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Computational methods including molecular dynamics and molecular docking were 

utilized to investigate multiple facets of the peripheral membrane binding protein, Annexin A2 

(A2). The combined works are presented here as five independent studies. All atomic molecular 

dynamics simulations were used to conduct the first two studies on the heterotetrameric A2/p11 

complex. The first investigated the impact of Ca2+ on the organization of membrane and F-Actin 

binding sites found within the heterotetramer. It was shown that Ca2+ modulates the availability 

of key membrane-binding residues and the stability of F-Actin-binding C-terminal residues of 

A2. The second study investigated the organization of the heterotetramer on the surface of a 

membrane model. A model of the heterotetramer consistent with measurements from the 

literature was generated. Additionally, previously unreported interactions between p11 and the 

membrane were observed.  

A2 has been implicated in a variety of pathologies where its inhibition would be 

desirable. A study was undertaken to identify potential inhibitors of A2-membrane binding 

activity. The stability of A2-ligand binding and effects of ligand binding on A2-membrane 



interactions was assessed via molecular dynamics simulation. Multiple ligands were identified 

that disrupt A2-Ca2+ binding and A2-membrane binding. 

The final two studies involved modelling A2-induced PIP2 microdomain formation. A 

novel Python package, called MMAEVe, was developed that facilitates the creation of 

biological-scale membrane-protein models. For the final study, MMAEVe was used to generate a 

system of A2 surrounding a vesicle. Coarse-grained molecular dynamics simulations were run 

for the system and the process of A2-induced PIP2 microdomain formation was observed. It was 

shown that the process occurs in three steps, A2-membrane association, localized PIP2 

clustering, and A2 aggregation causing local PIP2 clusters to merge into microdomains. A novel 

method was developed to track microdomain formation which utilizes the Fr®chet mean to define 

a system-appropriate variance measurement. 
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CHAPTER 1: Introduction 

Annexin A2 (A2) is a well-studied peripheral membrane binding protein. It is key to a 

number of biological processes that include F-Actin organization, various forms of endocytosis, 

exocytosis, cellular polarity, cellular migration, plasminogen regulation, angiogenesis, and redox 

activity, among others.1 See Figure 1.1 for schematic representations of these activities. The 

upregulation of A2 is crucial for the survival and proliferation of many cancers. In fact, A2 has 

been demonstrated to contribute to the lifecycle of aggressive metastatic cancers in no less than 

three facets, its role in cellular migration via its interactions with structural proteins, its role in 

angiogenesis, and its protection of genetic information in the presence of reactive oxygen species 

Figure 1.1. Schematic representation of the various functions of A2. (A) A2t 

induced bundling of F-Actin along with A2 serving as Actin fibril caps. (B) 

Exosome (top) and endosome (bottom) formation. (C) A2 colocalized with E-

cadherin at an epithelial cell aheren junction. (D) Colocalization of 

plasminogen and tissue-plasminogen activator by A2t. (E) Docking of virion 

to plasma membrane by A2t. The color scheme is consistent across all images. 

A2, p11, actin, lipid heads, lipid tails, epithelial baseolateral domain, epithelial 

apical domain, E-cadherin, plasminogen, tissue-plasminogen activation, and 

virions are colored blue, yellow, salmon, orange, cyan, dark green, dark 

purple, light green, brown, pink, and light purple, respectively. 
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via its redox activity.2 A2 has also been demonstrated as a primary or secondary cellular receptor 

for many viruses.3 

To gain a better understanding of A2, its role in disease, and outstanding questions 

regarding its function, a comprehensive literature review was undertaken. This review 

synthesizes the content of many existing reviews as well as more recent work involving A2. It 

facilitated the creation of the primary goals of this dissertation which were derived from 

outstanding questions regarding A2. The review is presented in the second chapter of this 

dissertation. Following the review of A2, a brief overview of molecular dynamics, the applied 

force fields, and virtual screening is provided in the third chapter. This chapter serves to 

familiarize or refresh the reader with the topic.  

In the literature, virtually all introductions of A2 or its heterotetrametric complex with 

p11 (A2t), seen in Figure 1.2D, mention their Ca2+-dependent binding to phospholipid 

membranes. Given the ubiquity of this statement we were surprised to find little structural 

information regarding the specific role of Ca2+ in facilitating the A2-membrane interaction. Ca2+-

binding sites are seen in Figure 1.2C. In the first decades of A2 research, it was suggested that 

Ca2+-bridged the membrane interaction directly. Work characterizing the Ca2+-binding sites, 

conducted by Filipenko et al. demonstrated that mutation of acidic Ca2+-binding residues to 

alanine restored membrane-binding capability of A2 in the absence of Ca2+. This led them to 

suggest that in the absence of Ca2+, acidic residues capture important, basic membrane-binding 

residues which are co-localized with the Ca2+ binding loops.4 K279 and K281, seen in Figure 

1.2A, are two highly conserved residues within A2. K279A and K281A mutants have a Kd that is 

reduced by factors of ~20 and ~40, respectively.5 The effects of Ca2+ on A2 activity are not 

limited to membrane interactions. It has also been demonstrated that the bundling of F-Actin by 
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A2t is enhanced in the presence of Ca2+.6 The F-Actin binding site is shown in Figure 1.2B. We 

sought to investigate the structural features of A2t pertinent to both binding sites that are altered 

by Ca2+-binding. In Chapter 4 the results of an MD investigation of A2t in the presence and 

absence of Ca2+ are presented to answer these questions.  

Figure 1.2. Cartoon representations of A2 or A2t to show various structural 

features. (A) PIP2-specificity site residue K281 and Ca2+-binding residue 

D322 are shown using ball and stick models. Ca2+ are labeled, labels are 

consistent with those in (C). (B) The repeats of the A2-core domain with 

color-coded labels. The F-Actin binding site is also colored and has a 

corresponding label. (C) Ca2+-binding loops of A2 with Ca2+-coordinating 

residues shown using ball and stick models. Individual Ca2+ are labeled. (D) 

Structure of A2t with its subunits labeled. For ball and stick models found 

in (A, C), carbons are colored grey, oxygens red, and nitrogen blue; Ca2+ 

are shown using white spheres. 
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The orientation of A2t of the membrane surface has been the focal point of biostructural 

studies beginning in the 1990s. A cryogenic electron microscopy (cryo-EM) study conducted by 

Lambert et al. investigated the structure of A2t at GUV junctions. This study was motivated by 

previous observation of A2 and Annexins generally bridging chromaffin granules. Their results 

demonstrated that at the interface of two vesicles, A2t appears to be oriented such that the two 

A2 monomers are each associated with one of the vesicles with the p11 dimer located in-

between, as shown in Figure 1.3A.7 Menke at al. conducted scanning force microscopy (SFM) 

studies on A2 and A2t on membrane models. It was observed that the dimensions of A2 are 

consistent with what would be expected if its convex face were associated with the membrane, as 

seen in Figure 1.3B. The dimensions of A2t were consistent with the whole complex being flush 

against the membrane surface.8,9 The A2t crystal structure was solved by Oh et al. in the absence 

of a membrane component.10 The structure did not resemble what has been observed in the 

literature regarding the orientation of membrane-associated A2t. Thus, a physical model of the 

A2t complex on the membrane surface is still unavailable. We built models consistent with the 

Figure 1.3. Schematic representation of A2t at (A) a membrane junction 

and (B) on a membrane monolayer. 
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reported literature and performed MD to observe their interactions in the presence of a single 

membrane. The results of this endeavor are reported in Chapter 5.  

A2ôs role is cancer was briefly introduced earlier. Its role in angiogenesis makes it 

important for the development of new vasculature. This process sees A2t serve as a receptor for 

colocalizing plasminogen with tPA and uPA with p11 being the most important component as it 

is the subunit responsible for interaction with plasminogen and its activators.11 Indeed, p11 

knockout mice demonstrate enhanced clotting ability because the ability to activate plasminogen 

to the fibrin-targeting protease plasmin is reduced.12 A2 knockout mice demonstrate defects in 

the process of both plasminogen activation and angiogenesis. Intriguingly, A2-knockout mice 

remain viable even though their capacity for angiogenesis is reduced.13 However, aggressive 

cancers which need a significant amount of novel vasculature to fuel their growth are highly 

susceptible to A2t inhibition.14 This makes A2t a desirable target for developing novel 

therapeutics. Unsurprisingly, efforts have been made to identify inhibitors of A2t formation. 

