conformation of the ABD is structurally superimposed on one of the
bound CH1 domains. Block arrows point to clashes between the CH2 domain and F-actin if the ABD binds in its

closed conformation. Coordinates are from PDB ID 3LUE [18].

cryo-EM structure also shows that steric clashes will occur between the actin filament and
CH2 domain if the ABD binds in a closed conformation (Fig. 2.2) [18]. This strongly suggests
that prior opening of the ABD (via separation of the two CH domains) is required for actin
binding to occur, and so a full structural model of the ACTN homodimer must allow for this
ABD opening to take place.

Because of the antiparallel nature of the homodimer, an interesting question is whether or

not there are important intermolecular interactions between the two monomers, in addition to

12



those involving the rod domains that lead to dimer formation in the first place. Experimental
evidence in the form of isothermal calorimetry measurements support the formation of a
complex between the neck region and the second globular head (CaM2) of the CaM-like domain
[65]. No structure has been experimentally resolved for this complex, however, and this complex
was not found in a 20 A cryo-EM structure of chicken smooth muscle ACTN (PDB ID 1SJJ
[66]). In this chapter, we first build a homology model for the complex between the neck region
and CaM2, then proceed to develop and validate an atomic model for the full human ACTN4
homodimer, which we found involves a novel ternary complex between the CH2 domain from
the ABD, the neck region, and CaM2 [67]. This structural model should provide a starting point
for understanding how allosteric changes in the multi-domain assembly, as a result of external

cues, lead to regulation of ACTN4 function.

2.2 STRUCTURAL MODEL OF THE CAM2/NECK COMPLEX

For the muscle-specific ACTN isoforms, CaM2 has been shown to bind titin, with the
interactions on the latter localized to the N-terminal Z-repeat motifs [68-71]. Titin is a giant
protein that acts as a scaffold for binding of various proteins to assemble the sarcomere [72], in
the case of muscle ACTN to be targeted specifically to the Z-lines. Upon binding to ACTN
CaM2, the Z-repeat motifs of titin have been shown via circular dichroism and heteronuclear
NMR spectroscopy to gain helical secondary structure [73, 74], and this was confirmed when a
solution structure of CaM2/Z-repeat complex was solved (PDB ID 1H8B [75]). Interestingly, a

multiple sequence alignment of human ACTN2 with several Z-repeat variants suggested a
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putative binding site within the ACTN neck region, which was confirmed through isothermal
calorimetry to bind CaM2 with nanomolar affinity [65].

In the solution structure of the CaM2/Z-repeat complex, hydrophobic residues cover the
side of the helical Z-repeat that is interacting with binding groove of CaM2 [75]. However, in the
alignment of Young and Gautel [65] between the ACTN neck region and Z-repeat sequences, a
polar NQ sequence would be found on the third helical turn and get buried in the hydrophobic

interface of CaM2 (Fig. 2.3, top alignment). By shifting the alignment by one helical turn, all
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Figure 2.3: Sequence alignments of titin Z-repeat 7 (ZR7) with ACTN4 neck region.

In both alignments, polar and nonpolar residues are colored in blue and yellow, respectively. Top alignment shows
our pairwise sequence alignment between titin repeat ZR7 and the human ACTN4 neck region (covering residues
272-294) that maximizes the hydrophobic contacts in contact with CaM2. Red boxes denote the matching of neck
residues with those in ZR7 that are in contact with CaM2 based on the solution structure in PDB 1H8B [75]. Bottom
alignment shows that suggested by Young and Gautel (covering residues 276-298), which has a polar sequence in
the third helical turn of the neck [65]. The numbers in parentheses at the right of each alignment give the percent
sequence similarity for the alignment as computed by the EMBOSS stretcher algorithm [76] using default

parameters at the web interface provided EMBL-EBI [17]. Adapted from Figure 2B in [67].

14



(8
4 CaM2

Figure 2.4: Homology model of ACTN4 CaM2/neck complex.

The helical neck is shown in surface representation here, with coloring based on side chain hydrophobicity using the
Eisenberg scale [77]. Colors go from white to yellow, in the direction of increased side chain hydrophobicity.
ACTN4 CaM2 is shown in cartoon representation (blue). Note that the most nonpolar region of the neck region (i.e.,

deepest yellow color) is directly interacting with the hydrophobic pocket of CaM2. Adapted from Figure 2A in [67].

three helical turns of the neck that face CaM2 are now populated with nonpolar residues (Fig.
2.3, bottom alignment), similar to what is seen in the solution structure, thereby maximizing the
hydrophobic interactions at the binding interface. Using the CaM2/Z-repeat complex solution
structure, we were then able to build a homology model for the ACTN4 CaM2/neck complex
(Fig. 2.4), introducing in silico mutations as needed using PyMOL [78], that reflects the
predominantly nonpolar binding interface for the neck as shown in our alignment.

For the CaM2/Z-repeat complex solution structure, the thirty models have an average
change in solvent accessible surface area (ASASA) of 1326 + 88 A2 upon forming the complex,
which is very similar to our CaM2/neck homology model ASASA of 1318 A? (Table 2.1). The

relative binding free energy upon formation of the complex in our homology model is estimated
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Table 2.1: Comparison of ASASA and relative binding AG for complexes involving CaM2.

“Receptor” “Receptor” “Ligand”  “Ligand” Complex ASASA AG
SASA (A?) SASA (A?) SASA (A?) (A? (kcal/mol)?
CaM2® 5010 Z-repeat 2597 6281 1326 -23.3
CaM?2 4598 neck 2498 5760 1318 -19.7
CaM2/neck 5760 ABD 11578 15298 2040 -24.7

2 Binding free energies were estimated using FastContact [79].

b For the CaM2/Z-repeat complex, all values are averages over the 30 models in PDB ID 1H8B [75].

at -19.7 kcal/mol using the FastContact software [79], while that for formation of CaM2/Z-repeat
complex is estimated at -23.3 £ 5.0 kcal/mol (error based on estimates from each NMR model).
This indicates that our CaM2/neck model is predicted to form a tight complex similar to
CaM?2/Z-repeat, consistent with isothermal calorimetry results [65]. In addition to the
hydrophobic interactions that primarily drive the binding, several polar contacts also contribute
in stabilizing out CaM2/neck model (Fig. 2.5). A molecular dynamics (MD) simulation confirms
the stability of the complex formed in our homology model (Fig. 2.6, blue curve). A similar MD
simulation for a model based on the Young and Gautel alignment, on the other hand, shows a
large increase in backbone RMSD in the last 20 ns of the simulation (Fig. 2.6, maroon curve); in
fact, the helical neck in this simulation twisted by one helical turn such that it matches our

homology model. (Fig. 2.6, green curve).

2.3  ACTN4 CH2, NECK, AND CAM2 FORM A TERNARY COMPLEX

Our next step was to use our homology model for the ACTN4 CaM2/neck complex as a starting

point for building an atomic model of the full ACTN4 homodimer. In a low-resolution cryo-EM
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Figure 2.5: The CaM2/neck complex is also stabilized by polar contacts.

