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Abstract 

Annexin A2 (A2) and its heterotetrameric form, annexin A2t (A2t), participate in 

membrane organization, anionic phospholipid clustering, exocytosis, and other membrane-

associated cellular processes. Both proteins selectively associate with membranes containing 

negatively charged phospholipids, particularly phosphatidylinositol 4,5-bisphosphate (PIP2). 

Cholesterol (CHOL) has also been proposed to influence these interactions, although its role in 

regulating A2- and A2t-mediated membrane binding and lipid-domain formation has not been 

fully characterized. Not only are these interactions important for cellular processes, but also they 

are implicated in various pathologies and cancers. The goal of this study was to investigate A2 

and A2t–membrane interactions over extended simulation timescales and to determine how 

variations in membrane CHOL content affected protein binding, PIP2 clustering, lipid mobility, 

preferred binding orientations, and interaction energetics. 

Coarse-grained conventional and umbrella sampling molecular dynamics simulations 

were conducted using PIP2-containing membranes with varying CHOL %. The A2 simulations 

demonstrated that increasing membrane CHOL content strengthened protein–membrane 
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association. Lipid-specific distance and linear interaction-energy analyses confirmed that PIP2 

was the membrane component most directly involved in A2 binding, as expected from previous 

studies. The A2–PIP2 interaction also became increasingly favorable as CHOL concentration 

increased. CHOL itself was located deeper within the membrane and did not form extensive 

direct contacts with A2, suggesting that it enhanced protein binding indirectly by modifying 

membrane structure, lipid organization, and lipid mobility. 

A2 also promoted the aggregation of PIP2 lipids beneath the protein, as seen in PyMOL 

visualizations, PIP2 self-distance heat maps, and self-contact analyses, and this action was 

increased with increased CHOL %. Membrane-only simulations provided insight into the 

mechanism underlying this effect. Lipid diffusion coefficients decreased for all lipid species as 

CHOL concentration increased, indicating that CHOL reduced membrane fluidity and lipid 

mobility. This reduction in diffusion limited the ability of PIP2 lipids to move away from A2, 

thereby stabilizing the PIP2-rich lipid microdomains formed beneath the protein. Consistent with 

these observations, umbrella-sampling simulations showed that the CHOL 21% membrane 

produced a shorter optimal binding distance and a more energetically favorable A2–membrane 

interaction than the CHOL 0% and 12% membranes. 

The A2t simulations revealed a similar CHOL-dependent enhancement of membrane 

binding and PIP2 clustering. Across all starting orientations, A2t tended to adopt a membrane-

bound configuration in which both A2 subunits interacted with the membrane. This indicated 

that simultaneous membrane association of both subunits was the preferred overall binding 

mode. Increasing CHOL content generally increased interaction between A2t and the membrane.  

The results supported a model in which A2 and A2t selectively bound PIP2-containing 

membranes through the convex surfaces of their A2 subunits and promoted the formation of 
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PIP2-rich lipid microdomains beneath the proteins. Increasing CHOL % in the membrane 

reduced lipid diffusion, stabilized PIP2 clustering, increased protein–PIP2 contacts, decreased 

protein–membrane distances, and produced more energetically favorable interactions. These and 

further systems that look into the more complex roles of A2 and A2t in exocytosis, membrane 

reorganization, and as an actin-binding-protein can provide a more in-depth understanding of the 

interactions throughout the body that our cells rely on and that can cause the metastasis of 

various cancers.
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Chapter 1: Background and Significance 

1.1 Annexin 

1.1.1 Annexin Family  

Annexins are a calcium binding protein family that are distinct but closely related in 

mammals. These proteins are found in a wide range of tissues and cell types including near 

calcium sequestering intracellular organelles, in the nucleus, or in lung lavage fluid, prostate 

fluid, and matrix, and they are known for binding to anionic phospholipids upon calcium 

binding.1 Annexins are comprised of a carboxyl core and an N terminal. The carboxyl core is 

highly conserved in this family and has four homologous domains with 70 residues each. These 

domains have five alpha helices (A-E), and helices AB and DE are connected by loops. There are 

pockets located in the convex surface between the domains that are potential targets for drug 

screening to inhibit the interaction between these proteins and membranes. The carboxyl core 

loops contain calcium binding sites, and these are located on the convex surface of the protein. 

This core is also where the binding sites for anionic phospholipids and actin are located. The N 

terminal in this family of proteins faces the cytosol and is variable and results in each protein’s 

individual function.1,2 The N terminal contains post translational modification sites as well as 

protein-protein interaction sites. The N terminal also contains a nuclear exportation sequence that 

indicates a role in the nucleus for these proteins. One such role is through the reactivity of 

cysteine 8 to reactive oxygen species. Binding to the annexins’ common binding partner, S100 

proteins, which are small, dimeric, acidic, calcium-binding EF hand proteins, also occurs at the 

N terminal and leads to the formation of a heterotetramer consisting of two annexin proteins and 

two S100 proteins. These proteins in both monomer and heterotetramer states have many 
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functions including endocytosis, chromaffin granule exocytosis, plasminogen receptor, and redox 

sensing, among other important processes. One important process for this study is the actin-

mediated remodeling of membranes, which when improperly regulated by various cancers, 

including breast cancer, renal cell carcinoma, and colorectal cancer, can lead to metastasis, so 

studies into this interaction could be of therapeutic significance.3 

1.1.2 Annexin A2 

Annexin A2, shown in Figure 1.1, is a 36 kDa protein that consists of 339 residues.3 The 

monomer has two sides, a concave and a convex side. A2’s N terminal, shown in Figure 1.2, is 

different than the other annexin proteins, leading to its specific functions. It is where ligand and 

protein interactions occur, and its hydrophobic concave surface binds to S100A10 in order to 

form the heterotetramer (A2t) seen in Figure 1.3. The residues V3, I6, L7, and L10 form points 

of contact with the helix HI, HIV, and the hinge region of S100A10 after N-acetylation. The 

carboxyl core is made of four repeat domains of 70 residues each with four antiparallel and one 

perpendicular alpha helices wound in a right-handed superhelix. The convex side of the C 

terminal contains the binding site for calcium and anionic phospholipids. Prior studies have 

shown the potential of A2 and A2t to form protein clusters with anionic phospholipids like 

phosphatidylinositol (4,5) biphosphate (PIP2) clustering beneath. This membrane binding action 

involves R273 and R284 binding to PIP2, and it has been suggested that cholesterol (CHOL) 

likely enhances the binding affinity of A2 and A2t to the membrane. The C terminal also 

contains an actin binding site that binds to free barbed ends of actin filaments, leading to the 

proteins’ role in exocytotic and endocytotic events as well as F-actin bundling.4 Simulations 

showing these various interactions have been completed and analyzed, though ones exploring the 
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effects of varying levels of cholesterol on the actin-A2/A2t-membrane interactions are yet to be 

studied in depth.
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Figure 1.1: Cartoon representation of annexin A2 with important binding sites noted. The 

four domains of the carboxyl core are blue, yellow, green, and red. The convex (upper) side 

also contains R273 and R284, which are the binding sites of PIP2. The N-terminus contains 

the binding sites for S100A10.5 

Figure 1.2: N terminal of annexin A2 along with the four carboxyl core domains. The N 

terminal is the site of many protein interactions, specifically with S100A10. The N terminal is 

also the site of posttranslational modifications and the reactive cysteine residue used for its 

antioxidant properties in the nucleus.5 

 



5 
 

1.1.3 Annexin A2t 

Annexin A2t is the heterotetramer form of annexin A2, made of two annexin A2 

monomers attached to a S100A10 dimer by their N terminals. S100A10 is a calcium binding EF 

hand protein that is small, dimeric, and acidic. EF hand proteins are characterized by a helix-

loop-helix motif as seen in Figure 1.4.7 This heterotetramer has various roles in membrane 

organization events, as noted above, and one of these roles has been associated with the increase 

in metastasis for various cancers. While A2 itself is not a plasminogen receptor, its partner 

protein S100A10, whose association with the membrane A2 regulates, is through a C terminal 

lysine. S100A10 also is able to bind tissue plasminogen activator (tPa), which is necessary for 

this interaction. When plasminogen and tPa are bound to S100A10, plasminogen is converted to 

plasmin, as seen in Figure 1.5.3 Plasmin is a serine protease that is able to break down fibrin as 

well as membranes and tissues. This interaction has been implicated as increasing the metastasis 

of breast cancer, pancreatic ductal adenocarcinoma, renal cell carcinoma, colorectal cancer, 

hepatocellular carcinoma, and acute promyelocytic leukemia. Because of A2’s regulation of 

Figure 1.3: Cartoon representation of annexin A2 S100A10 heterotetramer with important 

regions and binding sites noted. The annexin A2 monomers are bound to p11-1 and p11-2, 

which are both S100A10 proteins, by their N terminals.6 
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S100A10’s association to the membrane, A2 has been viewed as an oncogene. However, it is of 

note that in other cancers, such as head and neck cancers, A2 had conflicting results, sometimes 

acting as a tumor suppressor. Studies have already shown that anti-A2 antibodies can be 

effective in reducing metastasis of various cancers, so further studies into inhibitors of the 

plasminogen and tPa binding action of S100A10 with A2 as a regulator or inhibitors of A2t 

heterotetramer formation could provide ways of reducing the impact of these proteins on the 

metastasis of various cancers.3

 

Figure 1.4: Structure of the calcium binding EF hand protein S100A10. S100A10 is a binding 

partner for annexin A2 and forms a dimer that binds to two A2’s at their N terminals.7  
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A2 also has other roles in cell polarity, mRNA binding, redox sensing, inflammation, and 

antiphospholipid syndrome. A2 is able to regulate actin dynamics through its binding to F-actin 

and PIP2, both of which are heavily involved in cell-cell adhesion. A2 is found in 

ribonucleoprotein complexes and in the nucleus, which suggests a role in RNA translation, 

transport, and calcium dependent binding between negatively charged phosphates in mRNA and 

a lysine in A2. Localization of A2 with mRNA in the actin cytoskeleton also occurs, so A2 is 

considered to be a scaffolding protein that stabilizes mRNA in the cytoskeleton. A2 is able to act 

as an antioxidant in the nucleus, protecting DNA from reactive oxygen species. This action is 

done by cysteine 8 in the N terminal. A2 is also involved in the production of proinflammatory 

signals as part of the plasminogen and tPa interaction. Upon receiving a variety of stimuli, 

Figure 1.5: A model showing the binding of tPA and plasminogen to the C terminal lysine of 

S100A10. The A2s act as receptors for the cell membrane, and the urokinase-plasminogen 

activator (uPA) and receptor (u-PAR) complex is colocalized with the A2t. The binding of 

tPA and plasminogen to S100A10 promotes cleavage of plasminogen into plasmin, which is 

used to activate pro-matrix metalloproteases (MMPs), which break down proteins and tissues, 

to help spread some cancers. The plasmin also activates pro-uPA, which accelerates the 

cleavage of plasminogen.3  
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macrophage infiltration and migration through the use of plasmin to break down tissues is 

promoted by extracellular A2t.  