These efforts employed virtual screening of the p11 dimer. Substituted 1,2,4-triazoles were 

identified as inhibiting A2t complex formation.15 The A2 membrane interaction is another 

desirable target process for inhibition as the A2t complex rests on the surface of vascular 

endothelial cells. A natural site to focus ligand discovery efforts on is the PIP2-binding site 

which was introduced earlier.5 The sixth chapter details the process of applying computational 

drug discovery methods for identifying and assessing the capacity of candidate ligands. 

We also developed an interest in computationally reproducing and investigating some of 

the more striking behaviors of A2 that are observed in vitro. Specifically, A2ôs ability to induce 

the formation of PI(4,5)P2 microdomains on membrane models, as seen in Figure 1.4B.16 We 

believed this to be an excellent use of molecular dynamics simulations but challenges for 



 6 

accomplishing this task remained. This is largely because of the limited timescale that is 

accessible for all atomic molecular dynamics simulations; high-quality force-fields will provide 

excellent results for transport properties such as diffusion coefficients but the accessible 

timescales on consumer-grade workstations and small to medium-size clusters are not sufficient 

for observing membrane dynamics. Indeed, only truly massive supercomputers can do so at the 

required tens of Õs to ms timescale.17 To circumvent this, coarse-grained molecular dynamics 

force fields have been developed. These accomplish massive speed-ups over all-atomic force 

fields by a variety of mechanisms. The first is a reduction in the number of overall particles that 

are needed to represent a system, see Figure 1.4A for a coarse-grained PI(4,5)P2. This is 

typically on the order of a 10x reduction in the number of required particles. The second is by a 

reduction in the highest frequency bonds observed in a system. This allows for the usage of a 

larger timestep, on the order of 10x or greater. Finally, the reduced complexity results in a 

smoother potential energy landscape which allows for processes to occur much more quickly. 

This allows for a roughly 100x speedup in observed times and up to a 1000x effective speedup 

depending on the process being observed. Diffusion coefficients of water molecules in Martini 

are approximately 4x larger than observed experimentally. The Martini Force Field is by and far 

the most successful of the coarse-grained force fields to-date and has been extended to lipids, 

proteins, carbohydrates, and small molecules. Because of its success and widespread application, 

we chose to utilize it for our system.18 
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Even with an appropriate force field readily available, setting up a vesicle model with 

multiple A2 present remained challenging. The existing tools for constructing membrane systems 

for MD simulations suffered from limitations regarding the incorporation of protein components 

in the systems. To overcome these limitations, we sought to develop a program for quickly and 

efficiently generating large, complex protein-membrane simulation systems of mixed 

composition. The project was titled MMAEVe, short for Membranes, Micelles, and Even 

Vesicles. MMAEVe is the topic of Chapter 7, including how it works, performance benchmarks, 

and example applications. With MMAEVe constructed we were able to construct a simulation 

system that allowed us to investigate the process of A2-induced PI(4,5)P2 aggregation. This 

investigation is the final chapter, Chapter 8, of this dissertation.  

Figure 1.4. (A) Ball and stick model of PI(4,5)P2 with 

large spheres shown to demonstrate how atoms can be 

grouped during a coarse-graining procedure. Oxygen 

atoms are colored red, phosphorus orange, carbon grey, 

and hydrogen white. (B) Representation of A2-induce 

microdomain formation. Lipid tails are colored grey, 

PI(4,5)P2 heads red, POPC head purble, POPS heads 

green, and A2 tan. 
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CHAPTER 2: Review of Literature Regarding Annexin A2 

2.1. Annexins 

2.1.1. Discovery of Annexins 

Originally named Synexin and discovered in 1978 by Creutz et al., Annexin A7 was the 

first member of the Annexin superfamily to be identified. It was isolated from chromaffin 

granules, intracellular vesicles originating in chromaffin cells of the adrenal gland that are 

commonly utilized as a model for the study of exocytosis. Its ability to cooperatively aggregate 

chromaffin granules in a Ca2+-dependent manner led Creutz et al. to suggest that it served as an 

intracellular Ca2+-receptor involved in triggering exocytotic events in the adrenal medulla.19 

2.1.2.  Structural Features of Annexins 

As previously alluded to, the name ñAnnexinò denotes a superfamily of proteins which 

contains five families, A, B, C, D, and E found in vertebrates, invertebrates, fungi, plants, and 

protists. The specific identity of an annexin protein is denoted by a numeric suffix to the family, 

i.e. Annexin A2. Eukaryotes have anywhere from 1 to 20 Annexin genes.20 

All annexins have similar structural organization; they contain two domains referred to as 

the N terminal domain (ND) and C terminal domain (CD). In animals and fungi, the former is 

unique to each annexin and can contain anywhere from a dozen to over one-hundred amino 

acids. This unique nature of Annexin NDs is seen in the upper panel of Figure 2.1 where a 

pairwise alignment of all Human Annexin NDs is shown. The latter is highly conserved, 

composed of four homologous repeats, denoted by RI-RIV, each containing about 70 amino 

acids (see Figure 2.2B). Across vertebrate Annexins, the core domains share ~50% sequence 

identity. Secondary and tertiary structure are highly conserved. This is demonstrated by an MSA 
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of all Human Annexins, shown in the lower panel of Figure 2.1. The one observed exception to 

the highly conserved structure is Annexin A6 which is composed of eight repeats instead of four. 

This unique structure is the result of Annexin A6 being a compound-gene, likely created from the 

fusion of the genes for Annexins A5 and A10. Each repeat is in-turn composed of five individual 

Ŭ-helices, A, B, C, D, and E. Helices A, B, D, and E are wound into a right-handed superhelix 

while helix C is oriented atop the other, nearly perpendicular to the superhelix (see Figure 2.2A). 

Helices are joined by flexible loops. The overall structure of the CD has a slight curvature with 

distinct convex and concave surfaces. The ND is located at the concave surface. Ca2+-binding 

sites are found at the convex surface (see Figure 2.2C). The loops between helices A and B, and 

D and E are found at the convex surface and commonly contain Ca2+-binding sites.20 

Each Annexin repeat can contain up to two Ca2+-binding sites. To date, three types of 

Ca2+-binding sites have been identified in human annexins, type II, type, III, and ABô binding 

sites. Type II sites are known as the endoexin-fold and have the characteristic sequence GXGT-

[38X]-D/E. All three sites are shown in Figure 2.2D.1  

 

 

 

 

 

 

 

 

 



 10 

 

Figure 2.1. Sequence alignments of the ND and CD of Human Annexins. Pairwise sequence 

was performed for the ND (upper panel). Multiple sequence alignment was performed for the 

CD (lower panel). For the MSA, the two CD repeats of Annexin A6 were split into two. 

Amino acids are color-coded. Non-polar, polar, aromatic, acidic, and basic residues are 

colored orange, green, yellow, red, and blue, respectively. 
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At the biological level, vertebrate Annexins serve a variety of functions that have been 

elucidated using knockout mouse-model studies. The effects of Annexin knockouts range from 

lethal, in the case of Annexin A7, to enigmatic, in the case of Annexin A6.21,22 Annexin A1 

knockouts demonstrate defects in glucocorticoid-induced inflammation responses.23 Annexin A2 

is involved in vascular tissue development and regulation of fibrin levels.13 Given the diversity 

of roles played by Annexins, their diversity of binding partners is unsurprising. Vertebrate 

Annexins have over 30 known binding-partners which include a diversity of receptors and 

structural proteins. See Table 2.1 for a comprehensive table reproduced from a review article by 

Moss and Morgan.20 

 

 

Figure 2.2. Ribbon diagrams of (A) RI of A2 with helices labeled using color coded 

letters. (B) Full A2 structure with the ND, RI-RIV, and Linker labeled using color-

matched text. (C) Full view of the convex face of A2 with Ca2+ ions and loops 

labeled. (D) Full view of the convex face of A2 with Ca2+-binding sites shown using a 

ball-and-stick representation. Each Ca2+-binding site is labeled with its site type and a 

list of coordinations. Across images, Ca2+ ions are shown using white spheres. 
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Table 2.1. Known Vertebrate Annexin Binding Partners.  