ACTN4 CaM2 is shown in surface representation, and colored according to electrostatic potential using APBS (red
to white in the direction of increasing hydrophobicity). The helical ACTN4 neck is shown in cartoon, and
colored in magenta except for the three helical turns in yellow that make nonpolar interactions with the CaM2
binding interface. Also shown are several polar contacts (dashed lines) that stabilize neck-CaM2. Adapted from

Figure 2C in [67].

structure of chicken smooth muscle ACTN (PDB ID 1S]J [66]), one end of the antiparallel dimer
has a closed ABD interacting with CaM2 while the other end has an open ABD. The CaM2/neck
complex was not resolved in this cryo-EM structure, however, even though this complex has
been shown to form [65]. Still, due to the lack of symmetry at both ends of the ACTN dimer and
shortcomings during freezing that could weaken the hydrophobic interactions [80] that are
primarily responsible for formation of the CaM2/neck complex, interactions that are not seen in
the cryo-EM structure (such as between CaM2/neck) can still be possible. Indeed, we found that
the structure of the one end of the dimer (that has closed ABD interacting with CaM2) from the

cryo-EM is fully consistent with our homology model of the CaM2/neck complex.
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Figure 2.6: Molecular dynamics confirm the stability of our CaM2/neck model.

Unrestrained explicit solvent MD simulations were run for the homology models based on our alignment and that of
Young and Gautel (Y&G) shown in Fig. 2.3. Backbone RMSD plots of the neck region were then computed from
the trajectories using VMD [81]. The blue curve shows that the simulation of the model based on our alignment was
stable throughout the trajectory; the model based on the Y&G alignment (magenta curve) shows a large increase in
backbone RMSD at around 34 ns into the simulation, when the helical neck twisted by a helical turn and adopted a
position similar to that seen in our homology model (green curve; backbone RMSD of Y&G alignment model

relative to our model). Adapted from Figure 2D in [67].

A structural superimposition between the closed ABD end of the cryo-EM structure and
our CaM2/neck model (Fig. 2.7), using CaM?2 as the reference for the superimposition, shows
that without the need for any further rearrangements, the helical neck can in fact fit between
CaM2 and the closed ABD (CH2 in particular). Several contacts are formed between the neck
region and CH2 domain, and compared to the mainly hydrophobic interface that stabilizes the
CaM2/neck complex (Fig. 2.3 and Fig. 2.5), the CH2/neck interface is primarily characterized by
contacts that are polar in nature (Fig. 2.8). We estimated a relative binding free energy of -15.1

kcal/mol for CH2/neck using FastContact [79]. In addition, several polar contacts appear to
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Figure 2.7: The ACTN4 neck fits in between CH2 and CaM2.

The CH2/CaM2 complex from the closed ABD end of cryo-EM structure PDB 1SJJ [66] is shown in combination
of surface and cartoon representation. CaM2, CH1, and CH2 are colored blue, orange, and green, respectively.
CHI1 at the back makes no interactions with CaM2. The neck region (shown in cartoon only) is viewed through its

helical axis, and can fit between CH2 and CaM2. The blue and red arrows point to interfaces with polar contacts

between CH2/CaM2 (Fig. 2.8) and CH2/neck (Fig. 2.9), respectively. Adapted from Figure 3A in [67].

stabilize the interface between CaM2 and CH2 (Fig. 2.9) with an estimated relative binding
energy of -9.6 kcal/mol. This leads to a total relative binding energy of -24.7 kcal/mol between
the CaM2/neck complex and the CH2 domain (Table 2.1). All these interactions are fully
consistent with a structural model involving a ternary complex between CH2, the neck region,
and CaM2.

To this ternary complex, we can then add the rest of the ACTN4 domains using
homology models from other experimental structures. For the rod domains, we used a crystal

structure of the human ACTN4 rod domains homodimer (PDB ID 1HCI [12]), which contains
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Figure 2.8: ACTN4 CH2/neck binding interface.

Interactions between CH2 (shown in green surface and cartoon) and the helical neck region (shown in cartoon only)
are predominantly polar in nature. Residues that form polar interactions are shown in sticks. Several nonpolar
residues that are part of the binding interface with CaM2 are also shown as extending from three helical turns

(yellow cartoon) and away from CH2. Adapted from Figure 3B in [67].

Figure 2.9: ACTN4 CH2/CaM2 binding interface.

Interactions between CH2 (shown in green surface and cartoon) and the CaM2 (shown in blue surface and cartoon)
are predominantly polar in nature. Residues that form polar interactions are shown in sticks. Red arrow points to the
pocket where the helical neck is located in the ternary complex with CH2 and CaM2. CHI (colored orange) is

shown behind the CH2/CaM2 complex.
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two rod domain monomers (with four spectrin-like repeats each) bound in an antiparallel
manner. The helical neck region from the ternary complex was connected to the first spectrin
repeat (SR1) from one of these monomers. For the CaM-like domain, we built a homology
model based on the solution structure of calcium-free calmodulin (PDB ID 1CFC [82]), which
shares 49.4% sequence similarity. CaM2 from this model was structurally aligned to CaM2 from
the ternary complex, and it is noteworthy that the resulting position of CaM1 allowed for it to be
attached to the fourth spectrin repeat (SR4) from the other rod domain monomer. For the
disordered N-terminal region, we chose a snapshot from an MD simulation that had the lowest
SASA for the phosphorylatable Y31 (discussed more in Chapter 3). It is interesting that all of
these domains could be added to the ternary complex such that the correct connectivity is
preserved and there are no structural overlaps with other domains. This gives an atomic model
for one of the end regions of the homodimer, which can be replicated at the other end of the rod
dimer to provide a full model for the entire ACTN homodimer. This full model is shown at the
center of Fig. 2.10, with all the experimental structures of the pairwise complexes that were used
for its construction shown in the periphery (shown with the corresponding PDB IDs).

For this full model with the ABD in a closed conformation, the actin-binding site (ABS2)
on CHI (pointed to by black arrow in Fig. 2.10) is blocked by the nearby spectrin domains,
thereby requiring the ABD to adopt an open conformation for binding to F-actin to take place.
This is consistent with the cryo-EM structure of F-actin decorated with human ACTN3 ABD
(PDB ID 3LUE [18]), where only CH1 was found at the binding interface. We also note that in
our full model, CH1 does not make interactions that contribute to stabilizing the ternary

complex. In fact, CHI only makes interactions with CH2 in this model, which means that
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Figure 2.10: Full atomic model of ACTN4 homodimer end region.