1.2 S100 Proteins and S100A10 

 S100 proteins, especially S100A10, are vital to this study because of S100A10’s 

interactions with A2 and other proteins. S100 proteins were first discovered by B.W. Moore in 

1965. They were named S100 because of their solubility in 100% saturated ammonium sulfate. 

There are a multitude of these calcium binding S100 proteins in a variety of tissues throughout 

the body, but the one of most interest to this study is S100A10. S100A10 is, as stated prior, a 

small, acidic, dimeric, EF hand protein. EF hand refers to a common motif seen in many proteins 

which describes a helix-loop-helix structure. The loop part of the structure is the one that 

engages in calcium binding in most S100 proteins. S100A10 is seen to have 2 of these EF hand 

motifs, which include most of the protein itself, but S100A10 specifically can not bind with 

calcium, making it distinct from the other members of its family.  

This lack of calcium binding does not impede it from its main roles and interactions with 

other proteins. S100A10 has roles in membrane binding and reorganization events, commonly 

with a partner protein like A2. In this A2 interaction, S100A10 forms a homodimer, stabilized by 

non-covalent bonds, and then a complex with two A2 proteins to form A2t. A2t are commonly 

seen localized around the plasma membrane, allowing S100A10 to participate in membrane 

reorganization events utilizing other protein interactions, such as A2’s interaction with the F-

actin cytoskeleton or S100A10’s own interactions with plasminogen and tPa.
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1.3 Actin 

 Actin is one of the most abundant proteins in eukaryotic organisms. There are three main 

isoforms of actin named alpha, beta, and gamma. They are structurally similar and differ only 

slightly in their N terminals. The alpha isoforms are split into skeletal, cardiac, and smooth 

muscle to reference their locations and functions in muscle contractions. The beta and gamma 

actins are found in most cells and function in cell motility and structure.8  

 The general structure of an actin protein, seen in Figure 1.6,9 is highly conserved 

between species with 375 residues that fold into outer and inner domains, with the outer being 

subdomain one and its large insert subdomain two and the inner being subdomain three and its 

large insert subdomain four in Figure 1.6A. The protein is flat with a pointed (-) end and a 

barbed (+) end. There are two clefts between the domains. The upper cleft between subdomains 

two and four hold binding sites for nucleotides and divalent cations. The lower cleft between 

subdomains 1 and 3 at the pointed end has hydrophobic residues that contain the major binding 

sites for actin binding proteins (ABPs).  

There are only slight conformational differences between ADP and ATP bound G actin, 

though the differences do affect the binding affinities to ABPs. The first change occurs in the 

subdomain one serine 14 beta hairpin loop, which engulfs the phosphates on the bound 

nucleotide. In the ATP bound state, there is a hydrogen bonding contact with the gamma 

phosphate of the nucleotide and the main chain of the methylated histidine 73 sensor loop. After 

hydrolysis, the serine 14 loop reorients to form a hydrogen bonding contact with the beta 

phosphate, and the methylated histidine 73 sensor loop moves into the gamma phosphate’s 

previous location, seemingly “sensing” the nature of the nucleotide. These changes during 
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hydrolysis lead to a weakening of the link between the outer and inner domains, which leads to 

less stability for the ADP bound actin fibers, a necessary part of the depolymerization of F-actin. 

Beta and gamma actins can either be in monomeric G actin form or filamentous F-actin 

form when polymerized. These forms can be transitioned between with the use of ATP. This 

process, known as treadmilling, involves actin monomers binding to the barbed end of another 

growing actin fiber in the more stable ATP bound F-actin state. The binding occurs by the D-

loop of an F-actin subunit binding and inserting an amphiphilic helix into the lower target 

binding cleft of the subunit above it. As F-actin is a slow ATPase, hydrolysis can occur in the 

filament, and ADP state F-actins will dissociate from the pointed end, leading to a recycling of 

actin monomers. This process is key to actin proteins in their diverse roles of maintaining cell 

shape and polarity and cell motility.  

 

Figure 1.6: (A) Structure of an actin subunit subdomains 1 and 2 are considered the first 

domain, while subdomains 3 and 4 are considered the second domain. (B) The ATP 

dependent actin polymerization and depolymerization treadmilling process. ATP-bound actin 

monomers are added at the barbed (+) end of the fiber, and hydrolyzed ADP-bound subunits 

are dissociated at the pointed (-) end.9 
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1.4 A2-Actin Interactions 

ABPs are directly involved with actin protein functions. Annexin A2 and A2t are two 

such proteins that bring more dynamic actin filaments closer to anionic phospholipid rich 

membranes in order to engage in exocytotic events and membrane organization. The Kd for F-

actin binding to A2t is ~0.2 mM with two potential binding sites. The interaction between A2 

and A2t and actin have been noted to occur when already relatively close to a membrane. It is 

also noted that A2 and A2t have not been found to associate with microvilli, stress fibers, and 

other more rigid actin structures, just the more dynamic F-actin fibril structures. The second 

major role for A2 and A2t is the bundling of actin filaments, which has the effect of controlling 

the number of exocytotic events. This has been explained in A2t when both annexin subunits 

bind to different actin fibers, and in A2 by the presence of two binding sites for actin and the 

likelihood of oligomerization of the actin-A2 complex.8-11 An important example of an 

exocytotic process involving the A2-actin interaction is with neuroendocrine chromaffin 

granules, which synthesize, store, and release catecholamines, peptides, and ATP. These 

granules originate in the endoplasmic reticulum and maturate in the Golgi system. Movement of 

the chromaffin granules to the membrane is mediated by dynamic F-actin structures with the use 

of myosin, as well as microtubule networks. Once stimulated by the cell, A2 in the cytosol 

moves closer to the plasma membrane. A2 binding to the membrane results in the aggregation of 

anionic phospholipids underneath it, mediating the formation of lipid microdomains. These actin 

bundles also bind to chromaffin granules and connect them to the plasma membrane, preparing 

the exocytotic event. In this way, the interaction of A2 and actin can control the number of 

exocytotic events, the number of lipid microdomains, and the number of membrane-attached 

granules. F-actin and A2 also provide the granules with the means for both fusion pore expansion 

and secretion, though the mechanics behind these can be further explored. A2 is also of interest 



12 
 

due to its PIP2/CHOL/GM1 aggregation being necessary for binding with SNARE proteins, 

which are known to mediate the granule fusion process. 

Misregulation of this interaction can thus lead to elevated numbers of exocytotic events, 

which can be harnessed by various cancers to aid in metastasis. Simulations and studies further 

investigating these roles would be important to understanding more about these interactions’ 

roles in exocytotic events and the metastasis of various cancers.3
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Figure 1.7: In an unstimulated chromaffin granule (A), the granules are not coated in F-actin 

and brought closer to the membrane. In a stimulated chromaffin granule during stress or 

danger (B) annexin A2t is able to bind to the membrane and to F-actin fibers near the 

membrane and coating the granule. This brings the granule to the prepared exocytotic site for 

fusion and secretion to occur. This is seen in the electron tomography analysis (C) with the 

annexin A2t’s being located on the right side bound to the membrane and the fibrils.10 
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Figure 1.8: Electron tomography analysis of a chromaffin granule (SG) as it is docked to and 

fused to an exocytotic site on the membrane with the help of F-actin fibers and annexin A2t.10 
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Chapter 2: Computational Methods 

2.1 Molecular Dynamics 

A protein’s function is closely tied to its structure. Viewing changes in a protein’s 

structure and interactions with other proteins at the atomic level is difficult to do. As a result, 

computational approaches are used to simulate and visualize these proteins at the atomic scale. 

Among these approaches, molecular dynamics (MD) is one of the most widely used techniques, 

and it uses structure information, usually submitted to the Protein Databank, and classical 

mechanics to describe the motion of the atoms. 

In MD simulations, atoms or groups of atoms are modeled as particles connected by 

springs. The motion of these particles is achieved using force fields, with an example given in 

Equation 2.1. 

 

This potential energy function provides a general description for modeling proteins and 

other systems like membranes. The total potential energy includes both bonded and non-bonded 

terms. The bonded terms are bond stretching, angle bending, and dihedral rotations. The bonds 

term accounts for energy changes with deviations in bond length, where 𝐾𝑏 represents the force 

constant and 𝑏 − 𝑏0 represents the deviation from the bond length 𝑏0. The angles term describes 

deviations from the bond angle 𝜃0, with 𝐾𝜃 representing the angular force constant. In the 
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dihedrals term, 𝑉𝑛 is barrier height and 𝑛 is barrier periodicity. The dihedral angle between 

planes is 𝜓, and 𝜑 is the phase shift. 

Non-bonded terms include electrostatic and van der Waals interactions. Coulomb’s law is 

used for electrostatic interactions, in which charges 𝑞𝑖and 𝑞𝑗 are divided by their distance from 

each other 𝑟𝑖𝑗 the dielectric constant 𝜀𝑖𝑗. Van der Waals interactions are modeled using the 

Lennard-Jones potential. This potential depends on the depth of the energy well 𝜀𝑖𝑗, the distance 

at which the potential energy equals zero, 𝑅𝑚𝑖𝑛,𝑖𝑗, and the distance between atoms 𝑟𝑖𝑗. 

The forces acting on the protein must be continuously recalculated as atomic positions 

change to create a simulation that explores the change in a protein over time. In order to do this, 

a series of steps must be completed. First is the creation of the system, which includes defining 

the positions of the atoms and their initial velocities. This allows calculations to include 

interactions with nearby atoms, which will affect the forces imparted on the atoms. These 

calculations are iterated upon according to the time-step set. 

It is of note that these short timesteps can limit the ability of simulations to capture larger 

interactions for long periods of time due to computational load. 

2.2 Coarse-grained Molecular Dynamics (CGMD) 

Coarse-graining is used to simplify a system to lessen the computational load. Coarse-

grained modelling involves representing four heavy atoms as a singular bead, created using the 

Martini force field.13,14 The bonded terms are taken from reference all-atomic simulations, while 

the non-bonded terms are taken from experimental free energies from many chemical 

compounds. This does reduce the resolution for the system, though some groups like rings are 
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represented with more resolution. There are also numerous subtypes for the beads to better 

describe their chemical nature. This method is used for the creation of the system, after which the 

typical steps for MD simulations are completed. 

2.3 Umbrella Sampling Molecular Dynamics (USMD) 

Umbrella sampling is an enhanced sampling method that can be used to calculate the 

relative free energy of different states along a reaction coordinate, which is a continuous 

parameter that is used to describe the system.15 These calculations involve the introduction of a 

harmonic bias potential, seen in Equation 2.2, to overcome any potential energy barriers.  

 

In the equation, ki is the force constant, s0,i is the reference point on one window/bin i, 

and s is the point along the reaction coordinate at the current time in the simulation. Simulations 

are run and free energy is calculated for each of the bins in the reaction coordinate, and the 

output files can be analyzed by methods like weighted histogram analysis to obtain information 

according to the reaction coordinate. For example, a typical reaction coordinate is the distance 

between a protein and a membrane. For this reaction coordinate, the bins would be set stepwise 

at distances between the minimum and maximum distances. Within these bins, the protein’s 

initial distance from the membrane is set, but the protein’s distance is allowed to fluctuate 

slightly. This allows for overlaps with neighboring bins. The steps for these bins must be small 

enough for this overlap to occur to simulate a continuous parameter. The energy between the 

protein and membrane are then able to be represented and correlated with the distance of the 

protein from the membrane to determine the most stable binding distances. 
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2.4 Simulation Details 

2.4.1 System Preparation 

For each system in these studies, the proteins (A2, A2t, actin) were first obtained from 

the Protein Databank in a PDB structure file. This gives the positions of the atoms and their 

bonding interactions. Any mutations or alterations to the protein structure are made at this point. 