Annexin Binding Partners 

A1 Epithelial growth factor receptor, formyl 

peptide receptor, selectin, actin, integrin A4 

A2 Tissue plasminogen activator, angiostatin, 

insulin receptors, tenascin C, caveolin 1, actin 

A3 Unknown 

A4 Lectins, glycoprotein 2 

A5 Collagen type 2, vascular endothelial growth 

factor receptor2, integrin B5, protein kinase 

C, cellular modulator of immune recognition 

(MIR), G-actin, helicase, DNA (cytosine-5-

)methyltransferase 1 (DNMT1) 

A6 Calcium-responsive heat stable protein-28 

(CRHSP-28), ras GTPase activating protein, 

chondroitin, actin 

A7 Sorcin, galectin 

A8 Unknown 

A9 Unknown 

A10 Unknown 

A11 Programmed cell death 6 (PDCD6), sorcin 

A13 Neural precursor cell expressed, 

developmentally down-regulated 4 (NEDD4) 

 

2.2. Annexin A2 

Annexin A2 (A2) is one of the most studied proteins of the Annexin superfamily. It was 

first detected in cell lines transformed by the Rous sarcoma virus by Cheng and Chen in 1981.24 

Its structure adheres to the previous discussion of Annexin structural features and characteristics 

with the highly conserved core domain composed of RI-RIV and each repeat composed of Ŭ-

helices A-E (see Figures 2.2A and 2.2B). Itôs ND is 32 residues in length and largely non-polar. 

It serves as the primary interface between A2 and S100A10 (p11) with which A2 forms the 

A2/p11 heterotetramer (A2t). A2 contains up to 7 Ca2+-binding sites, three type II, three type III, 

and one ABô (see Figures 2.2C and 2.2D).1 
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2.2.1. Roles in Biology 

Since, its original discovery, A2 has been implicated in numerous biological functions. 

These include F-Actin Organization, endocytosis and exocytosis, cellular polarity in endothelial 

and epithelial cells, gene expression, redox reactivity, and plasmin regulation.1 

2.2.1.1. F-Actin Interaction.   

A2ôs ability to bind F-Actin was first discovered in 1984 by Gerke et. al. They isolated 

the protein from porcine intestinal tissue, specifically, the apical region of vesicles isolated from 

endothelial and epithelial tissue, along with p11. A2 was further demonstrated to bind F-Actin in 

a Ca2+-dependent manner.25 Subsequently, Ikebuchi and Waisman demonstrated that A2t 

cooperatively induces the formation of F-Actin bundles in a Ca2+-dependent manner (see Figure 

2.3A). They also showed that A2 bundles F-Actin to a lesser extent.6 Filipenko and Waisman 

demonstrated that the final nine residues of A2, LLYLCGGDD, are responsible for Actin 

binding.26 Hayes et al. investigated the role of A2 in actin polymerization and showed that A2 

prevents Actin fibril elongation at the barbed end (see Figure 2.3B).27  Though, the behavior of 

A2 and A2t as Actin-bundling proteins has been thoroughly investigated, Hayes et al. suggest 

that rather than Actin bundling, the primary reason for A2-Actin association is to facilitate the 

Actin-membrane interaction (see Figure 2.3C). This suggestion is supported by their observation 

that in vivo A2 is not localized throughout large actin bundles, as other actin bundling proteins 

are, but specifically at the barbed-ends of Actin fibrils.27  
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2.2.1.2. Macropinosome Formation, Phagocytosis, and Endocytosis. 

Annexinôs role in facilitating Actin-membrane interactions is related to its role in 

membrane-trafficking events, including macropinosome formation, phagocytosis, and 

endocytosis. This is known because of the identified co-localization of A2 and Actin during said 

events. However, the exact roles of A2 across the listed membrane-trafficking events, along with 

finer mechanistic details are still poorly resolved.  

Macropinosomes are large endosomes used for uptake of solutes from the extracellular 

matrix.28 See Figure 2.4A for a schematic representation. A key step of macropinosome 

formation is the rapid extrusion of oblong Actin structures, commonly referred to as ñrocketingò. 

Merrifield et al. demonstrated that during rocketing, A2 was located at the tips of the actin fibrils. 

In rat leukemia cells with suppressed A2 expression, macropinosome formation was not 

observed.29  

Figure 2.3. Schematics of A2ôs and A2tôs proposed interactions with F-Actin. (A) Bundling 

of F-Actin by A2t. (B) Capping of F-Actin by A2 to prevent further elongation. (C) Bridging 

of F-Actin a phospholipid membrane by A2. A consistent color scheme is used across each 

image. Actin is colored salmon, A2 blue, p11 yellow, lipid heads orange, and lipid tails blue. 
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Phagocytosis is a process by which a cell ingests large particles. Specifically, particles 

over 0.5 Õm in diameter.30 See Figure 2.4B for a schematic representation. Law et al. observed 

the accumulation of A2 at the early phagocyte of retinal epithelial pigment cells. These early 

phagocytes were rich in Actin. A2(-/-) cells were shown to have retarded phagocytotic trafficking 

in retinal epithelial cells as phagocytes aggregated near the apical domain of cells instead of 

being trafficked into the cell and processed.31 

Calthrin-mediated endocytosis is involved in processes such as the uptake of nutrients 

and intercellular communication.32 See Figure 2.4C for a schematic representation of non-

specific endocytosis. Turpin et al. were the first to identify A2 on calthrin-coated vesicles. They 

found that A2 interacted with a protein on the CCVs and that the interaction was Ca2+ in 

dependent.33 Later work by Creutz and Snyder demonstrated that A2 binds with the Õ2-subunit 

of the calthrin assembly-protein complex AP-2. This interaction was found to be dependent upon 

two YXXū copies, where Y is tyrosine, X is any residue, and ū is a bulky non-polar residue, 

which are also present in transmembrane Õ2-receptors.34 The Õ2 interaction with other proteins 

has been shown to be PI(4,5)P2 mediated.35 Given the previous it seems reasonable to 

extrapolate that the A2-Õ2 interaction is also mediated by PI(4,5)P2 as was done by Grieve et al. 

Figure 2.4. Schematics of (A) micropinocytosis, (B) phagocysosis, (C) endocytosis, and (D) 

exocytosis. Lipid heads are colored orange and tails cyan. Other elements to not have a 

specific identity associated with them and serve as conceptual placeholders. 
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in their review of A2ôs role in Actin and membrane dynamics.36 When A2 is downregulated, the 

process of endocytosis seems to be disrupted and large amalgams of CCVs are seen, further 

establishing A2ôs role in the process of Calthrin-mediated endocytosis.37 

2.2.1.3. Cellular Polarity. 

 Epithelial cell polarity is an important property of epithelial cells forming the lumen of 

vasculature or intestines. This polarity sees epithelial cells organized into two distinct domains, 

the basolateral and apical domains. The former composes the structural interface of the many 

cells which compose a lumen. The latter forms the inner face of the lumen.38 The membrane 

composition of the basolateral and apical domains also differs. The basolateral domain contains a 

higher concentration of phosphatidylcholine and sphingomyelin while the basal membrane 

contains a higher concentration of glycosphingolipids.39 Additionally, PIP2 localization is 

characteristic of the apical domain while PIP3 localization is characteristic of the basolateral 

domain.40 

The process of epithelial cell polarization is initiated in response to external conditions.38 

A2 has been demonstrated to be a key orchestrator of this process.41ï43 One mechanism by which 

A2 is involved in orchestrating cellular polarity is in its role recruiting Rho GTPases. In A2-

depleted cells cell-wound assays demonstrate that A2-depleted cells are unable to properly 

migrate owing to a decreased recruitment in required Rho GTPase.41 Proper cellular migration is 

dependent upon cellular polarization. Intriguingly, A2 also plays a role in the facilitation the 

early stages of cellular adhesion. It does so by recruiting the Rac1 GTPase to early junctions 

where Rac1 interacts with E-cadherin.42 In addition to Rac1, A2 plays a role in recruiting E-

cadherin to nascent adheren junctions. Though, tight junctions will still form in the absence of 

A2.  The migration of A2 itself to junctions has been hypothesized to be driven by interaction 
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with either Phosphoinisitide 3-kinase or PI(3,4,5)P3.36 The latter case seems somewhat unlikely 

as A2 has traditionally been understood as a PI(4,5)P2-binding protein and A2 has been 

demonstrated to have an ~2x larger Kd for membranes containing a PI(3,4,5)P3 component 

instead of PI(4,5)P2.5 However, PIP2 is typically located in the apical domain while PIP3 is 

determinant of the basolateral domain which appears to have motivated the suggestion.40 

In endothelial cells, A2 plays a role in the formation of vascular endothelial cadherin 