The full model (shown in the center) was built from homology models to published structures (PDB IDs of known
pairwise interactions shown surrounding the central model). For monomer 1, CH1 and CH2 of the ABD are colored
orange and green, respectively, and the neck region is colored purple. Also shown is a snapshot from an MD
simulation of the disordered N-terminal (colored yellow), to show that this segment can be added to the full model
without overlapping other domains. The primary m-calpain cleavage site in ACTN4 is located in this disordered N-
terminal region [36]. ABS2 is found on CH1, and in this model its access to F-actin is partially blocked by the rod
domains (colored gray for both monomers) while the ABD takes a closed conformation. For monomer 2, CaM2 is
colored blue, while CaM1 is colored pink and positioned on top of the CH2/neck/CaM2 ternary complex. Boxed
area on top gives the residue numbering for each domain in the human ACTN4 monomer. Adapted from Figure 4 in

[67].
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cH2 D70
Figure 2.11: Atomic model of ABD opening in the full ACTN4 homodimer model.

For clarity, the disordered N-terminal is not shown here. Black arrow points to ABS2 on CH1. Adapted from Figure

5in [67].

breaking the CH1-CH2 interface to open the ABD is all that is needed for actin binding to
happen. This also means that the ABD can switch to an open conformation without disrupting
the structure of the ternary complex, thereby establishing the latter as the core motif that
maintains the structural stability of the ACTN4 end region. Interestingly, by structurally
superimposing CH2 from the one end of the chicken smooth muscle cryo-EM structure that has
open ABD onto our full model, CHI gets positioned at the tip of the dimer (Fig. 2.11). This
predicted configuration appears optimal for binding F-actin, since ABS2 on CHI is now fully

exposed and accessible.

24  EXPERIMENTAL VALIDATION OF THE ACTN4 TERNARY COMPLEX

The ternary complex in our full ACTN4 model predicts that CH2 makes stable interactions with
both the neck region and CaM2. We chose the following three interfaces to validate the

interactions between CH2 and neck (Fig. 2.8) or CaM2 (Fig. 2.9): (a) E162 and S164 in the loop
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between CH1 and CH2 with R280 and K283 of the neck and Q847 of CaM2, (b) a cluster of
polar residues (Q174, N184, and Q186) of CH2 with R868/R869 of CaM?2, (b), and (c) H189 of
CH2 with D874 of CaM2. All these residues are highly conserved among the non-muscle ACTN
isoforms (Fig. 2.12) and so are likely to play a direct role in the stability of CH2 binding to neck
and CaM2. Disrupting these contacts should tend to free the ABD from the ternary complex; this
would then provide more avenues for ABD opening to occur and thus give more opportunities
for ABS2 to bind to F-actin. Gel-based assays using mutant constructs for each of these set of
residues indeed validate these predictions. The experiments were performed by Dr. Hanshuang
Shao, under the supervision of Dr. Alan Wells, both from the Department of Pathology,
University of Pittsburgh.

For the loss-of-function double mutant E162A/S164A, actin binding was found to
increase to around 166% relative to that for WT (Fig. 2.13A). This is consistent with our
prediction above, and thereby validating that CH2 makes interactions with the helical neck
region in the ternary complex. We were also able to validate two sets of interactions between
CH2 and CaM2. First, R869 from CaM2 makes interactions with several polar residues from
CH2, but the R869A mutation shows no effect on actin binding (Fig. 2.13B, left). Interestingly,
the double mutant R§68A/R869A increases actin binding to about 187% relative to WT, but the
R868A mutation alone has no effect. These results imply a redundancy in function for R868 and
R869 in tethering together CH2 and CaM2. This redundancy is apparent from the structure since
either arginine can reach to make interactions with the cluster of polar residues on CH2. This
type of robustness is not uncommon in regulatory proteins; for example, single loss-of-function

mutations of R469 or R470 in the NPR-C receptor have been shown to have no effect on PLC-f
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043707 | ACTN4 Homo sapiens SVEéTSIA EGLLLWC!IJ AP, NVF!IV(IJNF | SWKIDGLAFN
Q5RCS6 | ACTN4 Pongo abelii SVEETSAKEGLLLWCOQ TAPYKNVNVQONFHI SWKDGLAFN
P57780 | ACTN4 Mus musculus SVEETSAKEGLLLWCAQ TAPYKNVNVQNF | SWKDGLAFN
Q90QXQ0 | ACTN4 Rattus norvegicus SVEETSAKEGLLLWCAQ TAPYKNVNVQONFHI SWKDGLAFN
A5D7D1 | ACTN4 Bos taurus SVEETSAKEGLLLWCOQ TAPYKNVNVONFHI SWKDGLAFN
Q90734 | ACTN4 Gallus gallus SVEETSAKEGLLLWCOQ TAPYKNVNVQONFHI SWKDGLAFN
P12814 | ACTN1 Homo sapiens SVEETSAKEGLLLWCAQ TAPYKNVNIQNF | SWKDGLGFC
Q2PFV7 | ACTN1 Macaca fascicularis SVEETSAKEGLLLWCOQ TAPYKNVNIQNFHI SWKDGLGFC
Q7TPR4 | ACTN1 Mus musculus SVEETSAKEGLLLWCOQ TAPYKNVNIQNFHI SWKDGLGFC
Q9Z1P2 | ACTN1 Rattus norvegicus SVEETSAKEGLLLWCOAQ TAPYKNVNIQNF | SWKDGLGFC
Q3B7N2 | ACTN1 Bos taurus SVEETSAKEGLLLWCOQ TAPYKNVNIQNFHI SWKDGLGFC
P05094 | ACTN1 Gallus gallus SVEETSAKEGLLLWCOQ TAPYKNVNIQNFHI SWKDGLGFC
P18091|ACTN Drosophila melanogaster SVEEMT AIKEGL L LWC Q TAPYKNVNVQNFHLSFIKDGLAFC
Q7PKQ5 |ACTN Anopheles gambiae SVEEMTAKEGLLLWCOQ TAPYKNVNVONFHLSFIKDGLAFC
043707 | ACTN4 Homo sapiens QKAETAAN ICKVLAVNQENE LMEDYE LASDLLEWI T
Q5RCS6 | ACTN4 Pongo abelii QKAETAANRICRVLAVNQENEHLMEDYEKLASDLLEWI ]
P57780 | ACTN4 Mus musculus QKAETAANRICKVLAVNQENEHLMEDYERLASDLLEWI T
Q90QXQ0 | ACTN4 Rattus norvegicus QKAETAANRICKVLAVNQENEHLMEDYERLASDLLEWI T
A5D7D1 | ACTN4 Bos taurus QKAETAAN ICKVLAVNQENE LMEDYE LASDLLEWI i
Q90734 | ACTN4 Gallus gallus QKAETAANRICKVLAVNQENEHLMEDYEKLASDLLEWI T
P12814 | ACTN1 Homo sapiens QKAETAANRICKVLAVNQENEQLMEDYEKLASDLLEWI T
Q2PFV7 | ACTN1 Macaca fascicularis QKAETAANRICKVLAVNQENEQLMEDYEKLASDLLEWI i
Q7TPR4 | ACTN1 Mus musculus QKAETAAN ICKVLAVNQENEQLMEDYE LASDLLEWI T
Q921P2 | ACTN1 Rattus norvegicus QKAETAANRICKVLAVNQENEQLMEDYEKLASDLLEWI T
Q3B7N2 | ACTN1 Bos taurus QKAETAANRICKVLAVNQENEQLMEDYEKLASDLLEWI T
P05094 | ACTN1 Gallus gallus QKAETAANRICKVLAVNQENEQLMEDYEKLASDLLEWI T
P18091|ACTN Drosophila melanogaster alKIAETAANR | C/KIV LIKIVNQENERILMEEYERLASDLLEW I T
Q7PKQ5 |ACTN Anopheles gambiae FAAETAANRIC VLIVNQENEILMEEYE LASDLLEWI T
& & &
043707 | ACTN4 Homo sapiens TDTDTAD(I)VIASF VLAGDKINF I TAEEL ELPPI!)QAEYCI
Q5RCS6 | ACTN4 Pongo abelii TDTDTADQVIASFKVLAGDKNFITAEEL ELPPDQAEYCI
P57780 | ACTN4 Mus musculus TDTDTADQVIASFKVLAGDKNFITAEEL ELPPDQAEYCI
Q90QXQ0 | ACTN4 Rattus norvegicus TDTDTADQVIASFKVLAGDKINF I TAEEL ELPPDQAEYC.I
A5D7D1 | ACTN4 Bos taurus TDTDTADQVIASFKVLAGDKNFITAEEL ELPPDQAEYCI
Q90734 | ACTN4 Gallus gallus TDTDTADQVIASFKVLAGDKNY I TAEEL ELPPEQAEYCI
P12814 | ACTN1 Homo sapiens ADTDTADQVMASFIKILAGDKNY I TMDEL ELPPDQAEYCI
Q2PFV7 | ACTN1 Macaca fascicularis ADTDTADQVMASFIKILAGDKNY I TVDEL ELPPDQAEYCI
Q7TPR4 | ACTN1 Mus musculus ADTDTADQVMASFIKILAGDKNY I TEDEL ELPPDQAEYCI
Q9Z1P2 | ACTN1 Rattus norvegicus ADTDTADQVMASF I LAGDKNY I TGDEL EIL P PDIQ AJEIY C |
Q3B7N2 | ACTN1 Bos taurus ADTDTADQVMASF I LAGDKNY I TVDEL ELPPDQAEYCI
P05094 | ACTN1 Gallus gallus ADTDTADQVMASFIKILAGDKNY I TVDEL ELPPDQAEYCI
P18091|ACTN Drosophilamelanogaster TD TDTAEQV IDSFRI LAADKPY | LPDEL ELPPDQAEYCI
Q7PKQ5 |ACTN Anopheles gambiae TDTDTAEQVIDSFRILASDRPYILPDEL ELPPDQAEYCI