For the A2 and A2t, a mutation of calcium binding residues to alanine was required due to the 

incompatibility of coarse-graining and calcium. These files were then coarse-grained using the 

Martini forcefield to simplify each structure to reduce computational load and allow for longer 

term simulations. The lipids needed for the membranes were collected from the Martini 

Lipidome and were thus already coarse-grained. The lipids used in these studies were 

phosphatidylcholine (POPC), phosphatidylserine (POPS), phosphatidylinositol (4,5) biphosphate 

(PIP2), and cholesterol (CHOL). These lipids were formed into a membrane using mMAEVE, a 

program for constructing more complex membrane and protein systems. The size of the 

membrane, the number of lipids, and the percent composition of the lipids can be provided, and 

the lipids will be evenly distributed across the structure selected. The protein can then be placed 

in reference to the membrane to create the full coarse-grained system. 

In order to simulate cellular conditions, the system must be solvated. This was done using 

the GROMACS software suite. Water, as well as sodium and chloride ions, were distributed 

throughout a set simulation box with the same length and width as the membrane and a 

specialized height that depends on the system. The box uses a periodic boundary to ensure that 

the atoms of the system do not leave the box while also solving any temperature or pressure-

related issues that may arise from using a stricter box. The periodic boundary allows for atoms 
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that would leave the box to cross over to the other side, thus simulating a membrane with infinite 

size. 

2.4.2 Minimization 

Each system was then minimized to reduce strain and remove contacts that presented 

problems. The minimization was run in two steps. The first was a softcore minimization with 

5,000 steps and was followed by the second step of 5,000 steps. These steps generated output 

files for use in equilibration. 

2.4.3 Equilibration 

Equilibration was run on the minimized system for 250,000 steps with a timestep of 20 

femtoseconds. The system was heated to 310K using v-rescale temperature coupling. The system 

also used semiisotropic Berendsen pressure coupling at a reference pressure of 1.0. The output 

files were used in the production step. 

2.4.4 Production 

Production was done using the GROMACS software suite. The equilibrated output files 

were used and run for a specified number of steps depending on the required simulation time, but 

with a timestep of 20 femtoseconds. A velocity-rescale thermostat set to 310 K and a coupling 

time constant of 1.0 ps was used separately for the proteins, lipids, and solvent. Pressure 

coupling was done using a semiisotropic Parrinello-Rahman (PR) barostat with a compressibility 

of 3.4e-4 bar-1 and a time constant of 12.0 ps to maintain a one bar pressure. PR is more accurate 
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and adaptable, so it is better for use when large changes for a system are expected. The result of 

this step are output files that contain the trajectories of the atoms in the system over the full 

simulation time. These trajectories, along with the structure files generated from the equilibration 

step, can be reimaged to obtain a viewable simulation for the set timeframe.  

2.4.5 Data Analysis 

Distance analysis was performed for the CGMD simulations. The distances between the 

protein and the membrane, the distance between protein residues and individual lipids, and the 

distance between individual lipid heads can be calculated over the entire simulation or during 

specific periods, such as the end of the simulation, or frames where the protein is most closely 

associated with the membrane. The scripts for these analyses was performed in Jupyter Lab 

analysis notebooks and will rely on Pandas, NumPy, SciPy, and MDAnalysis packages.23-25 

Contact analysis was performed on the CGMD simulations to determine the total number 

of times that lipids and proteins come into contact with each other. This can be used to determine 

the number of close contacts between a protein and membrane or between a specific group of 

lipids to each other. A cutoff of 10 Å was used. This analysis was performed using the methods 

set out in the MDAnalysis project. 

Linear interaction energy analysis was performed on the CGMD simulations to calculate 

the energy of the interaction between the A2 protein and the membrane. The van der Waals and 

electrostatic interactions were calculated for non-bonded atomic interactions between the protein 

and the membrane and averaged over the simulation. This analysis was performed using cpptraj. 
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Lipid diffusion coefficient analysis was performed on the CGMD simulations specifically 

with the protein absent. This analysis is used to determine how quickly the lipids in a membrane 

can diffuse, which can help in determining if there are interactions reducing the rate of diffusion 

and keeping lipids together. This can be calculated for individual lipid groups. 

Variance analysis was performed for the CGMD simulations. This can determine an 

average of how far the lipids in a group are from the center of mass of that group over time. This 

can be correlated to association with the protein to gain more insight into any lipid clustering due 

to protein association. 

Weighted histogram analysis was used to analyze the USMD simulations. This analysis 

can determine the distance between a protein and a membrane correlating to an energy 

minimum. This method analyzes the output files from USMD simulations and creates bins out of 

discrete states. The discrete states in these studies are the distances between the center of mass of 

the protein and the center of mass of the membrane. Histograms are then created with those 

distance bins that show the probability of observing that distance. The bins will have sufficient 

overlap in distances to create a continuous parameter. This method can then calculate the 

potential of mean force when analyzing these bins. The equations used can be seen in Equation 

2.3. 
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β is inverse temperature 1/kBT with kB being Boltzmann’s constant and T being 

temperature. nj is the number of data points in the histogram hj, and gi is the statistical 

inefficiency (1+2τi) and τi is the integrated autocorrelation time of the bin. ξ is the reaction 

coordinate, wj is the bias potential function, and fj is the dimensionless free energy of the 

system.27
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Chapter 3: Exploration of the binding affinity of Annexin A2 to a membrane and the impact 

of the concentration of CHOL in that membrane 

3.1 Background 

 Annexin A2 is found abundantly in the human body and is seen in a variety of tissue and 

cell types.3 They are commonly found in the cytosol and especially near the plasma membrane. 

A2 is known to interact with the membrane in a variety of functions. These include exocytotic 

events, such as the release of neurotransmitters from chromaffin granules, and membrane 

reorganization events using the actin cytoskeleton. A2 has been implicated as contributor to 

different pathologies, most importantly to this study, a variety of cancers. A2 has been seen to 

increase the metastasis of cancers like breast and colorectal cancer through its membrane binding 

and disrupting activities. One such activity is the ability for A2’s binding partner S100A10 to 

bind both tPa and plasminogen, after which plasminogen is cleaved to plasmin, resulting in the 

breaking apart of nearby cell membranes. A2 allows for the close association of S100A10 to the 

membrane, so A2 is seen as a regulator of this interaction. Misregulation of interactions like 

these are what leads to increased cancer metastasis and worsened prognosis for patients. If a way 

to reduce A2’s association to the membrane in cancer cells is discovered, this method of 

metastasis would be reduced and could aid the patient.  

 To begin this study, a look at A2-membrane interactions over a long-term period is 

required. A2 binds to membranes that include anionic phospholipids, such as PIP2. These lipids 

bind to residues on the convex side of the protein. Studies have been done to investigate this 

interaction with both PIP2 and POPS, and not only did A2 bind selectively to these lipids, but it 

also assisted in the formation of anionic lipid rafts underneath itself. It has also been noted that 

A2-membrane association is influenced by CHOL presence in the membrane, and that a 
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deficiency of CHOL may even inhibit A2-membrane binding all together. Another aspect is that 

CHOL is known to stabilize the formation of anionic lipid rafts as well. In this study, the 

influence of membranes with compositions that vary in CHOL amount on A2 binding and lipid 

raft formation was further explored on a larger time scale than previous studies. This was done 

using CGMD to simplify the large system to allow for longer simulations and USMD to 

overcome any potential energy barriers and provide optimal binding distances. The primary goal 

was to determine optimal binding distances in varying cellular environments and quantify 

contributions of A2 and CHOL to lipid raft formation and stability. The secondary goal was to 

provide a scaffold for A2-membrane interactions such as vesicle fusion and exocytosis. 

3.2 Computational Methods 

3.2.1 CGMD A2 System Details 

 The first system that was explored is a single A2 protein located over a lipid bilayer with 

varying CHOL amounts. The A2 protein was taken from the Protein Databank (2HYW.pdb). 

This file contains the structure of calcium-bound monomeric annexin A2 with no N terminal 

present. The N terminal’s absence has been seen in previous studies to not affect the binding of 

A2 to membranes.28 All non-A2 molecules were removed from the file to leave just the A2 

protein in the file. This file was then coarse-grained using the Martini2 coarse-grained force field 

elnedyn22, which will use an elastic network with an upper cutoff of 0.9 nm, a lower cutoff of 

0.5 nm, and a force constant of 700 kJ mol-1 nm-2 as the basis for maintaining the protein’s 

overall shape.17 This reduces four heavy atoms into one bead with specific designations to 

specify its properties. This reduces the resolution of the system and allows for longer-term 

simulations with less computational time. The lower resolution is reasonable for this study 
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because of the focus on overall protein and membrane interaction rather than smaller 

conformational changes, and it makes these longer-term simulations possible in a reasonable 

amount of time. The four coarse-grained lipids, POPC, POPS, PIP2, and CHOL, were collected 

from the Martini Lipidome. From here, different starting structures were made using the 

mMAEVE program developed by Dr. Samuel Lindsay. The program allows the user to create 

various protein and membrane structures, like vesicles and bilayers, with varying compositions 

and positions. For the first system, one A2 protein was centered 50 Å over a 125x125 Å bilayer 

with a 7 Å separation between the layers and 250 lipids per layer. The A2 protein was oriented 

so that the convex side of the protein was facing the membrane. This system was split into eight 

different membrane compositions, 0%, 3%, 6%, 9%, 12%, 15%, 18%, and 21% CHOL (see 

Table 3.1). The POPS and PIP2 percentages remained constant at 20% and 8% respectively. The 

POPC percentages were 72%, 69%, 66%, 63%, 60%, 57%, 54%, and 51% to accommodate the 

rising CHOL percentage. POPC was chosen to decrease because it is a neutral lipid and thus 

shouldn’t have a noticeable effect on A2 binding to the membrane, as it selectively binds to 

anionic phospholipids. A representative starting structure can be seen in Figure 3.1.
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Figure 3.1: Starting structure for A2 coarse-grained simulations. For the conventional 

molecular dynamics simulations, the A2 was placed 50 Å above the membrane. For umbrella 

sampling, the protein ranged from 20-80 Å above the membrane. The distance above the 

membrane is the reaction coordinate and its reference point changed for each bin. 

 

Trial % POPC % POPS % PIP2 % CHOL 

CHOL 0 72 20 8 0 

CHOL 3 69 20 8 3 

CHOL 6 66 20 8 6 

CHOL 9 63 20 8 9 

CHOL 12 60 20 8 12 

CHOL 15 57 20 8 15 

CHOL 18 54 20 8 18 

CHOL 21 51 20 8 21 

Table 3.1: Compositions of the membranes for each of the eight CHOL compositions. The 

main lipids changing in percentage are CHOL and POPC. 
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These eight starting structures were then solvated with water, sodium, and chloride ions 

to simulate a cellular environment. The GROMACS software suite was used for all of the 

following simulation steps. A box with periodic boundaries was created to contain the atoms of 

the system with dimensions of 125x125x450 Å. The height of the box was lengthened to avoid 

the A2 potentially moving towards the top of the box and remaining there for the duration of the 

simulation. A steep integrator was used with 5,000 steps to solvate the box with 0.15 M water 

and ions.  