(VE-cadherin) junctions. Upon cellular confluence (the interaction of two cellular surfaces) it 

was observed by Heyraud et al. that A2 is recruited to the cell surface in the form of the A2t 

complex. At the cell surface, A2t was found to associate with both Actin and VE-cadherin, 

keeping the complexes docked to cholesterol rich rafts. Further, they demonstrated that 

interference with the A2t-cadherin interaction resulted in a transition from the non-proliferating 

quiescent state to the of cellular state from that of the immature state.44 Cells in an immature 

state are pluripotent, that is they can differentiate into a number of different cell types.45 

2.2.1.4. Vascular Fibrinolysis and Angiogenesis. 

Vasculature is lined by vascular endothelial cells. In response to environmental insult, 

vascular endothelial cells initiate clotting cascades. Fibrinogen is the primary component of 

fibrin clots that form as a results of clotting cascades.46 Persistent or unnecessary clots are 

undesirable and can lead to serious acute pathologies such as ischemic strokes, pulmonary 

embolism, and deep vein thrombosis.47,48 Thus, anticoagulant pathways are also activated that 

help to limit the proliferation of clotting by dissolving blood clots and thereby maintaining blood 

fluidity. This dissolution of blood clots is known as fibrinolysis. Fibrinolysis is carried out by the 

protease plasmin. Prior to activation, plasmin exists as the zymogen plasminogen. To activate 

plasminogen, two other proteins are required, tissue-type plasminogen activator (tPA) and 



 18 

urokinase-type plasminogen activator (uPA).46 Cellular receptors facilitate the activation of 

plasminogen by colocalizing it with both tPA and uPA. Two key characteristics are common 

among many plasminogen receptors. The first is the low binding-affinity of receptors for 

plasminogen. This is understood as a method to help limit excessive fibrinolysis; a high-affinity 

receptor would likely more easily activate plasminogen. The second characteristic is a C-terminal 

lysine residue which interacts with the plasminogen kringle-domain.49 

The A2 monomer was first suggested as a plasminogen receptor by Cesarman et al. with 

the simultaneous suggestion by Hajjar et al. of a proteolytic event which would expose residue 

K307 of A2 whose terminal residue is D339.50,51 Later, Hajjar et al. suggested that the tPA-A2 

interaction was driven by a disulfide bridge involving C9 of the A2 ND.52 However, within a 

year Kassam et al. demonstrated both the presence of the A2t complex on the endothelial surface 

and that the C-terminal lysine residue of the p11 was responsible for A2t interaction with both 

tPA and plasminogen and that the binding was independent of A2.53,54 Studies regarding the 

effects of A2 and p11 expression have further reinforced that p11 is the receptor and that A2 

plays an important but indirect role in the complex.55,56 To this point, A2 phosphorylation has 

been shown to regulate the A2t translocation to the extracellular surface.57 Studies conducted by 

He et al. showed that A2 prevents the rapid degradation of p11.58 Both facts suggest that it may 

be most accurate to describe A2ôs role in plasminogen activation as a p11 receptor and/or carrier 

protein which in turn is the receptor for plasminogen.11 A more direct demonstration of this was 

made via a surface plasmon resonance study investigating the binding of A2, p11, and A2t with 

tPA, plasminogen, and plasmin. In the study, no direct binding of A2 to either tPA or 

plasminogen was observed. Both p11 and A2t were demonstrated to bind with tPA, plasminogen, 

and plasmin, with A2t having a greater binding affinity for plasminogen (Kd = 0.11 ÕM) and 
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plasmin (Kd = 75 nM) when compared to p11 (1.81 ÕM and 0.36 ÕM, respectively).
59 Finally, the 

same group demonstrated enhancement of tPA-dependent plasminogen activation by factors of 2, 

46, and 77 for A2, p11, and A2t, respectively.54 See Figure 2.5A for a schematic representation 

of plasminogen activation facilitated by A2t. 

Angiogenesis is the process by which new vasculature is formed from pre-existing 

vasculature. See Figure 2.5B for a schematic representation. This process requires the 

degradation of surrounding extracellular matrix by metalloproteases. These metalloproteases are 

Figure 2.5. Schematics of (A) plasminogen activation to plasmin with A2t serving and the 

receptor for the necessary protein components. (B) Formation of vasculature by 

angiogenesis. 
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activated by plasmin.60 As a component of the plasmin receptor this indirectly implicates A2 in 

angiogenesis.1 Indeed, in the absence of either component of A2t, angiogenesis is hindered.61 

2.2.1.5. Redox Activity. 

Cysteine residues are sensitive to several redox active signaling events. redox events can 

serve as a concerted mechanism to change cellular activity and metabolism.62 To this end, 

reactive oxygen species (ROS) serve as important signaling molecules in cell cycle arrest, 

autophagy, and cellular differentiation.63ï65 However, excessive ROS can cause lasting damage to 

proteins, DNA, and the cellular membrane. The accumulation of such damage can lead to 

carcinogenesis. Thus, coping with excessive ROS is important for the overall maintenance of 

cellular health.66 A2 contains a total of four cysteine residues, C8, C132, C261, and C334. 

Residues C8 and C334 are located at the N and C-termini, respectively.67 The latter has been 

implicated in the activation of plasminogen to plasmin while the former has been suggested as a 

redox-sensitive cysteine residue.68,69 C132 and C261 are located near each other and have been 

shown to form a disulfide bridge.70 Oxidative stress-induced glutathionylation of C8 and C132 

have been demonstrated as modulators of A2 function. Glutathionylation of both residues results 

in the disruption of both phospholipid and F-Actin binding. 

A2 null mice demonstrate elevated levels of ROS in both liver and lung cells. Elevated 

levels of ROS are also observed in A2-depleted cancer cells. These examples suggested some 

role for A2 in coping with oxidative stress. Subsequently, Caplan et al. demonstrated that the C8 

residue is reversibly oxidized hydrogen peroxide and reduced by thioredoxin. Further, it was 

observed that A2-depleted tumor cells demonstrate increased levels of oxidation of redox 

sensitive proteins.71 
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Studies have demonstrated that A2 is primarily localized in the cytoplasm or at the 

cellular membrane with a small percentage of A2 present in the nucleus. The N-terminus of A2 

contains a nuclear export sequence (NES) that prevents nuclear accumulation of A2.72 It was 

demonstrated by Madureira et al. that increase nuclear accumulation of A2 is observed in cases 

when a cell is exposed to a genotoxic insult such as ROS and radiation, as seen in Figure 2.6. 

The observed accumulation was blocked in response to the introduction of an antioxidant. Their 

work was the first to demonstrate the migration of A2 to the nucleus in response to genotoxins.69 

2.2.2. Roles in Disease 

2.2.2.1. Cancer. 

A2 is upregulated in a multitude of cancers that include acute lymphoblastic leukemia, 

acute promyelocytic leukemia, multiple myeloma, clear cell renal cell carcinoma, urothelial 

cancer, breast cancer, cervical cancer, endometrial cancer, ovarian cancer, colorectal cancer, 

gastric cancer, hepatocellular carcinoma, oral squamous cell carcinoma, glioblastoma, and non-

small cell lung cancer.73ï87 It has also been observed to be downregulated in cancers that include 

Figure 2.6. Schematic representation of A2 accumulation in the nucleus in response to 

genotoxic insult. 
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prostate cancer, esophageal squamous cell carcinoma, and oral squamous cell carcinoma.85,88,89 

In all cases a firm link has been established between A2 levels divergent from what is observed 

in healthy cells and negative outcomes in patients.73ï89  

The specific mechanisms by which upregulation of A2 acts to enhance cancer cell 

activity are not yet fully resolved but, in many cases, have been directly linked to its role as 

either a plasminogen receptor or its redox activity.73,74,78,79,90ï95 This enhancement has been 

linked to a multitude of negative consequence. Chief among these is the ability of cancer cell to 

metastasize.96 Metastasis being the process by which cancer cells migrate from their original 

location to colonize other tissues.97 A2-related plasmin activation preceded the activation of 

matrix metalloproteases (MMPs). MMPs are in-turn important for remodeling of the 

extracellular matrix and neovascularization. Both processes promote the invasion and metastasis 

of cancer cells as well as their proliferation. As one might expect, colonization of distant tissue is 

characteristic of advanced cancers. Correspondingly, A2 expression levels have been linked to 

the progression of several cancers with higher levels corresponding to a greater level of 

progression. Cancers in which A2 has been linked to metastasis or proliferation include all those 

in which it is upregulated. Higher expression of A2 in all these cancer types also correlates with 

lower survival rates. 96 

A2tôs role as a plasminogen receptor has not only been linked to metastasis. It has been 

demonstrated that in acute lymphoblastic leukemia (ALL), A2t confers glucocorticoid resistance. 