Figure 2.12: Conserved residues stabilize the ACTN4 ternary complex.

Multiple sequence alignment (MSA) of non-muscle ACTNs is shown for only the regions around the contact
residues (marked above each alignment, numbering based on human ACTN4 sequence) that are predicted to
stabilize the binding of CH2 to neck or CaM2. ACTN sequences are taken from UniProtKB/Swiss-Prot [15], with
accession IDs shown on the left. Residues are colored as follows: blue (positively-charged), pink (negatively,
charged), green (polar), and gray (non-polar). MSA was built using the Clustal Omega alignment software v1.2.1

[16], using default parameters at the web interface provided by EMBL-EBI [17].
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Figure 2.13: Experimental validation of residues that stabilize the ACTN4 ternary complex.

Quantitative results of Coomassie Blue G-250 stained polyacrylamide gels for actin-binding assays to validate the
following interfaces: E162 and S164 in CH2/neck interface (A), R868 and R869 in CH2/CaM?2 interface (B, left),
and H189 in CH2/CaM2 interface (B, right). Loss-of-function mutations for each of these sets of residues were
compared to WT protein in terms of amount bound to F-actin. Image analysis and quantitation of three experiments
are shown in each plot, with the percent of mutant ACTN4 that co-sedimented with F-actin normalized relative to
WT. Student’s t test was performed to compare each mutant with WT. Asterisks denote p < 0.05 between the labeled

mutant and WT. Error bars indicate £ S.D. Adapted from Figures 6 to 8 in [67].

activity but the double mutation of both arginines does have a huge impact [83]. Second, actin-
binding assays for the H189L mutation in CH2 also show increased binding of around 187%
relative to WT (Fig. 2.13B, right). The H189 residue is in fact part of a trio of residues that are
purported to act as the binding site for phosphoinositides [39], and mutations of this trio to

hydrophobic residues (referred to as the APBD mutation) also shows actin binding that is
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comparable to that of the single mutant HI89L. Our data therefore suggests a possible
mechanism by which phosphoinositides can disrupt the contacts made by H189 with CaM2 and
so have an impact on actin binding. Note that our structural model shows that CaM2/neck still
forms a stable complex even if mutations in R868/R869, E162/S164, and H189 act to disengage

CH2 of the ABD from the ternary complex.

2.5 SUMMARY

In this chapter, we developed an atomic model for the end region of the WT ACTN4 homodimer.
Starting from a homology model of the CaM2/neck complex (based on the solution structure of
the CaM2/titin complex), we incorporated information from a low-resolution cryo-EM structure
of chicken smooth muscle ACTN to find that a novel ternary complex can form between
CH2/neck/CaM2. From there, homology models of the spectrin-like rod domains and CaM1
were added to the structure, giving a model of the ACTN4 end region. Since both ends of the
antiparallel homodimer contain the same domain, this means that a structural model of the full
molecule was effectively built. The length of the four repeats in the rod domains make it highly
unlikely that allosteric changes in one end will be transmitted to the other end. All the
components of the model are based on high-resolution structures except for the CH2/CaM2
interface that is based on the cryo-EM; this interface was experimentally validated, however, by
using actin-binding assays to confirm predictions based on the model that mutations in the
CH2/CaM2 interface will enhance the binding to actin filaments. Using this full model, the next
step would be to see if it can be used to generate any insight into the molecular mechanisms by

which various external cues are able to regulate the actin-binding function of ACTN4. But first,
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in the next chapter we will look at the disordered N-terminus of ACTN4, which is the only
region not explicitly developed in our homodimer model due to its lack of structure, and discuss
a novel mechanism by which tandem phosphorylation of two tyrosines in this region leads to

regulation of actin binding in the presence of EGF.
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CHAPTER 3