 The output of the solvation step was then minimized to reduce strain and clear up 

problematic contacts. This occurred in two steps with 5,000 steps each with a steep integrator. 

These steps also generated starting velocities for 310K. 

 The output of the minimization step was then equilibrated to gradually raise the 

temperature to close to body temperature. This was done in 250,000 steps of 20 femtoseconds 

timesteps to raise the temperature to 310K using a v-rescale thermostat while maintaining 1.0 bar 

of pressure by using a semiisotropic Berendsen barostat with a compressibility of 3.4e-4 bar-1. 

 The output of the equilibration step was then used for the production step. The md 

integrator was used to simulate 10 μs through 500,000,000 steps with a timestep of 20 

femtoseconds. A v-rescale thermostat was used to simulate the system at 310K, and a 

semiisotropic Parrinello-Rahman barostat was used to maintain 1.0 bar with a compressibility of 

3.4e-4 bar-1. The output trajectories were then reimaged converting the trajectories using -pbc 

mol to enforce the periodic boundary for the system box. Each membrane composition was 

simulated three additional times to obtain a robust data set. The first and final frames of three of 

the CHOL compositions can be seen in Figure 3.2. 



28 
 

 

Figure 3.2: First and final frames of the CHOL 0, 12, and 21% simulations. The A2 is shown 

in yellow, and the membrane is shown below the proteins. The protein associates with the 

membrane more as the simulation progresses. 
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3.2.2 CGMD Membrane-only System Details 

 The second system tested excluded the A2 and had only the membrane included. This 

membrane was created using the Martini Lipidome’s POPC, POPS, PIP2, and CHOL lipids. 

These lipids were distributed equally in the 125x125 Å bilayer with 7 Å in between each layer. 

The composition of the bilayer followed the same specifications as trials CHOL 0, CHOL 12, 

and CHOL 21, as seen in Table 3.2. 

 

Trial % POPC  % POPS % PIP2  % CHOL 

CHOL 0 72 20 8 0 

CHOL 12 60 20 8 12 

CHOL 21 51 20 8 21 

 These three systems were then solvated with water and ions (sodium and chloride). The 

box size was reduced to 125x125x100 Å, as the protein is not included in the system and thus 

there is no chance of a biologically important molecule crossing the top boundary. The output of 

this solvation step was minimized with a steep integrator in 2 sets of 5,000 steps. The systems 

were then equilibrated using a v-rescale thermostat to 310K with a semiisotropic Berendsen 

barostat set to 1.0 bar with a compressibility of 3.4e-4 bar-1. The systems were then run for 10 μs 

with 500,000,000 steps with a timestep of 20 femtoseconds. A v-rescale thermostat at 310K and 

a semiisotropic Parrinello-Rahman barostat set to 1.0 bar with a compressibility of 3.4e-4 bar-1 

were used for this production step. The resulting trajectories were then converted once with -pbc 

mol to enforce the periodic boundary condition for variance, contact, and distance analyses and 

converted a second time with -pbc nojump to remove the periodic boundary condition, allowing 

Table 3.2: Compositions of the membranes for each of the three CHOL compositions used in 

the membrane-only simulations. The main lipids changing in percentage are CHOL and 

POPC. 
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full diffusion of the lipids to calculate lipid diffusion coefficients. Each membrane composition 

was simulated three times for a robust data set. 

3.2.3 USMD System Details 

 The USMD system has a similar setup to that seen in the CGMD A2-membrane 

simulations, with A2 centered over a membrane. The A2 was collected from the Protein 

Databank (2HYW.pdb). This file contains the structure of calcium-bound monomeric annexin 

A2. All non-A2 molecules were removed from the file to leave just the A2 protein in the file. 

This file was then coarse-grained using the Martini2 coarse-grained force field elnedyn22, which 

will use an elastic network with an upper cutoff of 0.9 nm, a lower cutoff of 0.5 nm, and a force 

constant of 700 kJ mol-1 nm-2 as the basis for maintaining the protein’s overall shape.17 The four 

coarse-grained lipids, POPC, POPS, PIP2, and CHOL, were collected from the Martini 

Lipidome. One A2 protein was centered over a 125x125 Å bilayer with a 7 Å separation between 

the layers and 250 lipids per layer, though in this study, the height varied from 20 Å to 80 Å with 

2 Å steps. The A2 protein was oriented so that the convex side of the protein was facing the 

membrane, the same orientation seen in the CGMD A2 study. Three different compositions were 

used for the membrane, and they mirrored those used in the CGMD Membrane-only study, 

which can be seen in Table 3.2.  

The system was then solvated with water, sodium ions, and chloride ions to a 

concentration of 0.15 M in a box with dimensions of 125x125x180 Å using a steep integrator 

with a maximum of 50,000 steps. The height of the box is noticeably less than the height seen in 

the CGMD A2 study due to the A2 in the USMD study being more restricted in the heights 

above the membrane between which a single bin’s starting structure can fluctuate. 
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 These systems were then minimized in two steps, both using a steep integrator with 

5,000 steps, a Berendsen thermostat set to 310 K, and a semiisotropic Berendsen barostat set to 

1.0 bar with a compressibility of 3.4e-4 bar-1. Next, the pull groups were established as the A2 

center of mass and the membrane center of mass and a harmonic biasing potential was used 

along the z axis with a width of 1,000 to pull the A2 back towards its starting location if it 

diffuses too far. Each system was then equilibrated using a sd integrator in 50,000 steps with a 

Berendsen thermostat at 310 K and a semiisotropic berendsen barostat set to 1.0 bar with a 

compressibility of 3.4e-4 bar-1. 

The outputs were then sent to the production step, where a sd integrator was used to 

simulate 10 μs simulations with 500,000,000 steps and a timescale of 20 femtoseconds. A v-

rescale thermostat set to 310 K and a semiisotropic Berendsen barostat set to 1.0 bar with a 

compressibility of 3.4e-4 bar-1 were used for each of the systems. The outputs of this step were 

analyzed using the weighted histogram analysis method (WHAM).
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3.3 Results 

3.3.1 A2-Membrane Distances 

The first goal of the study was to find optimal binding distances for A2 and a membrane 

containing anionic phospholipids and varied amounts of CHOL. The membranes in this study all 

contain PIP2, to which the convex side of A2 selectively binds. There are eight membrane 

compositions tested in this study that range from 0% CHOL to 21% CHOL, and each of these 

membranes were simulated five times. A simple way to determine A2 associated binding 

distances is through distance analysis, where the distance between two groups selected by the 

user is calculated for specified times during the simulation. The simulations that were explored 

for this analysis are the CGMD A2-membrane systems. The groups selected for the distance 

analysis were the center of mass of A2 and the center of mass of the membrane, including all 

lipids in both leaflets. The distance between these groups was only calculated for the z 

coordinate, representing just the height of A2 over the membrane. Instead of selecting the entire 

simulations, or even the last half of the simulations, specific groups of frames representing the 

closest A2-membrane association were selected for each simulation to represent A2 being bound 

to the membrane. These groups of frames were between 10,000 and 20,000 frames in length, 

equaling from 1 to 2 μs of the 10 μs simulations. Those distances were collected for each trial’s 

repeats and averaged to return Figure 3.3, shown below. These calculations involved the use and 

editing of code from the MDAnalysis project. 
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As the amount of CHOL in the membrane increases, the height of A2 above the 

membrane during closest interaction decreases. Previous studies have posited that CHOL does 

have some impact on A2-membrane binding, and this distance analysis suggests the same.22 

From the 0% CHOL average to the 21% CHOL average, the smallest and largest CHOL trials 

respectively, the binding distance decreased by 7.58 Å, illustrating that CHOL amount in a 

membrane does have an effect on at least the distance of the A2-membrane interaction. It is of 

note that a lack of CHOL has been correlated with potentially inhibiting A2-membrane 

interaction as well as anionic lipid clustering, and the binding distance average of 49.38 Å for the 

Figure 3.3: Plot showing the distance between the center-of-mass of A2 and center-of-mass 

of the bilayer for the different CHOL compositions. The frames selected for this analysis were 

during the times of most A2-membrane interactions during the simulations. Four simulations 

per CHOL % were averaged, and the standard deviations are shown. 
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CHOL 0% trials is only 0.62 Å less than the initial starting structure, so while there is still 

interaction occurring, it is weaker than with CHOL present.  

Before focusing on specific lipids, a linear interaction energy analysis was completed to 

determine the interaction energy between each individual lipid group and A2. This was done to 

ensure that the PIP2 lipids were the ones binding to A2 like suggested in previous studies. This 

was done by collecting the energy data for these specified groups and combining the van der 

Waals and electrostatic interaction terms for each of the CHOL composition simulations. The 

result of this analysis is shown in Figure 3.4 below. In this plot, the PIP2 lipid group has the 

most favorable interaction with A2 out of all the lipids present by a wide margin for every 

CHOL %, showing that PIP2 is the lipid primarily responsible for A2 binding to the membrane. 

Also, PIP2 is the lipid shown to be most affected by an increase in CHOL %, as the energy of the 

interaction becomes significantly more negative as the CHOL % increased. This analysis 

confirmed that PIP2 is the lipid binding to A2, and lipid-based analysis methods used in the rest 

of this study will focus on PIP2.
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Figure 3.4: Linear interaction energy analysis plot for each individual and the energy 

associated with its interaction with A2. This analysis was performed for each CHOL %. The 

PIP2 lipid both associates more with A2 in every CHOL % by a large amount and is affected 

most by the increase in CHOL % 

 

 

A distance analysis was run to determine binding distances when A2 is associated closest 

with the membrane to PIP2 in the upper leaflet of the membrane. Since A2 is only interacting 

with the upper leaflet of the membrane throughout all of the simulations, the headgroups of the 

can be selected for just the upper leaflet in order to determine the optimal binding distances to 

each one. These distances are the z coordinate height differences between the center of mass of 

A2 and the center of mass of lipid headgroups on the upper leaflet. The same groups of frames as 

used in Figure 3.3 are represented in this lipid specific distance calculation. The results of this 

analysis are shown in Figure 3.5, shown below. 
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The distances shown give a better picture of the interaction between A2 and the surface 

of the membrane. The A2 has closest association with PIP2. This matches what was expected, as 

A2 binds selectively to anionic lipids, in which PIP2 is included. Of note, this analysis refers to 

the center of mass of A2, which is 14 Å higher than the surface of the convex side of the protein, 

leading to even closer distances between A2 and the PIP2 headgroups. In further analysis, the 

A2-CHOL distances were noticeably larger than the other lipids, likely due to CHOL’s location 

deeper in the membrane. The same trend as the previous one exists, where increased CHOL in 

Figure 3.5: Plot showing the distance between the center-of-mass of A2 and center-of-mass 

of the top layer PIP2 headgroups for the different CHOL compositions. The frames selected 

for this analysis were the same as the previous analysis. Four simulations per CHOL % were 

averaged, and the standard deviations are shown. 
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the membrane leads to closer binding distances between A2 and the PIP2 in the upper layer of the 

membrane.  