This resistance was not only linked to A2t but it was show that the resistance required the A2t 

complex be expressed on the extracellular surface. Extracellular migration of A2 is dependent 

upon Src-kinase dependent phosphorylation of A2. While the exact mechanism by which A2t 

confers glucocorticoid resistance, it seems likely to involve its role as a plasminogen receptor.73 
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A2t also plays another role in ALL; it serves to facilitate the adhesion to osteoblasts.98 This 

activity is also observed in multiple myeloma and prostate cancer.75,90 

A2ôs role in coping with genotoxic agents was previously discussed. This activity is 

highly desirable in healthy cells as it prevents lasting harm from occurring to genetic information 

because of environmental insult. This activity manifests negatively in certain cancer cells. 

Chemotherapies are commonly a part of cancer treatments and are typically genotoxic agents. In 

prostate cancer, cervical cancer, ovarian cancer, and pancreatic duct adenocarcinoma, 

chemoresistance, that is resistance to chemotherapies, has been linked to the upregulation of 

A2.79,90,92,93 This establishes yet another role of A2 upregulation in enhancing the survivability of 

cancer cells.   

2.2.2.2. Viral Infection. 

The viral infection cycle, across all viruses can be split into six separate phases which 

include attachment, penetration, uncoating, gene expression and replication, assembly, and 

release.99 A2 has been implicated in at least one of these stages in over a dozen viruses. Some of 

the viruses in which A2 is involved include human papillomavirus (HPV), enterovirus 71 

(EV71), respiratory syncytial virus (RSV), cytomegalovirus (CMV), influenza A virus (IAV), 

and measles virus (MV).3 In HPV, A2t colocalizes with the virion during entry though it is not 

required for HPV attachment. However, only A2 is required for entry while p11 appears to play a 

role in later infection stages involving intracellular trafficking.100,101 Yang et al. demonstrated that 

A2 and EV71 colocalize on the cellular surface during infection and the A2 C-terminus is 

important for the interaction.102 It was demonstrated by Malhotra et al. that A2 is an important 

receptor during RSV infection.103 Neither study investigated the mechanism of action but rather 

they only identified A2 as the primary receptor. In CMV, A2 was demonstrated to enhance viral 
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entry but it was not found to be necessary for entry.104,105 Later stages of the viral infection cycle 

for CMV are dependent upon A2.106 A2 and A2t have both been identified on the outside of IAV. 

Further, plasmin has been implicated in the replication process of IAV. This suggests that A2ôs 

role on this virus is that of a plasminogen receptor.107 A2 knockout has been demonstrated to 

hinder the proliferation of MV while having no impact on entry. Further, Koga et al. 

demonstrated that A2 is involved in the MV M protein localization, which is aberrant in the 

absence of A2.108 

2.2.2.3. A2 as a Therapeutic Target 

A2ôs role in both cancer and viral pathologies was highlighted in the two preceding 

sections. The involvement of A2, or any protein for that matter, in a given pathology does not 

establish it as a suitable mechanism of treatment. To this point, the cessation of certain cellular 

activities, say protein synthesis via a hypothetical ribosomal inhibitor, would result in cancer and 

viral death but would also likely have adverse negative impacts on the host. This is not the case 

in A2 deficient mice, they remain viable, capable of reproduction and progress through a normal 

life cycle. Ramifications from A2 inhibition or silencing are observed. Specifically, clotting 

increases and the capacity for angiogenesis is reduced.13 When combined with the information 

presented in the previous two sections, detailing A2ôs role in cancer and viral pathologies, the 

therapeutic potential of A2-specific inhibitors becomes apparent. Additionally, enhancement or 

inhibition of A2 activity could have therapeutic applications in pathologies beyond cancer and 

viral infection. As we have extensively discussed, A2ôs role as a plasminogen receptor implicates 

it in blood clot regulation. Inhibition or enhancement of this activity would both have therapeutic 

applications. The former in cases when clotting is desired such as excessive bleeding and 

congenital bleeding disorders. The latter could have applications for the treatment of clotting 
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disorders which A2 has recently been implicated in.109 Additionally, inhibition or enhancement of 

A2ôs redox activity might have applications. Enhancement of A2ôs redox activity could help 

individuals who have been exposed to genotoxic agents such as radiation or chemical spills. It 

should be noted that these latter suggestions are highly speculative. 

We hope to have thoroughly established the potential of A2 as a therapeutic. Efforts have 

already been made toward developing ligands that target A2. One such effort was undertaken by 

Reddy et al. and targeted the formation of the A2t complex via p11 inhibition.15 They were 

successful in identifying 1,2,4-triazoles as inhibitors of A2t formation. The identified compound 

disrupts A2t formation by directly binding at the location of A2-ND association within the p11 

dimer. Additionally, the ligand has been tested and verified to prevent infection by HPV in 

vitro.110 This is promising but room still exists for development of novel inhibitors of both A2t 

and A2. Specifically, inhibitors which target the membrane interaction.   

2.2.3.  In vitro Studies of Annexin A2 

A2 has been studied extensively in vitro. These studies include structural studies of A2 

and its tetramer, investigations of A2/A2t conformation on membrane models, and observations 

of A2ôs behavior on membrane surfaces. Many high-quality structural investigations of A2 have 

been conducted. The first crystal structure of A2 was completed by Burger et al. in 1996.70 This 

was not the first Annexin structure for which a crystal structure was generated. Huber et al. 

elucidated the Annexin A5 crystal structure in 1990. They described all the hallmarks of Annexin 

structures that were discussed at the start of this chapter.111 Burger el al. not only elucidated the 

structure of A2 but described its character as an ion channel, an activity which Annexins A1, A2, 

A5, A6, and A7 have been shown to demonstrate.70 Rosengarth and Leucke solved structures for 

A2 both in the presence and absence of Ca2+. They observed that A2 crystallized as a dimer in 
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the presence of Ca2+ and as a monomer in the absence of Ca2+. The orientation of the dimer led 

them to suggest that the A2 monomer bridged membrane surfaces by adopting a so-called ñup-

side-downò orientation similar to what is observed in their crystal structure.67 The first crystal 

structure of the full A2t complex was solved by Oh et al. They showed that A2t targets the 

chromatin remodeling factor SMARCA3 and enhances its DNA binding. In the crystal structure 

they demonstrated that SMARCA3 interacts with a hydrophobic pocket of the A2t complex.10 

Studies investigating the structure of A2 at the membrane interface have also been 

performed. Lambert et al. utilized cryo-electron microscopy to investigate A2t at membrane 

junctions. They identified seven distinct bands in density profiles of A2t junctions. They 

correspond to the inner leaf, outer leaf, A2, p11, A1, outer leaf, and inner leaf. They demonstrate 

that the arrangement of A2t at membrane junctions sees the two A2 opposite each other 

interacting with separate membranes with the p11 dimer in the center (see Figure 2.7). They also 

observed A2-induced membrane aggregation and produced density profiles for the junctions.7 A 

subsequent study conducted by Grill et al. demonstrated clearly that A2 will only bridge 

membrane models if two monomers are linked into a dimer involving the ND residue C8. Given 

that the conditions in the cytoplasm are reducing and that no A2 dimers have been isolated from 

cell lysate, it seems likely that direct membrane bridging by A2 is not observed in vivo.112 

Menke at al. performed two studies investigating both A2 and A2t on membrane 

monolayers using scanning force microscopy (SFM).8,9 In the first study they demonstrated that 

in the absence of a second membrane, and in contrast to the membrane junction cryo-EM study 

conducted by Lambert at al., that both A2 subunits of A2t associate with the membrane in the 

monolayer. This initial study was performed using saturated the saturated lipids, DPPC and 

DPPS.8 In their second study they performed the same measurements using unsaturated lipids, 
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POPC and POPS. They observed slight differences in height with the complexes appearing to be 

shorter than in the original study. They postulated that A2 and A2t were able to partially insert 

into the membrane or that the SFM measurement itself had a greater impact because the lipids 

were in the gel phase. The latter suggestion was supported by their observation that the protein 

domain heights were larger when the measurements were taken in contact mode versus 

intermittent contact mode.9 

While A2 and A2t induce POPS microdomains in POPC/POPS membrane models. A2 is 

more recognized for its specificity toward PI(4,5)P2 specificity and its ability to induce both 