ACTN4 REGULATION VIA A TANDEM
PHOSPHORYLATION MECHANISM IN ITS
DISORDERED N-TERMINAL REGION

3.1 BACKGROUND

The only region for which there is no experimental structure available or a homology model is
not straightforward to build is the 45-residue disordered N-terminal region before CH1 of the
ABD. This region is believed to be unstructured based on the fact that homologous sequences
that are adjacent to the ABDs of the actin-binding proteins plectin and fimbrin show no electron
density when solving their structures using X-ray crystallography [84, 85]. Interestingly, tyrosine
phosphorylation of the N-terminal region is one mechanism that regulates the binding of the non-
muscle ACTNs to actin filaments: dual phosphorylation of ACTN4 at Y4 and Y31 in response to
epidermal growth factor (EGF) [21] and phosphorylation of ACTNI1 at Y12 by focal adhesion
kinase (FAK) [22] both lead to a decrease in actin binding. However, how the phosphorylation of
two tyrosine residues in the unstructured N-terminus of ACTN4 can affect its actin-binding

function is not yet understood.
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Protein phosphorylation has been found to occur with greater frequency in the
intrinsically disordered regions (IDRs) of proteins [86], often occurring at multiple neighboring
sites [87]. Since disorder content is higher in signaling proteins [88, 89], an understanding of
how multiple phosphorylation events in IDRs leads to the regulation of protein function is
critical for generating a more complete picture of cellular signaling. Structural changes have
been shown to take place in these regions upon phosphorylation; these changes can involve
explicit disorder-to-order transitions [90-92] or the opposite [93-95], or less subtle changes such
as an increase in the radius of gyration [96, 97]. In this chapter, we first demonstrate that only
phosphorylation of Y31 is necessary and sufficient to reduce actin binding of ACTN4. We then
show that the ACTN4 N-terminal region adopts a molten globule-like state such that Y4 and Y31
are initially exposed and buried, respectively, in the unphosphorylated protein, and
phosphorylation of Y4 causes structural changes that lead to the exposure and eventual
phosphorylation of Y31. This tandem phosphorylation mechanism within an IDR of ACTN4,
when coupled with m-calpain cleavage that occurs at the rear of motile cells, provides a

mechanism for locale-specific regulation of actin remodeling during cell motility.

3.2 TANDEM PHOSPHORYLATION OF Y4/Y31 IN THE ACTN4 N-TERMINAL

To gain insight into the role of dual phosphorylation of the ACTN4 N-terminal region, we
constructed a multiple sequence alignment (MSA) of ACTN isoforms from various species and
found that not only are Y12 of ACTNI1 and Y31 of ACTN4 homologous, but this particular

tyrosine is conserved in all four mammalian isoforms (Fig. 3.1). This suggests that a similar
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Figure 3.1: Phylogenetic tree of ACTN sequences from various species.

Full ACTN isoform protein sequences from various species were obtained from the NCBI protein database. Multiple

sequence alignment (MSA) and phylogenetic tree construction for these protein sequences were done using the

interface provided by the Phylogeny.fr web service [98]. The MUSCLE program [99] was used for building the

MSA, using default parameters provided by the web service. Full protein sequences were used in building the

alignment; shown here is only the portion of the alignment covering the disordered N-termini. The column colored

in red contains the strictly conserved Y31 from human ACTN4 (HOMO 4), which is homologous to Y12 in

ACTN1 (HOMO 1). Columns containing Y4 of ACTN4 and human ACTNI are colored in blue and green,

respectively. The maximum likelihood phylogenetic tree was the constructed from the MSA using the PhyML

program [100], again using default parameters provided by the web service. Statistical support for the tree branches

were computed via bootstrapping with 100 replicates. TreeDyn [101] was used for rendering the phylogenetic tree.

Scale bar represents the number of substitutions per site.

regulatory mechanism may exist for the muscle isoforms for inhibition of actin binding. We were

in fact able to trace the conservation of human ACTN4 Y31 back to the emergence of Cnidarians

(Hydra spp.), suggesting that the function of this particular tyrosine was established to be critical
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early in animal evolution. Interestingly, the MSA shows that only ACTN4 has a second
phosphorylation site at Y4; ACTN1 Y4 is not homologous to ACTN4 Y4 and has so far not been
found to be phosphorylated. Note that the amino acid sequence between Y4 and Y31 in ACTN4
shows the insertion of a long hydrophobic linker, while ACTN1 has a hydrophilic stretch of
residues next to Y12. This suggests that the ACTN4 N-terminus might adopt a more collapsed
state than the ACTN1 N-terminus based on charge distribution and length arguments [102, 103].

The broad conservation of ACTN4 Y31 in ACTN isoforms from other animal species
indicates that phosphorylation of this tyrosine plays a major role in the function of actin-binding
inhibition. This was confirmed by performing actin-binding assays using single phosphomimic
mutations to glutamic acid at either Y4 or Y31 of ACTN4. The Y31E mutant shows the same
decrease in binding as the double phosphomimic Y4/31E mutant, while the Y4E mutant shows
almost no change in binding when compared with WT protein (Fig. 3.2). This shows that the
reduced actin binding that was seen previously for the double phosphomimic is entirely due to
phosphorylation of Y31, and so the conserved Y31/Y12 is necessary and sufficient to modulate
the actin-binding function of ACTN4/ACTNI1 [21, 22]. But this still leaves open the question as
to the function of the more recently evolved Y4 and its EGF-induced phosphorylation in
ACTN4.

To explore the possible role of phosphorylated Y4, we performed explicit-solvent
molecular dynamics (MD) simulations of WT and Y4E phosphomimic constructs of the 45-
residue long disordered ACTN4 N-terminal region. The simulation for the WT construct showed
that the Y31 side chain remains mostly buried in a molten globule packed by two relatively

stable anti-parallel helices that each start around Y4 and Y31, with the Y4 side chain
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Figure 3.2: Y31 phosphorylation is responsible for the inhibition actin binding of ACTN4.

Actin-binding assays were performed for WT, Y4E, Y31E, and Y4/31E constructs of ACTN4, with
ultracentrifugation separating unbound ACTN4 (supernatant or S fraction) from actin-bound ACTN4 (pellet or P
fraction). The plot shows the quantitation of three experiments for amounts of ACTN4 in the P fraction. The
phosphomimic at Y4 has no significant effect on actin binding relative to WT (unphosphorylated) protein, while the
phosphomimic at Y31 shows decreased actin binding that is similar to the double phosphomimic mutant. Error bars
indicate s.e.m. [* P < 0.05 based on student’s t-test. NS, not significant.] The experiments were performed by Dr.
Hanshuang Shao, under the supervision of Dr. Alan Wells, both from the Department of Pathology, University of

Pittsburgh.

significantly solvent exposed (Fig. 3.3 top plot, and Fig. 3.4A). This means that Y4 (but not Y31)
is normally accessible for phosphorylation in the unphosphorylated protein. Strikingly,
simulations of the Y4E phosphomimic construct show that the additional negative charge alters
the packing of the helices into a parallel arrangement, such that the Y31 side chain becomes
solvent exposed and accessible to kinase in the process (Fig. 3.3 middle plot, and Fig. 3.4B).

Note that this is very different from ACTNI1 where only Y12 is phosphorylated, and not
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Figure 3.3: Kinase accessibility of Y31 becomes possible upon phosphorylation of Y4.