The headgroups of the PIP2 lipids can be seen in close contact with A2 and are seen to be 

located higher in the z direction than any other lipid. This indicates that A2 has selective binding 

for PIP2 as an anionic lipid. The CHOL lipids are localized more on the interior of the upper and 

lower leaflets and thus do not bind to A2 as much as the other lipids that extend outwards. This 

suggests a different role for CHOL in the increased A2-membrane interaction than strictly 

binding to the protein, and this different role will be explored further with other analyses. 

The last application of this distance-based analysis was to visualize the distances between 

PIP2 lipids and A2 residues. The MDAnalysis project code was used and altered to fit this goal. 

For three trials, CHOL 0, 12, and 21, the distance between each PIP2 and each residue of A2 was 

calculated for the frames of closest association that are used for the previous figures. The results 

are displayed in a heatmap format to determine which residues are closer to the PIP2 lipids. The 

results are shown in Figure 3.6. 
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Figure 3.6: Heat maps showing the distances between A2 and PIP2 headgroups in the upper 

leaflet of the membrane for CHOL 0, 12, and 21 trials. The yellow indicates larger distances 

and the blue indicates smaller distances.  

  

The darker blue sections indicate the residues that are closest in distance to the specified 

PIP2 lipid. First, as the CHOL increases, the closer distances that are observed become, which 

matches the previous distance analyses. In order to more clearly visualize the residues that are 

closest to the PIP2 lipids, the CHOL 21 figure was enhanced and the cutoff for distance was 

reduced from 80 Å to 20 Å to create the following Figure 3.7. With this figure, it is possible to 

see that residues 26-30, 59-76, 183, 218-230, and 260-267 are in close proximity to the PIP2 

lipids, with residues K27, K60, S72, A76, R225, K261, R264, and D265 being the closest of 

those residues. K261 and, to a lesser extent, R264, as they are considered as part of the PIP site 

of A2, where it normally binds anionic lipids. The location of those lipids can be seen in blue in 

Figure 3.8. The rest of the close residues are all located on the convex side of A2 as expected. 
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Figure 3.7: Heat map showing A2 residues in close proximity to PIP2 headgroups. The scale 

has been adjusted to 0 to 20 Å to only include dark blue coloration for residues that are very 

close to the PIP2 headgroups to identify PIP2 binding sites on A2. Residues of closest contact 

are K27, K60, S72, A76, R225, K261, R264, and D265. 

Figure 3.8: A2 residues in close proximity to PIP2 headgroups. The close residues are colored 

in blue, while the farther away residues are in white. These residues correspond to those seen 

in Figure 3.7. 
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Figure 3.9: Plot showing the number of contacts between the A2 and the membrane during 

the entire simulation for CHOL 0, 12, and 21% compositions. The cutoff for consideration as 

a contact was 10 Å. 
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3.3.2 A2-Membrane Contacts 

 Another method used to quantify the effect of CHOL on A2-membrane association was 

contact analysis. This method utilized updated code from the MDAnalysis project. In this 

method, the number of close contacts between any A2 atoms and any membrane atoms 

throughout the second half of the simulations for the CHOL 0, 12, and 21% trials were 

calculated. The cutoff for close contact was selected as 10 Å. The results of this first analysis can 

be seen in Figure 3.9, shown below.
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Figure 3.10: Plots showing the number of contacts on each frame of the CHOL 0, 12, and 

21% simulations. The frames used are the ones where the protein and membrane are in closest 

contact, which were frames 70,000 to 80,000 for these simulations. These contact numbers 

were then totaled over these frames to give the total contact numbers for each CHOL 

composition. 

The number of close contacts between A2 and the membrane in the second half of the 

simulation increases as the amount of CHOL in the membrane increases, which works well 

alongside the previous distance analysis that concludes that A2 is more closely associated with 

the membrane. The frame-by-frame analyses for each of these data points can be seen in Figure 

3.10, shown below.
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Because A2 selectively binds to PIP2 and other anionic lipids, the number of A2-PIP2 

contacts was of interest. A2 and the PIP2 lipids in the upper leaflet were selected as the groups 

for contact analysis, and the same cutoff of 10 Å was used. The results for this are seen in Figure 

3.11, shown below. 

 

As the CHOL % increases, the amount of A2-PIP2 contacts increases as well, matching 

what was seen in the other contact and distance analyses. Also of note is that nearly 50% of all 

contacts with A2 during these three trials were with PIP2, while PIP2 is only 20% of the total 

lipids in the membrane, meaning PIP2 has a larger impact on contacts with A2 than the other 

lipids. 
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Figure 3.11: Plot showing the number of contacts between the A2 and the upper layer PIP2 

headgroups during the entire simulation for CHOL 0, 12, and 21% compositions. The cutoff 

for consideration as a contact was 10 Å. 
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3.3.3 Lipid Contacts and PIP2 Clustering 

A major role for A2 is the formation and stabilization of anionic phospholipid rafts. This 

function has been suggested to be enhanced by increased CHOL in the interacting plasma 

membrane. In order to study this interaction, analysis was completed to determine the extent of 

PIP2 lipid clustering through the use of PyMOL visualization and lipid contacts.  

Figure 3.12, shown below, depicts the top-down PyMOL visualization of the first and 

final frames of the simulations for CHOL 0, 12, and 21%. The A2 are yellow and slightly 

transparent, the PIP2 lipids are blue, and the remaining lipids are white. As the simulations 

progress to their final frames, the A2 proteins can be seen aggregating more PIP2 lipids 

underneath themselves as they interact more closely with the membrane. This aggregating can be 

seen to greater extents in the higher CHOL trials like CHOL 21%.
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The methods used to quantify this effect were PIP2 self-distances and self-contacts. For 

the self-distances analysis, the distances between each PIP2 headgroup during a frame of close 

association between the protein and the membrane were calculated and represented in a heat map 

for both the CHOL 0 and 21% trials, shown in Figure 3.13 below. The distance range is reduced 

to 0 to 20 Å for a better view of which PIP2 lipids are in close contact. The amount of darker blue 

sections in the CHOL 21% trial (bottom plot) is greater than the CHOL 0% trial (top plot). Thus, 

Figure 3.12: Top-down view of first and final frames of the CHOL 0, 12, and 21% 

simulations. The semi-transparent yellow object is the A2 above the membrane, the blue 

objects are PIP2, and the white objects are the remaining lipids in the membrane. 
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the CHOL 21% had a greater number PIP2 lipids in closer contact with 21 close contacts 

compared to the 10 seen in CHOL 0%. 

 

Figure 3.13: Heatmap visualization of the distance between each individual PIP2 headgroup 

in CHOL 0% (top) and CHOL 21% (bottom) simulations during frames of close A2-

membrane association. The plots show distances ranging from 0 to 20 Å to visualize PIP2 

headgroups that are clustering. 
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Figure 3.13 shows that higher CHOL% in a membrane results in closer distances 

between PIP2 headgroups for frames of close protein association, but it was important to include 

an analysis method that showcases this over a larger amount of simulation time. To do this, self-

contact analysis was used with a distance cutoff of 10 Å, and the group chosen for analysis was 

the PIP2 lipids on the upper leaf of the membrane over the entire second half of the simulation 

for CHOL 0, 12, and 21% trials. The total number of self-contacts for each trial are represented 

in Figure 3.14, shown below. The trend of increased PIP2 self-contacts with increased CHOL % 

is clear and supports the previous conclusion seen in just a single frame in Figure 3.13 above. 
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Figure 3.14: Plot showing number of self-contacts individual PIP2 headgroups in CHOL 0, 

12, and 21% simulations. The distance cutoff for contacts was set to 10 Å. 
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3.3.4 Linear Interaction Energy by %CHOL 

 In order to determine the energetic interactions between the A2 and the membrane, the 

linear interaction energy between A2 and the membrane was calculated over the final half of the 

simulations for all CHOL % trials. This was done by collecting the energy data for the van der 

Waals and electrostatic interactions between the protein and the membrane, combining them into 

a single linear interaction energy term. The results of this analysis can be seen in Figure 3.15, 

shown below. 

 

This figure shows a similar trend to the distance and contact plots, showing more 

negative energies and stabler interactions between A2 and the membrane as the CHOL in the 

membrane is increased. This energy calculation is also supported by further energy calculations 

seen in the umbrella sampling simulations seen later. 
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Figure 3.15: Plot showing the linear interaction energy over the final half of the simulations 

for the eight different CHOL compositions. The van der Waals and electrostatic interactions 

between the protein and the membrane were gathered from the production output files using 

the GROMACS energy tool. 
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3.3.5 Lipid Diffusion Coefficients for Membrane-only Simulations 

 The previous analyses showed that CHOL in the membrane increases A2 interaction and 

PIP2 clustering, but insight into how CHOL does this is vital to this study. In order to elucidate 

this, simulations with only the membrane present in the absence of A2 were conducted for 

CHOL 0, 12, and 21% trials. The main form of analysis completed on these simulations was 

lipid diffusion coefficient analysis in order to determine how the fluidity of the membrane is 

affected by increased CHOL %. The mean squared displacement for each lipid was first 

determined over the trials, and a log-log plot was used to determine the most linear parts of the 

graphs, which were all located near the beginning of the simulations. The mean squared 

displacement graphs were reduced to just those straight-line sections, and the slope of each line 

was calculated to find the lipid diffusion coefficient. The lipid diffusion coefficients can be seen 

in Figure 3.16, shown below, and the method of achieving those lipid diffusion coefficients can 

be seen in Figure 3.17. 

 The lipid diffusion coefficients for all lipids decrease as the CHOL % increases. This 

indicates that increased CHOL leads to decreased diffusion speeds for the lipids, leading to 

stabler lipid rafts as the individual lipids cannot diffuse away as quickly as when lower CHOL % 

is present.
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Figure 3.16: Plot showing the lipid diffusion coefficients for the four lipids in the membrane 

for CHOL 0, 12, and 21% membrane-only simulations. These simulations were reimaged in 

no-jump mode to allow free diffusion of the lipids, and the speed of diffusion for the lipids 

was collected for this calculation. 
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Figure 3.17: Plots showing the mean squared displacement for the four lipids in the 

membrane for CHOL 0% and 21% membrane-only simulations. These simulations were 

reimaged in no-jump mode to allow free diffusion of the lipids, and the displacement from the 

starting frame for each lipid was calculated over time. Log-log plots were used to determine 

the most straight-line portion of the plots. Only those straight-line portions are shown and 

they were used to calculate the lipid diffusion coefficients for each lipid by the slope of each 

line. 
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Figure 3.18: Plot showing the umbrella potential for the umbrella sampling molecular 

dynamics simulations of CHOL 0, 12, and 21% compositions. The energy associated with 

A2-membrane interaction is compared with the distance between the centers-of-mass of the 

protein and membrane, giving the energy associated with optimal binding distances. 

3.3.6 USMD Stable Interaction Distances 

The final simulation type in this study was umbrella sampling, which was run on CHOL 

0, 12, and 21% trials. From these simulations, the distance between the center of mass of A2 and 

the membrane and the energy of interaction can be correlated to find optimal binding distances, 

using the weighted histogram analysis method. The results of this analysis are shown in Figure 

3.18, shown below. 
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The CHOL 21% trial shows an interaction between A2 and the membrane that is both at a 

closer interaction distance and that is more energetically favorable than the CHOL 0 and 12% 

trials. This indicates that increased CHOL % leads to closer and more favorable A2-membrane 

interactions, which supports the results seen in the coarse-grained simulations. 