CHOL and PI(4,5)P2 microdomains.1 The specificity of A2 for PI(4,5)P2 has been attributed to 

residues K279 and K281and A2 has been show to preferentially bind PI(4,5)P2 containing 

membranes when compared to other types of phosphoinositide-containing membranes.5 The 

Figure 2.7. Reproduction of the pixel density graph generated by Lambert et al. via cryo-

electron microscopy. Minima correspond to the centers of mass of junction bands.  A 

schematic of the protein and membrane components was added to enhance visualization. 
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ability of A2 to induce PI(4,5)P2 microdomains was clearly demonstrated in a study conducted 

by Dr¿cker et al. They also demonstrated that this is a unique property of A2 and not  

Annexins broadly; Annexin A1 did not exhibit this same behavior. A2t and A2 also 

demonstrated an ability to induce ñbuddingò the formation of smaller vesicles within the vesicle 

models.16 Several of the discussed studies have shown that lateral aggregates of A2 appear to be 

key for the formation of A2-induced lipid microdomain formation. Matos et al. investigated the 

mechanism by which these lateral aggregates form. Crosslinking studies they performed found 

that membrane-binding promotes A2-aggregation and that the aggregation itself is largely driven 

by charged residues at the side of A2.113 

 2.3. Computational Studies of Annexins 

Computational studies of Annexin family proteins have been performed as early as 1998. 

The first instance of such a study that could be found was performed by Cregut et al. They 

investigated the essential motions of both Annexin A5 (A5) and Annexin A1 (A1). Their primary 

interest was a suggested ñhinge-bendingò motion that had been postulated to control the ability 

of ions to pass through the central pore of A5, a known Ca2+ channel protein. Ca2+-binding was 

found to limit the mobility of the hinge motion with more open conformations being favored in 

A5.114 A later study investigated the isolated RI of A1. They found that the maintenance of its 

structural integrity was sensitive to the supplied simulation parameters.115 Shesham et al. 

investigated the effects of Ca2+-binding on A1. Ca2+-coordination was found to increase the 

flexibility of A1 core-domain residues.116 Lewis et al. investigated the Ca2+-induced ejection of 

the A1 ND from RIII of the CD using the nudged elastic band method. They found that the 

ejection of the helix slid out of the pocket, rather than swung out. The flexibility of the ND-linker 

residues S27-N42 was highlighted as an important feature of the ND expulsion from RIII. The 
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helix that takes the place of the ND in RIII was found to form in 2 steps. First residues M247ï

V250 form a helix followed by residues L251ïE254.117 

More recent studies have focused upon the interaction of Annexins with membrane 

models or the dynamics of Annexin tetramers. Chen et al. investigated the binding of A5 to a 

membrane model. They demonstrated direct coordination of lipids by Ca2+. The carboxyl 

oxygens of POPS were the favored interactions for the membrane coordinating Ca2+. The A5-

membrane interactions were driven by H-bonds and non-polar contacts. A5 was found to have a 

large impact on membrane morphology, causing the membrane model to bend significantly.118 

Donohue at al. investigated the N-terminal domain as a potential secondary membrane-binding 

site. This was suggested in a previously discussed cryo-EM study where it appeared that the A1 

and A2 monomers were not required to dimerize at some membrane junctions. They found that 

K26 and K29 of the ND, strongly interacted with the membrane and suggested might serve as 

key contributors if the ND served as a secondary membrane-binding site.119 The same group 

performed a subsequent study investigating the effects of mutations that have been investigated 

experimentally to either promote or hinder membrane aggregation by A1, for S27A and S27E, 

respectively. The S27A mutation destabilized the ND of A1 and caused it to rapidly migrate 

toward the core domain. The S27E mutation stabilized the ND and prevented its migration 

toward the core domain. It was asserted by the authors that these observations are consistent with 

those observed experimentally.120 Simulation of an A1/S100A11 heterotetramer model was 

performed by Sanchez et al. They identified three distinct conformations of the A1 ND. The 

different conformations were attributed to the W12-M63 interaction which caused the formation 

of a kink in the first 11 residues of the ND.121  
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Hakobyan et al. performed the first simulations of an A2-membrane system. Their 

primary focus was investigating orientations of A2 at the membrane surface. They found that the 

most stable A2-membrane interactions occurred in the conformation where the convex face of 

A2 was in direct contact with the membrane. Lysine residues at the convex face were shown to 

be important Ca2+-independent contributors to the A2-membrane interaction. They also 

investigated the consequences of A2-binding for membrane properties. They found that A2 

binding caused membrane deformations in the form of bending at the site of A2 binding. 

Strength of lipid-A2 interaction was shown to have a negative correlation with the lipid order 

parameter while the lipid-Ca2+ interaction had the inverse relationship. This suggests that A2-

binding enhances local membrane fluidity and Ca2+-decreases it. Intriguingly, lipid-A5 binding 

was found to have the opposite effect on lipid order parameter.118 This was noted by the authors, 

and it was suggested that the observed differences could have been related to structural 

differences between A2 and A5.122 

 2.4. Recognition of Sources 

The composition of this review of Annexin A2 while not entirely dependent upon was 

facilitated and greatly expedited by several high-quality reviews. These include reviews 

regarding Annexins broadly, A2 specifically, A2ôs role in Actin dynamics, A2ôs role in cancer, 

and A2ôs role in viral infection, which largely guided the discussion.1ï3,20,36 No such reviews 

existed to guide the sections regarding in vitro studies of A2 at the membrane or the 

computational study of Annexins. We wanted to highlight their importance and provide direct 

citations with a mention of these reviews as well as thank their authors. 
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CHAPTER 3: Molecular Dynamics and Virtual Screening 

 3.1. Molecular Dynamics 

The simulation of chemical systems has been an active area of research since before the 

development of silicone-based processor. In recent years, the most popular method for 

computational investigation of biomolecular systems has been all atomic molecular dynamics 

(aaMD). This method has aptly been referred to as: ñLaplaceôs vision of Newtonian physics on 

modern supercomputers.ò123 I would venture to replace ñsupercomputerò with graphical 

processing unit (GPU) as many modern MD codes, including GROMACS, LAMMPS, and 

AMBER among others, have been adapted to operate on GPUs.124ï126 This has been because of 

the explosion in GPU availability and power.127 This has essentially removed the monetary 

barrier to entry for MD which used to require the usage of supercomputers costing tens of 

thousands to millions of dollars and specialized support staff. Now, anyone can use widely 

available consumer-grade workstations to simulate sizeable biological systems, such as whole 

protein complexes in a membrane, albeit within a limited context. This has made MD an ever-

growing presence in biochemical studies.123 

At the heart of MD is the desire to achieve two goals. The first is to ñseeò the time-

evolution of biomolecules using MD as a ñcomputational microscopeò. The second, and more 

rigorous application is to generate a series of images referred to as a trajectory that faithfully 

represents the potential energy surface of the system (PES). This PES will contain a number of 

minima that corresponds to the accessible conformation of the system. Given an accurate 

probability distribution of molecular structures:  

(3.1) 
”ή

Ὡ Ⱦ

Ὡ᷿ Ⱦ Ὠή
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where ʍή is the probability distribution as a function of molecular coordinates, ὠή is 

potential energy as a function of molecular coordinates, k is the Boltzmann constant and T is 

temperature. Then observable properties can be determined using the generated sampling: 

(3.2) ἂὃἃ ”ὃ ”ὃ ”ὃ Ễ ”ὃ ὃή”ήὨή 
 

where A is some quantity such as the potential energy of a system. In reality, the distribution is 

an approximation of ʍή and a high-quality distribution requires the generation of multiple, 

independent MD trajectories or the application of advanced sampling techniques. 

3.1.1. Equations of Motion 

The first step in understanding MD is understanding the underlying equations that govern 

the behavior of the system. There are more formal ways of arriving at the equations, but it is 

conceptually easier and most approachable to investigate the equations using a single atom and 

beginning from definitions commonly introduced in undergraduate physics courses. The first is 

the Newtonian definition of force: 

(3.3) Ὂ άὥ ά
Ὠὺ

Ὠὸ

Ὠὴ

Ὠὸ
  

where Ὂ is force, ά is mass, ὥ is acceleration, ὺ is velocity, ὸ is time, and ὴ is momentum. 