Shown are plots of side chain solvent-accessible surface area (SASA) over 150-ns MDs for Y4 and Y31 from WT
ACTN4 (top), Y31 from Y4E ACTN4 (middle), and Y12 from WT ACTNI1 (bottom). For WT (unphosphorylated)
protein, Y4 is kinase accessible while the Y31 side chain is buried within the rest of the N-terminal region. Upon
phosphorylation of Y4 (modeled here using the Y4E phosphomimic), changes in the structural dynamics of the N-
terminal region cause Y31 to become solvent exposed and kinase accessible. For WT ACTNI1 which only has one
phosphorylation site at Y12, the side chain of the latter is solvent exposed as there is no other phosphorylation site to

control its accessibility.

surprisingly, MD simulations of the hydrophilic ACTN1 N-terminal region confirm that the Y12
side chain is mostly solvent exposed (Fig. 3.3 bottom plot). To check if Y4 phosphorylation is
really needed for Y31 to become accessible for phosphorylation, we performed assays to
compare the phosphorylation levels of Y31 between Y4E (phosphomimic) and Y4A (loss-of-

function) mutants. These assays showed that the loss of Y4 (via the Y4A mutant) does indeed
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P15-A22
helix

Figure 3.4: Changes in the helical packing of the ACTN4 N-terminal region.
For (A) full WT, (B) full Y4E, and (C) cleaved WT, the C-terminus of the peptide is shown at the upper left. (A) Y4
(exposed) and Y31 (buried) are shown in spheres. The helix that starts at Y4 packs in an antiparallel arrangement

with the helix that starts at Y31, with the Y31 side chain buried between the two helices. The primary m-calpain
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cleavage site (Y13-G14 peptide bond) is exposed and accessible to the protease. (B) E4 and Y31 (both exposed) are
shown in spheres. The extra charge flips the helix that starts at the E4 phosphomimic in a parallel arrangement with
the helix that starts at Y31, which now makes Y31 exposed and accessible to kinase. The m-calpain cleavage site is
still accessible to the protease. (C) Y31 (buried) is shown in spheres. Removal of residues 1 to 13 by m-calpain

cleavage leads to a helical folding from P15 to A22. This helix helps to keep Y31 buried and inaccessible to kinase.

cause Y31 to be phosphorylated at a much lesser extent, when compared to the phosphomimic
mutant that should make Y31 phosphorylatable (Fig. 3.5). These results strongly suggest an
elegant mechanism where an alternate phosphorylation switch can be evolved by tuning the

collapse propensity of an IDR. This tandem phosphorylation mechanism is sketched in Fig. 3.6:
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Figure 3.5: Loss of Y4 inhibits phosphorylation of Y31.

Phosphorylation detection assays were performed for WT, Y4E, and Y4A constructs of ACTN4. The plot shows the
quantitation of three experiments for amount of EGF-induced phosphorylated tyrosine normalized to WT levels. For
WT, phosphorylation of Y4 and Y31 is being detected. Both Y4E and Y4A measure Y31 phosphorylation levels
only; Y4A shows decreased Y31 phosphorylation compared to Y4E. Error bars indicate s.e.m. [* P < 0.05 based on
student’s t-test.] The experiments were performed by Dr. Hanshuang Shao, under the supervision of Dr. Alan Wells,

both from the Department of Pathology, University of Pittsburgh.
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Figure 3.6: Tandem phosphorylation model for Y4 and Y31 of the ACTN4 N-terminal region.
Black wavy lines denote N-terminal helices. (i) Y4 and Y31 are exposed and buried, respectively, as two helical
elements in the N-terminal adopt an antiparallel conformation. (ii) Upon phosphorylation of the exposed Y4, the
N-terminal undergoes a transition in its molten globule state such that the two helical elements adopt a
parallel conformation. This transition makes Y31 accessible to kinase. (iii) Phosphorylated Y31 ca now act to
inhibit actin binding, by latching the ABD in a closed configuration (see Fig. 3.7) The primary m-calpain

cleavage site (red arrow) between Y13-G14 [36] is accessible to the protease and removes the first helical element

(1) Y4 and Y31 are mostly accessible and inaccessible, respectively, for phosphorylation in the
unphosphorylated protein; (ii) phosphorylation of Y4 leads to structural changes in the

disordered N-terminus that exposes Y31 to its kinase; and, (iii) phosphorylation of Y31 mediates
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regulation of actin binding by ACTN4. In other words, the phosphorylation state of Y4 acts as a
switch that determines whether or not the functionally-relevant Y31 will get phosphorylated.

An important question is how the phosphorylation of Y31 leads to reduced actin binding
of ACTN4. Docking experiments of the helical element containing Y31E (phosphomimic of
Y31) to the ABD strongly suggests that the helix can bind to a crevice on the surface of CH2
(Fig. 3.7A). This interaction will disrupt the binding of ABD and CaM2 in the ternary complex
(Fig. 3.7B), which taken alone would lead to a predicted increase in actin binding similar to that
seen for the three sets of artificial mutations R868A/R869A, E162A/S164A, and H189L (see
Chapter 2.4) from earlier. More importantly, however, this interaction would also lead to tighter
latching between CH1 (to which the N-terminal is covalently attached) and CH2, thereby further

stabilizing the closed ABD state and leading to the observed decrease in actin binding.

33 SYSTEMS MODELING OF THE TANDEM PHOSPHORYLATION

MECHANISM

We next explored the constraints imposed by adding an extra phosphorylation switch to control
the functional Y31 regulation of actin binding. To do this, we used a systems modeling approach
to study phosphorylation levels of Y31 in models where two phosphorylation sites are linked in
the same molecule. This approach is based on an earlier approach to quantify crosstalk and
competition between phosphorylation sites on different molecules [104]. This work in turn builds
off that of Goldbeter and Koshland [105], who first showed that a ultrasensitive response can

occur for a single phosphorylation site on a substrate at saturating conditions (relative to the
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Figure 3.7: Phosphorylation of Y31 latches the ABD in a closed configuration.

The helical element of the N-terminal region comprising residues 31-41 and with the Y31E mutation was used as
ligand for virtual docking to the crystal structure of a human ACTN4 ABD mutant (PDB ID 2R00 [57]), with
K255E backmutated to Lys. Virtual docking was done using ClusPro [51, 106], with top-ranked docked models
filtered based on balanced contributions between electrostatic and hydrophobic contacts. (A) Top-ranked docked
model of the helical motif around Y31E and ACTN4 ABD. Several residues that make contacts, including the Y31E
phosphomimic, are labeled. Q174, Q186, and H189 were shown earlier to be involved in interactions with CaM2
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(Fig. 2.8). Black arrow points to where the N-terminal connects to CHI, indicating that this is a feasible docked
model. (B) Same docked model superimposed with the core ternary complex (CH2-neck-CaM?2). Note the clash
between the N-terminal helix and CaM2. The helical element containing phosphorylated Y31 can thus detach the

ABD from the ternary complex, while latching both CH domains together in the closed configuration.

concentrations of kinase and phosphatase in the system) such that the phosphorylation level of
the site displays a switch-like behavior (either 0% or 100%) with respect to a parameter r
(defined as the ratio of the maximum kinase velocity over the maximum phosphatase velocity).
Here, we use four different models: (A) in the presence of a single functional phosphorylation
site; (B) a tandem model with both sites phosphorylated by a single kinase; (C) the same model
but where the kinase has a weaker affinity towards the switch site; and, (D) a tandem model
where the two sites are phosphorylated by different kinases. A description of these models is first
given in the next few subsections, followed by the results obtained from the simulations of these

models.