3.4 Conclusions 

The goal of this study was to further investigate A2-membrane interactions with longer 

term simulations and determine the effects of cholesterol on these interactions. The results of this 

study demonstrated that membrane CHOL % played an important role in strengthening the 

association between annexin A2 and PIP2-containing membranes. Across the eight membrane 

compositions examined, increasing CHOL % generally decreased the distance between A2 and 

the membrane during periods of close association.  

Lipid-specific distance and interaction-energy analyses confirmed that PIP2 was the 

primary lipid involved in A2 binding, matching what has been seen in previous studies.22 Among 

all membrane components, PIP2 displayed the most favorable interaction energy with A2 and the 

closest association with the protein. Furthermore, the A2–PIP2 interaction became increasingly 

favorable as CHOL concentration increased. Although CHOL itself was located deeper within 

the membrane and did not interact closely with A2, its presence appeared to indirectly promote 

A2 binding to PIP2. These findings indicated that CHOL enhanced A2–membrane association by 

altering the organization and physical properties of the membrane rather than by binding directly 

to the protein. 

Residue-level distance analysis identified several regions on the convex surface of A2 

that were positioned close to PIP2 lipids. Residues 26–30, 59–76, 183, 218–230, and 260–267 
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showed close proximity to PIP2, with K27, K60, S72, A76, R225, K261, R264, and D265 

exhibiting particularly short distances. The close association of K261 and R264 was consistent 

with their location within the previously identified PIP-binding region of A2. The remaining 

residues were also located along the convex membrane-binding surface, supporting the expected 

orientation of A2 during interaction with the membrane. 

Contact analyses further supported the distance-based findings. The total number of A2–

membrane contacts increased with increasing CHOL %, as did the number of contacts 

specifically formed between A2 and PIP2. The simulations also showed that A2 promoted the 

aggregation of PIP2 lipids beneath itself. PyMOL visualizations, PIP2 self-distance heat maps, 

and self-contact analyses all indicated that PIP2 clustering increased as CHOL % increased. 

These findings suggested that CHOL enhanced the ability of A2 to form and stabilize PIP2 lipid 

microdomains. 

The linear interaction-energy analysis showed that A2–membrane interactions became 

increasingly favorable as membrane CHOL % increased. This result was consistent with the 

observed reductions in binding distance and increases in protein–membrane contacts. 

Membrane-only simulations provided additional insight into the mechanism underlying this 

effect. Lipid diffusion coefficients decreased for all lipid species as CHOL concentration 

increased, indicating that CHOL reduced membrane fluidity. This reduced lipid mobility likely 

limited the ability of PIP2 lipids to diffuse away from A2, thereby increasing the stability of the 

PIP2 lipid microdomains formed beneath the protein. 

Umbrella-sampling simulations supported the conclusions obtained from the coarse-

grained molecular dynamics analyses. The CHOL 21% membrane produced a more energetically 

favorable A2–membrane interaction and an energy minimum at a shorter protein–membrane 
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distance than the CHOL 0 and 12% systems. These results confirmed that increased CHOL 

content promoted both closer and more stable A2 binding. 

Overall, this study supported a model in which A2 selectively bound PIP2 through 

residues located on its convex surface and promoted the formation of PIP2 lipid microdomains 

beneath the protein. CHOL did not appear to strengthen this interaction through direct binding to 

A2. Instead, increasing CHOL content reduced lipid diffusion, stabilized PIP2 clustering, 

increased the number of A2–PIP2 contacts, and produced a closer and more energetically 

favorable A2–membrane interaction.
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Chapter 4: Exploration of the binding affinity of Annexin A2t to a membrane and the impact 

of the concentration of CHOL in that membrane 

4.1 Background 

 Annexin A2t is also found abundantly in the human body and is seen in a variety of tissue 

and cell types, found in the cytosol and near the plasma membrane.3 A2t is the heterotetrameric 

form of A2 that consists of two A2 monomers connected by a S100A10 dimer. A2t also interacts 

with the membrane in a variety of functions including exocytotic and membrane reorganization 

events. A2 has been implicated as contributor to different pathologies as well, including a variety 

of cancers. The ability for the S100A10 portion of the tetramer to bind both tPa and 

plasminogen, after which plasminogen is cleaved to plasmin, resulting in the breaking apart of 

nearby cell membranes is of keen interest when discussing and modelling A2t. A2t also acts as a 

regulator for S100A10 association with the membrane, due to S100A10 being a part of the 

heterotetramer. Misregulation of interactions like these are what leads to increased cancer 

metastasis and worsened prognosis for patients.  

 This study investigated the long-term interactions and binding modes seen when A2t 

binds to a membrane containing the anionic lipid PIP2 and CHOL. A2t is also known to 

selectively bind to membranes that include anionic phospholipids, such as PIP2. These lipids 

bind to residues on the convex side of both of the A2 subunits on A2t. Studies have been done to 

investigate this interaction with both PIP2 and POPS, and A2t did bind selectively to these lipids, 

and it also formed anionic lipid rafts underneath itself. The previous study noted a role for 

CHOL in increasing A2 binding to a membrane containing PIP2, and the same relationship is 

expected for the heterotetramer as well. CHOL was seen to increase the formation of anionic 

lipid rafts, and the reduced lipid diffusion speed suggests that CHOL stabilizes these lipid rafts as 
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well. In this study, the influence of membranes with compositions that vary in CHOL amount on 

A2t binding and lipid raft formation was simulated on a larger time scale than previous studies. 

This was done using CGMD to simplify the large system to allow for longer simulations and 

USMD to overcome any potential energy barriers and provide optimal binding distances. The 

primary goal for this study was to determine optimal binding modes for A2t and a membrane 

based off of three starting poses for the heterotetramer, determining whether it is more preferable 

for both A2 subunits to be bound or just a single subunit. The secondary goal was to provide a 

scaffold for A2t-membrane interactions such as vesicle fusion and exocytosis. A third goal was 

to ensure a similar CHOL role for A2t as seen in the A2 study. 

4.2 Computational Methods 

4.2.1 CGMD A2t System Details 

 The first system that was explored is a single A2t protein located over a lipid bilayer with 

varying CHOL amounts and three different starting poses. The A2t protein was taken from the 

Protein Databank (4HRE.pdb). All non-A2t molecules were removed from the file to leave just 

the A2t protein in the file. This file was then coarse-grained using the Martini2 coarse-grained 

force field elnedyn22, which used an elastic network with an upper cutoff of 0.9 nm, a lower 

cutoff of 0.5 nm, and a force constant of 700 kJ mol-1 nm-2 as the basis for maintaining the 

protein’s overall shape.17 This reduced resolution allowed for longer-term simulations with less 

computational time, which was especially important for the much larger system due to A2t being 

more than double the size of A2. The lower resolution is reasonable for this study because of the 

focus on overall protein and membrane interaction rather than smaller conformational changes, 

and it makes these longer-term simulations possible in a reasonable amount of time. The four 
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coarse-grained lipids, POPC, POPS, PIP2, and CHOL, were collected from the Martini 

Lipidome. From here, different starting structures were made using the mMAEVE program. For 

the first system, one A2t protein was centered 80 Å over a 250x250 Å bilayer with a 7 Å 

separation between the layers and 1,000 lipids per layer. The A2t protein was oriented so that the 

convex side of the first A2 subunit was facing the membrane. This system was split into eight 

different membrane compositions, 0%, 3%, 6%, 9%, 12%, 15%, 18%, and 21% CHOL (see 

Table 4.1). The POPS and PIP2 percentages remained constant at 20% and 8% respectively. The 

POPC percentages were 72%, 69%, 66%, 63%, 60%, 57%, 54%, and 51% to accommodate the 

rising CHOL percentage. POPC was chosen to decrease because it is a neutral lipid and thus 

shouldn’t have a noticeable effect on A2 binding to the membrane, as it selectively binds to 

anionic phospholipids.  

 

Trial % POPC % POPS % PIP2 % CHOL 

CHOL 0 72 20 8 0 

CHOL 3 69 20 8 3 

CHOL 6 66 20 8 6 

CHOL 9 63 20 8 9 

CHOL 12 60 20 8 12 

CHOL 15 57 20 8 15 

CHOL 18 54 20 8 18 

CHOL 21 51 20 8 21 

Table 4.1: Compositions of the membranes for each of the eight CHOL compositions used in 

the A2t simulations. The main lipids changing in percentage are CHOL and POPC. 
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Two other starting poses for A2t were also selected and simulated with the same 

membrane compositions. The second pose centered the S100A10 over the membrane, with both 

A2 subunits at equal heights above the membrane with the convex side facing down. The third 

pose had the second A2 subunit centered over the membrane with its convex side facing down. 

Each of the three poses had eight total simulations, each with a different CHOL amount. The 

starting structures for the three poses can be seen in Figure 4.1. 

Figure 4.1: Starting structures for coarse-grained conventional and umbrella sampling 

molecular dynamics simulations. Poses 1 through 3 are shown top to bottom, and each pose is 

simulated with varying cholesterol percentages in the membrane. 
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These 24 total starting structures were then solvated with water, sodium, chloride ions to 

simulate a cellular environment. The GROMACS software suite was used for all of the following 

simulation steps. A box with periodic boundaries was created to contain the atoms of the system 

with dimensions of 250x250x550 Å. The height of the box was lengthened to avoid the A2t 

potentially moving towards the top of the box and remaining there for the duration of the 

simulation. A steep integrator was used with 5,000 steps to solvate the box with 0.15 M water 

and ions.  

 The output of the solvation step was then minimized to reduce strain and clear up 

problematic contacts. This occurred in two steps with 5,000 steps each with a steep integrator. 

These steps also generated starting velocities for 310K. 

 The output of the minimization step was then equilibrated to gradually raise the 

temperature to close to body temperature. This was done in 250,000 steps of 20 femtoseconds 

timesteps to raise the temperature to 310K using a v-rescale thermostat while maintaining 1.0 bar 

of pressure by using a semiisotropic Berendsen barostat with a compressibility of 3.4e-4 bar-1. 

 The output of the equilibration step was then used for the production step. The md 

integrator was used to simulate 10 μs through 500,000,000 steps with a timestep of 20 

femtoseconds. A v-rescale thermostat was used to simulate the system at 310K, and a 

semiisotropic Parrinello-Rahman barostat was used to maintain 1.0 bar with a compressibility of 

3.4e-4 bar-1. The output trajectories were then reimaged converting the trajectories using -pbc 

mol to enforce the periodic boundary for the system box. The first and final frames for these 

three poses can be seen in Figure 4.2.
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Figure 4.2: First and final frames of the Pose 1, 2, and 3 simulations. The A2t is shown in 

yellow, and the membrane is shown below the proteins. The protein associates with the 

membrane more as the simulation progresses. 
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4.2.2 UMSD System Details 

 The USMD system has a similar setup to that seen in the CGMD A2t-membrane 

simulations, with different poses of A2t centered over a membrane. The A2t was collected from 

the Protein Databank (4HRE.pdb). All non-A2 molecules were removed from the file to leave 

just the A2 protein in the file. This file was then coarse-grained using the Martini2 coarse-

grained force field elnedyn22, which will use an elastic network with an upper cutoff of 0.9 nm, 

a lower cutoff of 0.5 nm, and a force constant of 700 kJ mol-1 nm-2 as the basis for maintaining 

the protein’s overall shape.17 The four coarse-grained lipids, POPC, POPS, PIP2, and CHOL, 

were collected from the Martini Lipidome. One A2 protein was centered over a 250x250 Å 

bilayer with a 7 Å separation between the layers and 1,000 lipids per layer, though in this study, 

the height varied from 20 Å to 80 Å with 2 Å steps. The first pose had the A2t protein oriented 

so that the convex side of the first A2 subunit was facing the membrane, the same orientation 

seen in the CGMD A2t study for pose 1. The second pose had both A2 subunits set to even 

heights with the convex sides of the subunits facing the membrane. These two poses both had 

only a single membrane composition, that being the CHOL 21 membrane for maximized binding 

to the membrane based on the previous study. 