The second is the relationship between the potential energy of a system that includes only 

conservative forces. Conservative forces are those which only depend on position; they are 

independent of the momenta of the systemôs constituent particles. The relation is as follows: 

(3.4) Ὂ
Ὠὠή

Ὠή
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where V is the potential energy of the particle and q is its position. 

Combining these equations, we get a relationship between the momenta and the potential 

energy of a conservative system: 

(3.5) 
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We now define the kinetic energy of a system: 
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where ὑ is the kinetic energy. And show that its derivative with respect to momentum can be 

related to position: 
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Yielding: 

(3.8) 
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Taken together we can describe the propagation the system through phase space using 

equations (3.5) and (3.8). However, the systems explored using MD contain a large number of 

constituents making the derivation of an analytical solution impossible. Thus, we are forced to 

use a numerical scheme to solve the equations. The first step in formulating this scheme is to 

take a Taylor expansion of the position to the third term: 

(3.9) ήὸ Ўὸ ήὸ Ўὸ
Ὠήὸ
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We can then substitute velocity into the second term and use a rearranged form of equation (3.4) 

to substitute into the third term. The rearranged form of (3.4) is: 
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(3.10) ὥὸ
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And with both substitutions performed, equation (3.9) becomes:  

(3.11) ήὸ Ўὸ ήὸ ὺὸЎὸ
Ўὸ
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Ὠὠὸ
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which contains only components we have defined. Having arrived at an equation for describing 

the propagation of positions, we now need an equation describing the forward propagation of the 

velocities. As with positions, we begin with a Taylor expansion of the velocity and preserve the 

first three terms: 

(3.12) ὺὸ Ўὸ ὺὸ Ўὸ
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The second term is easily simplified but the third term is complex and not easily simplified with 

the equations we have utilized thus far. So, to arrive at a suitable substitution for the third term 

we begin with a Taylor expansion of ὨὺὸȾὨὸ, truncating after the second term: 

(3.13) 
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We seek to arrive at a suitable substitution for the third term of (3.12) so we multiply 

(3.13) by a factor of ЎὸȾς then isolate the term corresponding to the third term of (3.12):  
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Substituting (3.15) into (3.12) allows us to replace the problematic term: 
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which can then be rearranged: 

(3.17) ὺὸ Ўὸ ὺὸ
Ўὸ

ς

Ὠὺὸ Ўὸ

Ὠὸ

Ὠὺὸ

Ὠὸ
  

The final two terms can be rewritten in terms of the potential energy using (3.10) 

(3.18) ὺὸ Ўὸ ὺὸ
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Combining equations (3.11) and (3.18) we have everything we need to update positions 

and velocities from ὸ to ὸ  Ўὸ. The Verlet integration scheme, commonly applied for molecular 

dynamics, operates in five steps, outlined below: 

1) Calculate  

2) Calculate ήὸ Ўὸ using (3.11) 

3)  Calculate 
  Ў
 using the updated positions 

4) Calculate ὺὸ Ўὸ using (3.18) 

5) Repeat steps 1-4 until the desired time is reached. 

Though we now have a suitable system of equations and scheme for solving them 

numerically, questions remain. Chiefly, we have not discussed how to arrive at initial positions 

and velocities nor have we explicitly defined ὠή. The former we will discuss in section 3.1.2. 

System Initialization. ὠή may take several forms: it may be defined using a forcefield, 

quantum mechanics, or a mixture of the two. The first method is by and far the most popular 

technique for large biomolecular systems because of its relative computational simplicity which 

makes it more suitable for sampling longer timescales. Classical MD is driven by force fields 

which will be discussed in more detail in section 3.1.3. Forcefields.128,129 
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3.1.2. System Initialization 

Initial coordinates can be generated in a variety of ways. For systems with a protein 

component, experimentally derived models are typically utilized. Nuclear magnetic resonance, x-

ray crystallography, and cryogenic electron microscopy are three experimental methods utilized 

to elucidate protein structure. Structures are commonly deposited in the Research Collaboratory 

for Structural Bioinformatics PDB, a database for sharing experimentally derived structural 

models of proteins.130 Said structures are available to the public and serve as a valuable source 

for initial coordinates. Methods also exist for generating protein models without experiment. 

Homology models are generated using a protein sequence and a close analogue for which 

structural information is available.131 Many known proteins sequences that lack structures have 

homology models available on the SWISS-MODEL Repository, a database of homology 

models.132 Deep learning models have also demonstrated great utility for protein structural 

prediction. DeepMindôs AlphaFold2 recently won the Critical Assessment of Structure 

Prediction, a competition for assessing models that predict protein structures without the need for 

a pre-existing structural scaffold.133 

Small molecule structures can be derived from experimental data, but it is often feasible 

to generate a structural model by optimizing an initial structural model using ab initio methods. 

The Automated Topology Builder maintains a collection of over one million small molecules that 

have been optimized for use.134 Additionally, CHARMM-GUI maintains an archive of both lipid 

and ligand structures available for use and compatible with their forcefield.135  

While one may have a protein and/or small molecule model suitable for simulation it is 

often desired that they be assembled into a more complex system. There is no single way to 

achieve this. If one sought to model the interaction of a protein and a ligand, they might first use 



 37 

a ligand docking software to generate a starting model. For a protein-protein system there are 

analogous docking models. Lipid systems are also complex and while lipid-only systems will 

self-organize during a simulation it might be desirable to have the membrane pre-formed. This is 

useful when modeling membrane-protein interactions. A number of software for generating 

DNA, RNA, and other polymer structures are also available such as 3D-DART and polyply.136,137 

While implicit solvation models do exist, most force-fields are developed to be coupled 

with explicit solvation. Solvation of a system is relatively straightforward. It typically involves 

the repetitive placement of a pre-equilibrated water box at non-overlapping intervals within a 

specified area. 

Arriving at initial velocities is much simpler when compared to initial coordinates. 

Particle velocities are sampled from a Boltzmann distribution which describes the distribution of 

velocities according to: 

(3.19) ὖὺ
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3.1.3. Forcefields 

The potential energy of a system is defined by a forcefield which is only a function of a 

systemôs internal coordinates. A common definition of a forcefield equation follows: 

(3.20) ὠ ὠ ὠ ὠ ὠ   

The first three terms are referred to as the bonded terms while the final term of the equation is 

referred to as the bonded terms. The bond, ὠ , and angle, ὠ , terms are defined using 

simple harmonic potentials: 
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where Ὧ is the bonded force constant, ὶ is the bond length, ὶ is the equilibrium bond length, Ὧ 

is the angular force constant, ʃ is the angle formed by three bonded atoms, and ʃ is the 

equilibrium angle. Harmonic potentials describe equilibrium geometry well, but they cannot be 

used to describe the breaking and forming of bonds. This would require the application of a 

different potential, such as the Morse potential, which describes bond dissociation. See Figures 

3.1A and 3.1B for examples of bonded and angular potentials.  
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Figure 3.1. Examples of potential energy force-field terms for ethane. Carbon and 

hydrogen are colored black and grey respectively. All terms were created using GAFF 

parameters for c3 and hc. (A) c3-hc bond potential with bond length shown on a 3D 

model. (B) hc-c3-hc angle potential with angle shown on an ethane model. (C) hc-c3-c3-hc 

torsional potential with angle between hc-c3-c3 planes shown for energetic minimum and 

maximum. (D) hc-c3 coulombic potential with charge signs shown on 3D representations 

of each atom. (E) hc-c3 Lennard-Jones potential with different distances along the 

potential shown using spheres. 
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Dihedrals are described using a periodic potential: 

(3.23) ὠ ὠ ρ ὧέίʂʖ ɾ   

where ὠ is the barrier height, ʂ is the periodicity, ʖ is the angle between the two planes of the 

dihedral, and ɾ is the phase. See Figure 3.1C for an example of a dihedral potential. 

The non-bonded term, unlike the previous potentials, is composed of three components: 

coulombic, van der Waals, and repulsive terms: 

(3.24) ὠ
ήή

τʌצὶ
  

(3.25) ὠ ᶿ
ρ

ὶ
  

(3.26) ὠ ᶿ
ρ

Ὡ

ρ

ὶ
  

where ή is the atomic partial charge, צ is the permittivity of free space, and ὶ is the distance 

between two atoms. See Figure 3.1D for an example of a coulombic potential. 