3.3.1 General notes on modeling approach

The single phosphorylation site, two-site 1-kinase/l1-phosphatase (1K1P) tandem
phosphorylation, and two-site 2-kinase/1-phosphatase (2K1P) tandem phosphorylation models
were simulated using a rule-based approach with the BioNetGen software v2.2.2 [107, 108]. To
simplify the models, we assumed for all the models that (1) a single phosphatase acts on the
phosphorylation sites and (2) the catalytic rates of the kinase/s and phosphatase are the same. An
additional assumption for the tandem phosphorylation models is that only one site out of the two

can be bound at any instant, either by kinase or phosphatase. This is to account for steric
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hindrance that would prevent the simultaneous binding of different kinase/phosphatase
molecules to two nearby sites. Although these assumptions would have allowed the models here
to be solved without using a rule-based approach, we opted on using the latter in anticipation of
future research where the restriction of simultaneous binding of enzymes to both sites is
removed.

For the single-site and 1K1P models, the kinase is represented by the molecule type
kin(b), indicating that there is only one binding site on the kinase. For the 2K 1P models, the two
kinases are represented as kinl(b) and kin2(b). For all the models, the single phosphatase is
represented as pho(b).

For all models, the binding, unbinding, and catalytic rates of kinase/s and phosphatase at
either of the sites are set at 1.0 uM™-s!, 0.001 s!, and 0.999 s!'. This leads to a Michaelis
constant of 1 uM for the hypothetical kinase/s and phosphatase in the simulations. The only
exception is in model (C), where the binding rate of the single kinase to the Y4 site is set lower
at 0.02 uM'.s"! (while keeping the binding rate to the Y31 site at 1.0 uM'-s!). This leads to a

Michaelis constant in this model for the Y4 site of 50 uM.

3.3.2 Single phosphorylation site model

The N-terminal region was described in this model using the following molecule type:

nter(b,s~U~P)

where s refers to the single phosphorylation site at Y31 while b refers to the corresponding
binding site. Site s can be either unphosphorylated (U) or phosphorylated (P) at any instant. The

following reaction rules were then used for describing the single phosphorylation site model:
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3.3.2A: nter(b,s~U) + kin(b) <—> nter(b!1,s~U).kin(b!1) kin_f, kin_r
3.3.2B: nter(b!1,s~U).kin(b!1) —> nter(b,s~P) + kin(b) kin_cat
3.3.2C: nter(b,s~P) + pho(b) <—> nter(b!1,s~P).pho(b!1)  pho_f, pho r

3.3.2D: nter(b!1,s~P).pho(b!1) —> nter(b,s~U) + pho(b) pho_cat

Rules 3.3.2A and 3.3.2B describe kinase binding to b and phosphorylation of s,
respectively. Rules 3.3.2C and 3.3.2D give the corresponding rules for phosphatase binding to »
and desphosphorylation of s, respectively.

In simulating this model, the phosphatase concentration was kept fixed at 1 nM, while the
kinase and N-terminal region concentrations were varied between 0—2 nM and 0-100 uM,
respectively. All simulations were run until the default convergence criterion for steady-state
levels set by BioNetGen was reached. In plotting the results, the x-axis was made dimensionless
by normalizing the N-terminal region concentration by the Michaelis constant of the kinase (1
uM), and similarly for the y-axis by normalizing the kinase activity (i.e. the maximum velocity
of the kinase) by the phosphatase activity. Note that the enzyme activities are taken to be

proportional to their concentration.

3.3.3 Two-site 1-kinase/1-phosphatase (1K1P) tandem model

The N-terminal region was described in this model using the following molecule type:

nter(bl,b2,s1~U~P,s2~U~P)

where s/ and s2 refer to the phosphorylation sites Y4 and Y31, respectively, while b/ and b2

refer to the corresponding binding sites. Both s/ and s2 can be either unphosphorylated (U) or
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phosphorylated (P) at any instant. The following reaction rules were then used for describing the

1K1P model with tandem phosphorylation:

3.3.3A: nter(bl,b2,s1~U) + kin(b) <—> nter(bl!1,b2,s1~U).kin(b!1) kin_f, kin_r
3.3.3B: nter(bl!1,b2,s1~U).kin(b!1) —> nter(bl,b2,s1~P) + kin(b) kin_cat
3.3.3C: nter(bl,b2,s1~P,s2~U) + kin(b) <—> nter(bl,b2!1,s1~P,s2~U).kin(b!1)

kin_f, kin_r

3.3.3D: nter(bl,b2!1, sI~P,s2~U).kin(b!1) —> nter(b1,b2,s1~P,s2~P) + kin(b)

kin_cat
3.3.3E: nter(bl,b2,s1~P) + pho(b) <—> nter(bl!1,b2,s1~P).pho(b!1)  pho f, pho r
3.3.3F: nter(b1!1,b2,s1~P).pho(b!1) —> nter(b1,b2,s1~U) + pho(b) pho_cat
3.3.3G: nter(bl,b2,s2~P) + pho(b) <—> nter(bl,b2!1,s2~P).pho(b!1)  pho_f, pho r

3.3.3H: nter(b1,b2!1,s2~P).pho(b!1) —> nter(b1,b2,s2~P) + pho(b) pho_cat

Rules 3.3.3A and 3.3.3B describe kinase binding to b/ and phosphorylation of s/, while
rules 3.3.3E and 3.3.3F describe phosphatase binding to 4/ and dephosphorylation of s/. Rules
3.3.3C and 3.3.3D, and 3.3.3G and 3.3.3H, give the corresponding rules for sites 52 and s2. In
this tandem model, kinase binding and phosphorylation of the first site does not depend on the
phosphorylation state of the second site (Rules 3.3.3A and 3.3.3B). However, kinase binding and
phosphorylation of the second site does require prior phosphorylation of the first site (Rules
3.3.3C and 3.3.3D). Note that phosphatase binding and dephosphorylation at either site does not
depend on the phosphorylation state of the other site (Rules 3.3.3E to 3.3.3H).

In simulating this model, the kinase, phosphatase, and ACTN4 N-terminal concentrations

were the same as those set in the single phosphorylation site model. As mentioned earlier, the
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only difference between models (B) and (C) is that the latter has a 50-fold weaker binding
affinity to the Y4 site. All simulations were run until the default convergence criterion for
steady-state levels set by BioNetGen was reached. Plotting of results here also used the same

approach as mentioned for the single phosphorylation site model.