The systems were then solvated with water, sodium ions, and chloride ions to a 

concentration of 0.15 M in a box with dimensions of 250x250x300 Å using a steep integrator 

with a maximum of 50,000 steps. The height of the box is noticeably less than the height seen in 

the CGMD A2t study due to the A2t in the USMD study being more restricted in the heights 

above the membrane between which a single bin’s starting structure can fluctuate. 

 These systems were then minimized in two steps, both using a steep integrator with 

5,000 steps, a Berendsen thermostat set to 310 K, and a semiisotropic Berendsen barostat set to 
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1.0 bar with a compressibility of 3.4e-4 bar-1. Next, the pull groups were established as the A2t 

center of mass and the membrane center of mass and a harmonic biasing potential was used 

along the z axis with a width of 1,000 to pull the A2t back towards its starting location if it 

diffuses too far. Each system was then equilibrated using a sd integrator in 50,000 steps with a 

Berendsen thermostat at 310 K and a semiisotropic berendsen barostat set to 1.0 bar with a 

compressibility of 3.4e-4 bar-1. 

The outputs were then sent to the production step, where a sd integrator was used to 

simulate 10 μs simulations with 500,000,000 steps and a timescale of 20 femtoseconds. A v-

rescale thermostat set to 310 K and a semiisotropic Berendsen barostat set to 1.0 bar with a 

compressibility of 3.4e-4 bar-1 were used for each of the systems. The outputs of this step were 

analyzed using the weighted histogram analysis method (WHAM).
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4.3 Results 

4.3.1 A2t-Membrane Distances  

 The first method of analysis was a distance-based analysis to determine both if the effects 

of CHOL were similar to what was seen in the A2 study and the binding activities of each A2 

subunit in A2t for the different poses. Figure 4.3 shows the result of the distance between the 

center of mass of each A2 subunit of A2t and the bilayer for poses 1, 2, and 3: with poses 1 and 3 

having an A2 subunit centered over the membrane and with pose 2 having both subunits evenly 

spaced above the membrane. This figure shows that no matter the starting pose, the A2t tends to 

bind to the membrane in a similar manner to the starting structure of pose 2. The same 

correlation between CHOL and distance between the protein and membrane exists to the one 

seen in the monomer study. As CHOL % in the membrane increases, the distance between the 

A2 subunits of A2t and the bilayer decreases, indicating a role for CHOL in increased A2t 

binding. As A2t is composed of two A2 monomers, the role of CHOL is likely the same as that 

seen in the A2 binding study, as the membrane compositions are similar. It is of note that when 

only one subunit was bound to the membrane closely and the other was farther away, that 

subunit was able to bind more closely to the membrane than when both subunits were associated 

with the membrane. This is likely due to a small twist in the A2t protein. When both subunits are 

associated with the membrane, they are slightly tilted to the side, and they are not able to bind to 

the membrane with the full convex side of the A2 subunits. This leaves the center of mass of 

each subunit slightly higher than when only one A2 subunit is allowed to bind to the membrane 

with its full convex side.
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Figure 4.3: Distances between the center of mass of the A2 subunits of A2t for poses 1, 2 and 

3 by frame for CHOL 0 and 21%. For each simulation, the CHOL 21% ones especially, the 

A2t tends towards binding to the membrane with both subunits, as seen in pose 2’s starting 

structure. 
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Figure 4.4: Distances between the center of mass of A2t and bilayer for pose 2 for the 

various CHOL % trials. The trend of increased CHOL % leading to closer protein-membrane 

interaction is present in this study as well. 

Figure 4.4 limited the pose selection to just pose 2, as that is the starting pose most 

similar to the preferred binding mode of A2t as seen in the previous figure. In this figure, the 

distance between the center of mass of the entire A2t protein and the membrane was found for 

the eight different CHOL % trials. The trend of increased CHOL % leading to a decreased 

protein-membrane distance is even more prevalent and is very similar to the one seen in the A2 

study.
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Figure 4.5: Distances between the center of mass of each subunit of A2t and bilayer for pose 

2 at various CHOL % trials. Subunit 1 shows a clear trend of increased CHOL % leading to 

closer protein-membrane interactions. Subunit 2 shows more variability, but the general trend 

can be seen as well.  

Figure 4.5 expanded the selection of the protein to the center of mass of the A2 subunits 

of A2t to search for the same trend seen earlier, but also to determine any differences between 

the subunits. Both subunits followed the general trend shown earlier, where an increased CHOL 

% led to closer protein-membrane distances and interactions. This was very prevalent for subunit 

1, but there was some variability in subunit 2 that led to larger protein-membrane distances. This 

is likely due to the slight twist that exists that does not allow both subunits to bind to the 

membrane using the full convex side of the A2.
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Figure 4.6: Plot showing the number of contacts between the A2t and the PIP2 headgroups 

during the second half of the simulation for CHOL 0, 12, and 21% compositions for starting 

pose 2. The cutoff for consideration as a contact was 10 Å. 
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4.3.2 A2t-Membrane Contacts 

Another method used to quantify the effect of CHOL on A2t–membrane association was 

contact analysis. This approach used updated code from the MDAnalysis project to calculate the 

number of close contacts between any A2t atoms and membrane atoms throughout the CHOL 0, 

12, and 21% simulations. A cutoff distance of 10 Å was used to define a close contact. PIP2 was 

highlighted in this analysis due to the monomer study showing that A2 was primarily binding 

with this lipid. Previous studies have also showcased this finding.22 The results of this initial 

analysis are presented in Figure 4.6 below. The total number of close contacts between A2t and 

the PIP2 lipids in the membrane increased as the amount of CHOL in the membrane increased. 

This finding is consistent with the previous distance analysis, which indicated that A2t becomes 

more closely associated with the membrane as CHOL concentration increases.
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4.3.3 Lipid Contacts and Clustering 

Like A2, a major role of A2t is the formation and stabilization of anionic phospholipid 

rafts. Previous studies, including the monomer study detailed earlier, have suggested that this 

function may be enhanced by increased CHOL content in the interacting plasma membrane. To 

investigate this relationship, analyses were performed to determine the extent of PIP2 lipid 

clustering using PyMOL visualization and lipid contact measurements for starting pose 2. 

Figure 4.7, shown below, presents top-down PyMOL visualizations of the initial and 

final simulation frames for the CHOL 0 and 21% trials. A2t is shown in yellow with slight 

transparency, PIP2 lipids are shown in blue, and the remaining lipids are shown in white. As the 

simulations progress, the A2t proteins appear to aggregate increasing numbers of PIP2 lipids 

beneath them while interacting more closely with the membrane. This aggregation is more 

pronounced in simulations with higher CHOL content, particularly the CHOL 21% trial.
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Figure 4.7: First and final frames for A2t simulations for pose 2 for CHOL 0 and 21%. The 

semi-transparent yellow is A2t, the blue is PIP2, and the white is all the other lipids in the 

bilayer 
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PIP2 self-distance and self-contact analyses were used to quantify this effect. For the self-

distance analysis, the distances between each pair of PIP2 headgroups were calculated during a 

frame in which the protein was closely associated with the membrane. These distances were 

represented as heat maps for the CHOL 0 and 21% trials, as shown in Figure 4.8 below. The 

graphs in the right column restrict the range to 0–20 Å to provide a clearer view of the PIP2 

lipids in close proximity. The graphs show that the CHOL 21% trial contained a greater number 

of closely contacting PIP2 lipids, with 83 close contacts compared with 65 in the CHOL 0% trial.
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Figure 4.8: Heatmap visualization of the distance between each individual PIP2 headgroup in 

CHOL 0% (top) and CHOL 21% (bottom) simulations during frames of close A2t-membrane 

association for pose 2. The plots show distances ranging from 0 to 20 Å to visualize PIP2 

headgroups that are clustering. The number of close associations is 65 for the top plot and 83 

for the bottom plot. 
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Figure 4.9: Plot showing the number of contacts between the PIP2 headgroups during the 

second half of the simulation for CHOL 0% and 21% compositions. The cutoff for 

consideration as a contact was 10 Å.  
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Figure 4.8 therefore indicates that higher membrane CHOL content results in shorter 

distances between PIP2 headgroups during periods of close A2t–membrane association. 

However, an additional analysis was needed to evaluate this effect over a longer portion of the 

simulations. For this purpose, a self-contact analysis was performed using a distance cutoff of 10 

Å. The analysis included the PIP2 lipids in the upper leaflet of the membrane throughout the 

second half of the CHOL 0, 12, and 21% simulations. The total number of PIP2 self-contacts for 

each trial is presented in Figure 4.9 below. The observed increase in PIP2 self-contacts with 

increasing CHOL percentage is clear and supports the conclusion drawn from the single-frame 

analysis presented in Figure 4.8. 
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4.3.4 USMD Stable Interaction Distances 

 Umbrella sampling simulations were run and analyzed by the weighted histogram 

analysis method for A2t over a membrane with 21% CHOL in order to determine optimal 

binding distance and the energy of the interaction. These simulations were run on both poses 1 

and 2 first to compare with the results seen in the conventional molecular dynamics simulations. 

The results of this analysis are shown in Figure 4.10, below. This analysis shows a much more 

favorable interaction for the entire A2t protein when both subunits are positioned close to the 

membrane. This can be seen through the much more negative energy in the pose 2 plot compared 

to pose 1, with the center of mass of the protein in pose 2 also being at a smaller distance from 

the membrane at the energy minimum. This result was similar to what was seen in the 

conventional molecular dynamics simulations, where regardless of the starting pose, the binding 

of A2t to the membrane tended towards both subunits associating with the membrane, similar to 

pose 2’s starting pose.
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Figure 4.10: Plot showing the umbrella potential for the umbrella sampling molecular 

dynamics simulations of poses 1 and 2 for CHOL 21%. The energy associated with A2t-

membrane interaction is compared to determine that pose 2, where both A2 subunits are 

evenly spaced above the membrane, has a more stable binding interaction at a closer distance.  
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 In order to compare the umbrella sampling results to those seen in the monomer study, 

the results of pose 2 for A2t (in red) and the results of A2 CHOL 21% (in black) were overlayed 

in Figure 4.11, shown below. The A2 did have an energy minimum at a smaller distance to the 

membrane than A2t when comparing centers of mass. This does coincide with the result of the 

frame-by-frame distance analysis seen above in Figure 4.3, where it was noted that a twist in the 

A2t protein resulted in the inability of both A2 subunits to use their full convex sides to bind to 

the membrane. It is notable that A2t does bind with a more negative energy minimum however, 

likely due to it including two separate A2 monomers to bind to the membrane. The energy is 

slightly more than two times more negative for A2t compared to A2, suggesting a cooperative 

relationship between the two A2 subunits. More simulations are being run with the protein pull 

groups being specified for each A2 subunit instead of the whole protein to confirm this.
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Figure 4.11: Plot showing the umbrella potential for the umbrella sampling molecular 

dynamics simulations of A2 (black) and A2t (red) for CHOL 21%.  
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4.4 Conclusions 

The results of this study demonstrated that A2t associated favorably with PIP2-containing 

membranes and that this association was strengthened by increasing membrane CHOL content. 