3.3.4 Two-site 2-kinase/1-phosphatase (2K1P) tandem model

The N-terminal region was described in this model using the following molecule type:

nter(bl,b2,s1~U~P,s2~U~P)

where s/ and s2 refer to the phosphorylation sites Y4 and Y31, respectively, while b/ and b2
refer to the corresponding binding sites. Both s/ and s2 can be either unphosphorylated (U) or
phosphorylated (P) at any instant. The following reaction rules were used for describing the

2K 1P model with tandem phosphorylation:

3.3.4A: nter(bl,b2,s1~U) + kinl(b) <—> nter(b1!1,b2,s1~U).kinl(b!1) kinl f, kinl r
3.3.4B: nter(bl!1,b2,51~U).kinl(b!1) —> nter(b1,b2,s1~P) + kinl (b) kinl cat
3.3.4C: nter(bl,b2,s1~P,s2~U) + kin2(b) <—> nter(b1,b2!1,s1~P,s2~U).kin2(b!1)
kin2 f, kin2 r
3.3.4D: nter(bl,b2!1,51~P,s2~U).kin2(b!1) —> nter(b1,b2,s1~P,s2~P) + kin2(b)
kin2 cat
3.3.4E: nter(bl,b2,s1~P) + pho(b) <—> nter(bl!1,b2,s1~P).pho(b!1)  pho f, pho r

3.3.4F: nter(b1!1,b2,s1~P).pho(b!1) —> nter(b1,b2,s1~U) + pho(b) pho_cat
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3.3.4G: nter(bl,b2,s2~P) + pho(b) <—> nter(bl,b2!1,s2~P).pho(b!1)  pho f, pho r

3.3.4H: nter(b1,b2!1,s2~P).pho(b!1) —> nter(b1,b2,s2~P) + pho(b) pho_cat

The description of rules 3.3.4A to 3.3.4H essentially follow that of rules 3.3.3A to 3.3.3H
in the earlier 1K1P tandem model, with the only difference being that sites b/ and s/ are
recognized by one kinase type (kin/) while sites b2 and s2 are recognized by another kinase type
(kin2).

In simulating this model, the phosphatase concentration was kept fixed at 1 nM, while the
concentrations of kinases 1 and 2 were varied both between 0-2 nM. The N-terminal region
concentration was kept fixed at 20 uM simply to saturate the enzymes in order to see if any
ultrasensitive (i.e., switch-like “on-and-off”’) behavior is exhibited. All simulations were run until
the default convergence criterion for steady-state levels set by BioNetGen was reached. In
plotting the results, the x- and y-axes were made dimensionless by normalizing the activity of
both kinases by the phosphatase activity (where the enzyme activities are taken to be

proportional to their concentration).

3.3.5 Results

We found that the phosphorylation dynamics of Y31 would not differ significantly between the
models with a single phosphorylation site (Fig. 3.8A) and with two phosphorylation sites that are
recognized by the same kinase (Fig. 3.8B, left plot). However, lowering the affinity of the kinase
to the Y4 switch site (Fig. 3.8B, right plot) does drastically lower the overall Y31
phosphorylation. In other words, the 1K1P tandem model predicts that in order to preserve the

functionality of Y31, the kinase affinity towards the Y4 switch site should be stronger or, at
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least, equal to that towards the Y31 site. The latter is consistent with the observation that the Y4
switch is the major site of phosphorylation upon growth factor stimulation, while the critical Y31
is substoichiometrically phosphorylated [21]. Interestingly, Fig. 3.8C shows that in a tandem
model where a different kinase phosphorylates the Y4 site, it is changes in the activity of this
kinase (and not the Y31 kinase) that show an ultrasensitive behavior for Y31 phosphorylation.
Note that the “on-and-off” switch takes place when the Y4 kinase is at least half as active as
phosphatase, and the full response (either 0% or close to 100%) occurs only when the Y31
kinase is also at least half as active as the phosphatase. This shows that the combined activities of
both kinases must exceed that of the single phosphatase in order for the latter to be saturated with
both phosphorylated Y4 and Y31 substrate and thus allow Y31 to become fully phosphorylated.
On the other hand, changes in the activity of the Y31 kinase lead to a hyperbolic response for
Y31 phosphorylation, which is especially noticeable at higher activities of the Y4 kinase. This
may be because the phosphatase is already saturated with phosphorylated Y4 substrate before the
Y31 kinase is turned on, and so the phosphorylated Y31 levels will rise slowly instead of

abruptly as the Y31 kinase activity is increased.

34 SEARCHING FOR THE KINASES THAT ACT ON Y4 AND Y31

Identifying the putative kinase(s) that are responsible for phosphorylating Y4 and Y31 of the
ACTN4 N-terminal region is a challenging problem. Initial approaches to identify candidate
kinase(s) have not yielded unambiguous results (data not shown). However, both Y4 and Y31 are

found within the same motif in mammalian sequences, MXDY XA, which suggests that a single
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Figure 3.8: Systems modeling of tandem phosphorylation for linked sites.
Modeling results for ACTN4 N-terminus phosphorylation using (A) a single phosphorylation site system; (B) a 1-

kinase/1-phosphatase (1K1P) tandem phosphorylation system where the kinase has either similar binding affinity to
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both sites (right) or stronger binding affinity to Y31 (left); and (C) a 2-kinase/l1-phosphatase (2K1P) tandem
phosphorylation system. In (A) and (B), the fraction of phosphorylated Y31 is plotted as a function of the kinase
concentration (normalized by the phosphatase concentration) and the total N-terminal concentration (normalized by
the kinase/phosphatase Ky and plotted on a log scale). In (C), the fraction of phosphorylated Y31 is plotted as a
function of the concentrations of kinases 1 and 2 (Kin; and Kiny; both normalized by the phosphatase concentration)
that act on Y4 and Y31, respectively. For the 2K1P model, the N-terminal region concentration was kept fixed at 20

UM to saturate the enzymes. All enzyme concentrations are assumed to be directly proportional to their activities.

class of kinase (or even the same kinase) likely recognizes and phosphorylates both sites. To test
the significance of this motif in EGF-induced phosphorylation of the ACTN4 N-terminal, we
mutated the aspartic acid residue before each phosphorylatable tyrosine to see if this would
impair kinase activity. MD simulations indicate that Y31 gets exposed for both the D3A and
D30A mutants confirm this prediction (Fig. 3.9A). With both Y4 and Y31 exposed in these
mutants, any changes in phosphorylation levels can then be attributed to the mutations
directly affecting kinase activity, rather than to phosphorylatable tyrosines being buried and
kinase inaccessible. Phosphorylation detection assays (Fig. 3.9B) show that D3A has a reduced
phosphorylation level compared to WT, but still higher than Y4E indicating that D3A impairs
(and does not completely abolish) Y4 phosphorylation. The similar applies to D30A in terms of
its 