Across all three starting poses, the conventional molecular dynamics simulations showed that 

A2t tended to adopt a binding orientation resembling the starting orientation of pose 2, in which 

both A2 subunits interacted with the membrane. This indicated that simultaneous membrane 

association of both subunits was the preferred overall binding mode, regardless of the initial 

protein orientation. Distance analyses further showed that increasing CHOL percentage generally 

decreased the distance between A2t and the membrane, consistent with what was observed in the 

previous A2 study. 

Although both A2 subunits followed the general trend of stronger membrane association 

at higher CHOL concentrations, some differences were observed between the subunits. These 

differences appeared to result from a slight twist in the A2t structure that prevented both subunits 

from placing their full convex surfaces against the membrane simultaneously. When both 

subunits were membrane-associated, the structural orientation of the A2t produced a slightly 

larger distance than when only one subunit was associated. 

The contact and lipid-clustering analyses supported the conclusions obtained from the 

distance measurements. Increasing CHOL % resulted in a greater number of contacts between 

A2t and PIP2 lipids and the membrane as a whole, indicating that CHOL promoted closer and 

more extensive interactions between the protein and PIP2 lipids. PyMOL visualization, PIP2 self-

distance calculations, and self-contact analysis also showed that A2t aggregated PIP2 lipids 

beneath the protein and that this clustering became more pronounced as CHOL % increased. 

Together, these findings suggested that CHOL not only strengthened A2t–membrane association 
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but also enhanced the formation and stabilization of PIP2-rich anionic lipid domains, similar to 

what was seen in the A2 study. 

Umbrella-sampling simulations provided additional support for the preferred binding 

orientation identified in the conventional simulations. Pose 2, in which both A2 subunits were 

associated with the membrane, produced a substantially more favorable energy minimum than 

pose 1, in which only one subunit was positioned for close membrane interaction. Comparison 

with A2 showed that A2 reached its energy minimum at a shorter center-of-mass distance from 

the membrane, likely because the monomer could fully use its convex side to bind to the 

membrane without the twist present in A2t. A2t exhibited a considerably more favorable energy 

minimum than A2, most likely because both A2 subunits contributed to the overall membrane 

interaction. 

Overall, these results supported a model in which A2t preferentially bound with both A2 

subunits associated with the membrane, while increasing CHOL % strengthened this interaction 

and led to increased PIP2 lipid microdomain formation beneath the protein. These findings 

provided a structural and energetic basis for understanding how A2t binds to a membrane and 

organizes PIP2 lipid microdomains over longer timeframes.
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Chapter 5: Exploration of the Actin and membrane binding activities of Annexin A2 

5.1 Background 

Annexin A2 is widely expressed throughout the human body and is present in numerous 

tissues and cell types, where it is found in the cytosol and near the plasma membrane.3 A2t is the 

heterotetrameric form of annexin A2 and consists of two A2 monomers linked by an S100A10 

dimer. Through its interactions with membranes, anionic phospholipids, and the actin 

cytoskeleton, A2 participates in processes such as exocytosis, membrane organization, and 

cytoskeletal remodeling. In particular, A2 and A2t function as actin-binding proteins that recruit 

dynamic F-actin filaments to membranes enriched in anionic phospholipids, like the PIP2 

focused on in the previous two studies.  

A2 and A2t can also bundle actin filaments, thereby influencing the frequency and 

organization of exocytotic events. For A2t, this bundling may occur when the two A2 subunits 

bind separate actin filaments. A notable example is the exocytosis of neuroendocrine chromaffin 

granules, which store and release catecholamines, peptides, and ATP. Dynamic F-actin structures 

and myosin help transport these granules toward the plasma membrane. Following cellular 

stimulation, cytosolic A2 moves toward and binds the membrane, where it promotes the 

aggregation of anionic phospholipids and the formation of lipid microdomains. Actin bundles 

can then connect chromaffin granules to the plasma membrane, preparing them for fusion and 

secretion. A2 and A2t may regulate lipid microdomain formation, the number of membrane-

associated granules, and the overall frequency of exocytotic events. These events have been 

implicated in various pathologies, so insight into their inner workings could prove valuable. 
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This study investigated the long-term interactions and binding modes of A2 and actin 

with membranes containing the anionic lipid PIP2. A2t selectively binds membranes containing 

anionic phospholipids such as PIP2, which interact with residues on the convex surface of the 

protein. The previous studies showed that A2 and A2t exhibited selective binding for PIP2 and 

formed anionic lipid rafts beneath the protein. These lipid domains may contribute to the 

recruitment and organization of dynamic F-actin near the membrane, providing a connection 

between A2/A2t-mediated lipid clustering, cytoskeletal organization, and exocytosis. 

The previous studies also indicated that CHOL strengthens A2/A2t association with PIP2-

containing membranes, increases the formation of anionic lipid rafts, and reduces lipid diffusion 

speeds, suggesting that CHOL stabilizes these lipid domains. In the present study, membranes 

with only 21% CHOL concentrations were simulated over long timescales to follow the results 

of the previous studies and optimize membrane-protein association. Coarse-grained molecular 

dynamics simulations were used to simplify the large system and permit longer simulation times. 

The primary objective of this study was to begin to explore larger and more complex A2-

membrane systems with molecular dynamics simulations. This particular system involved 

multiple A2 and actin proteins, so how they bound together and to the membrane was of interest 

as well. This study is in progress and will be expanded upon in the coming years. Understanding 

the interaction of these proteins may provide further insight into the normal regulation of 

exocytosis and membrane organization, as well as how their misregulation may contribute to 

various pathologies.



81 
 

5.2 Computational Methods 

5.2.1 CGMD A2-Actin System Details 

 Two systems are being explored. One is five A2 (2HYW.pdb) and four actin proteins 

(3HBT.pdb) located over a bilayer. The other is two actin proteins and two A2 proteins located 

over a lipid bilayer. The A2 and actin proteins were taken from the Protein Databank. All non-

protein molecules were removed from the file to leave just the proteins in the file. This file was 

then coarse-grained using the Martini2 coarse-grained force field elnedyn22, which used an 

elastic network with an upper cutoff of 0.9 nm, a lower cutoff of 0.5 nm, and a force constant of 

700 kJ mol-1 nm-2 as the basis for maintaining the protein’s overall shape.17 This reduced 

resolution allowed for longer-term simulations with less computational time, which was 

especially important for the much larger system due to these systems being very large in 

comparison to previous systems. The lower resolution is reasonable for this study because of the 

focus on overall protein-protein and protein-membrane interactions rather than smaller 

conformational changes, and it makes these longer-term simulations possible in a reasonable 

amount of time. The four coarse-grained lipids, POPC, POPS, PIP2, and CHOL, were collected 

from the Martini Lipidome. From here, different starting structures were made using the 

mMAEVE program. For the first system, five A2 and four actin proteins were placed in a grid 80 

Å over a 400x400 Å bilayer with a 7 Å separation between the layers and 2500 lipids per layer. 

The A2 proteins were oriented so that the convex sides were facing the membrane. The 

membrane was made up of 51% POPC, 20% POPS, 8% PIP2, and 21% CHOL. The second 

system contained two A2 and two actin proteins located 80 Å over a 250x250 Å with a 7 Å 

separation between the layers and 1,000 lipids per layer.  The starting structures for these 

systems can be seen in Figure 5.1 and Figure 5.2. 
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Figure 5.1: System setup of five Annexin A2 proteins (blue) and four actin proteins 

(salmon). 
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Figure 5.2: System setup of two Annexin A2 proteins (blue) and two actin proteins (tan). 

These starting structures were then solvated with water, sodium ions , and chloride ions 

to simulate a cellular environment. The GROMACS software suite was used for all of the 

following simulation steps. A box with periodic boundaries was created to contain the atoms of 

the system with dimensions of 400x400x550 Å for system one and 250x250x550 Å for system 

two. The height of the box was lengthened to prevent the proteins potentially moving towards the 

top of the box and remaining there for the duration of the simulation. A steep integrator was used 

with 5,000 steps to solvate the box with 0.15 M water and ions.  

 The output of the solvation step was then minimized to reduce strain and clear up 

problematic contacts. This occurred in two steps with 5,000 steps each with a steep integrator. 

These steps also generated starting velocities for 310K. 

 The output of the minimization step was then equilibrated to gradually raise the 

temperature to close to body temperature. This was done in 250,000 steps of 20 femtoseconds 
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Figure 5.3: Top-down view of the first and final frames of the five A2 and four actin 

simulation. The A2s are shown in blue, the actins are shown in salmon and the membrane is 

shown in white behind the proteins. The proteins cluster together as the simulation 

progresses. 

timesteps to raise the temperature to 310K using a v-rescale thermostat while maintaining 1.0 bar 

of pressure by using a semiisotropic Berendsen barostat with a compressibility of 3.4e-4 bar-1. 

 The output of the equilibration step was then used for the production step. The md 

integrator was used to simulate 10 μs through 500,000,000 steps with a timestep of 20 

femtoseconds. A v-rescale thermostat was used to simulate the system at 310K, and a 

semiisotropic Parrinello-Rahman barostat was used to maintain 1.0 bar with a compressibility of 

3.4e-4 bar-1. The output trajectories were then reimaged converting the trajectories using -pbc 

mol to enforce the periodic boundary for the system box. The first and final frames for the first 

system can be seen in Figure 5.3.  
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Figure 5.4: Model showing a membrane with two A2ts (blue) and two actin chains (salmon) 

with a vesicle above. 

5.3 Conclusions and Further Study 

 The simulations for these actin systems are still ongoing, and the clustering of both PIP2 

lipids and A2 and actin proteins are expected. Other systems and models depicting the more 

complex roles of A2 are also being made and considered. One such model is one that includes 

two A2ts (4HRE.pdb), two actin chains (8DNH.pdb), and a vesicle over a membrane. This 

model is shown in Figure 5.4, below.  
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This model and other similar ones will be used to explore other roles of A2 that include 

exocytosis, membrane repair, and membrane reorganization through coarse-grained molecular 

dynamics simulations, umbrella sampling molecular dynamics simulations, and other powerful 

techniques. These further studies will elucidate more into A2 and A2t’s roles in various cell 

processes and pathologies and the cellular environments that aid or inhibit the necessary protein 

and membrane interactions. A maim goal of future systems will be to model the interactions seen 

in Figure 5.5, below.
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Figure 5.5: In an unstimulated chromaffin granule (A), the granules are not coated in F-actin 

and brought closer to the membrane. In a stimulated chromaffin granule during stress or 

danger (B) annexin A2t is able to bind to the membrane and to F-actin fibers near the 

membrane and coating the granule. This brings the granule to the prepared exocytotic site for 

fusion and secretion to occur. This is seen in the electron tomography analysis (C) with the 

annexin A2t’s being located on the right side bound to the membrane and the fibrils.10 
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