Equations (3.25) and (3.26) are usually combined into a Lennard Jones potential taking 

the form: 

(3.27) ὠ τצ
ʎ

ὶ

ʎ

ὶ
  

The צ and ʎ are parameters that determine the depth of the potential well and point where 

potential is zero, respectively. צ and ʎ are defined individually for all atom types. The terms used 

to describe the interaction between two specific atoms are generated using the following 

equations:  

צ (3.28)   צצ
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(3.29) ʎ
ʎʎ

ς
  

See Figure 3.1E for an example of a Lennard-Jones potential. 

With all components of the potential introduced in (3.20) explicitly define we can rewrite 

(3.20) using those definitions: 

(3.30) 
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With a complete definition of the force-field, we have now completed a full description 

of the equations of motion that are needed to describe our system. It should be noted that ñforce-

fieldò refers both to the potential energy function that is used, whose exact form can vary, as well 

as the parameters that are associated with it, i.e. force constants. Several nuances remain to be 

discussed and are the topic of the proceeding section.128,129 

3.1.4. Periodic Bounds, Pressure and Temperature Regulation 

3.1.4.1. Periodic Boundary Conditions. 

Let us consider two cubic systems. The first has dimensions that allow for 50 atoms to be 

aligned in a row along one dimension of the cube. The second cube allow for 108 atoms. Next let 

us calculate roughly how many atoms would be in contact with the surface of our cube versus 

how many total atoms can sit inside of the cube. We can see that for a small system, the 

percentage of atoms that would be in contact with the surface of a container for the large system 



 42 

is 2x106 times smaller (see Table 3.1). This discrepancy gives rise to undesirable artifacts and 

requires a solution.  

Table 3.1. Comparison of System Size and Number of Atoms in Contact with 

Container. 

System Width Surface Atoms Volume Atoms Surface Percent (%) 

Small 50 15,000 125000 12 

Large 108 6x106 1024 0.000006 

 

One solution is to simulate the system using what are known as periodic boundary 

conditions (PBC). A schematic representation of PBC can be seen in Figure 3.2. When using 

PBC we define the dimensions of the system to match those of a periodic unit cell. If a 

constituent of the system crosses a periodic boundary, then it is wrapped around to the other side. 

This scheme results in what is effectively an infinitely continuous system. Naturally, this method 

of handling boundary conditions also comes with challenges. The most pronounced being the 

calculation of nonbonded terms. From a naµve perspective, by making the system periodic, we 

have taken the already computationally intensive, ὕὲ , nonbonded calculation and made it 

infinitely more difficult. With PBC we need to calculate the ὠ  term across periodic bounds. 

However, there are commonly employed methods to greatly simplify this calculation.  

The first and most obvious applies to the Lennard-Jones potential. The attractive tail of 

the system quickly converges to 0 which allows for a cutoff to be applied as a reasonable 

approximation. This value of this cutoff for an explicitly solvated system can vary but is usually 

~10 ¡. It can extend beyond the unit cell and when doing so acts as if the interaction were within 

a replica cell, see Figure 3.2 for an example of this. The cutoff can be implemented as a hard 

cutoff or coupled with a smoothing function that tapers to 0 at the desired distance. 
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The coulombic interactions are more difficult to handle. The most naµve form, where all 

coulombic interactions across boxes are summed converges slowly and is conditionally 

convergent. Conditional convergence means that convergence is dependent upon the order in 

which the individual terms of the summation across unit cells are added. The equation for this 

approach is shown below for a single atom: 

Figure 3.2. Example of 2D periodic boundary conditions. The primary cell is located at the 

center. A non-bonded cutoff radius is shown for one of the atoms in the primary cell. 



 44 

(3.31) ὠ ὶ Ǭ
ή

ὶ ὲ
  

The n in this equation represents the surrounding unit cells. The ` indicates that the Ὥ 

 Ὦ calculations are not performed for the central cell. 

Ewald created an alternative method for calculating the electrostatic contribution to the 

energy. It takes the original interaction over all periodic boxes and splits into two rapidly 

converging series, one in real space and one in reciprocal space. 

(3.32) 
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While a full discussion of the Ewald summation and its derivation is beyond the scope of 

this section, its importance should be noted. It takes the scaling of the electrostatic calculation 

from O(N2) to O(N3/2). Further it serves as the foundation for methods like Particle mesh Ewald 

method which further increases the efficiency of scaling from O(N3/2) to O(NLog(N)). This 

greatly reduces the time that must be spent on the calculation of the coulombic term.128,129 

3.1.4.2. Temperature Regulation. 

In equation (3.6) we defined the kinetic energy of a particle. We can define the total 

kinetic energy of a collection of particles as: 

(3.33) ὑ
ρ

ς

ὴ

ά
  

The relationship between total kinetic energy and the temperature of a system is directly 

proportional. It is given by: 
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(3.34) ὑ
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ς
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where N is the number of particles and T is the temperature. 

Both (3.33) and (3.34) can be combined to yield a direct relationship between the 

momenta and temperature of a system: 

(3.35) Ὕ
ρ

σὔὯ

ὴ

ά
  

Regulation of temperature during MD simulations is achieved using a thermostat. 

Thermostats maintain temperature by scaling the velocities of the individual particles. The 

simplest algorithm is a direct scaling: 

(3.36) ὺ ʇὺ   

ʇ is defined as follows: 

(3.37) ʇ
Ὕ

Ὕ ὸ

Ⱦ

  

Where Ὕ is the desired or target temperature and Ὕ ὸ is the temperature at the current time. 

The Berendsen thermostat follows a similar form to (3.36) but ‗ is redefined: 

(3.38) ʇ ρ
Ўὸ

ʐ

Ὕ

Ὕ ὸ
ρ

Ⱦ

  

In its redefined form ‗ is meant to represent the coupling of the system to a theoretical heat bath 

where the rise time, ʐ, controls the strength of the coupling with smaller values † corresponding 

to a stronger coupling between the heat bath temperature and the simulation temperature. A value 

of †  ρ would result in ὺ ὺ  meaning there is no coupling between the heat bath and 

the system.138 



 46 

The Andersen thermostat adopts a somewhat different approach when compared to the 

rescaling and Berendsen thermostats. Particles are selected at random and assigned velocities 

sampled from a Boltzmann distribution corresponding to the desired temperature. The coupling 

of the system is controlled by the frequency with which atoms are selected for rescaling. A 

higher frequency corresponds to a tighter coupling.139 

The Langevin thermostat operates by modifying one of the original equations of motion, 

(3.5). It becomes: 

(3.39) 
Ὠὴ

Ὠὸ
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Ὠή
ɾὴ Ὢ  

These additional terms modify the behavior of the system. The second term corresponds 

to a ñfrictionò term that acts against the motion of a particle in a manner proportional to its 

momentum. The friction coefficient, ɾ, controls how powerful this effect is. The third term 

corresponds to random forces meant to simulate the transfer of energy via collision. These forces 

are sampled from a Gaussian distribution with variance: 

(3.40) ʎ
ςάɾὯὝ

Ўὸ
  

As with the Andersen thermostat, the frequency with which the random forces are applied 

is also a parameter.128 

3.1.4.3. Pressure Regulation. 

The final component of molecular dynamics simulations that will be explored is the 

regulation of pressure. However, pressure is not a parameter that we can controlled or scaled 

directly. Instead, we rely upon the relationship between pressure and volume as defined by the 

Virial equation: 



 47 

(3.41) 
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Thus, the pressure can be controlled by modifying the volume of the system. The method 

of maintaining pressure is referred to as a barostat. One common barostat is the Berendsen 

Barostat. Its form should be familiar in that it resembles that of the Berendsen thermostat. Given 

a box defined by vectors of length, ὒ, the lengths are scaled according to: 

(3.42) ὒ ʈὒ   

 

(3.43) ʈ ρ
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where ὖ is the target pressure and ὖ ὸ is the pressure at the current time. 

As with the Berendsen thermostat, ʐ, corresponds to how tightly coupled to the desired 

temperature the system is. In this case ɾ corresponds to a term referred to as the thermal 

compressibility.138 

 3.2. Molecular Docking 

Molecular docking is a method by which the interaction between a ligand and a 

macromolecular receptor, usually a protein, can be modelled. Docking is generally divided into 

two different steps, conformational sampling and scoring. Each of these will be discussed in turn. 

This discussion will be largely guided by that of Meng et al. to survey methods that have 

historically been successful.140 An additional section at the end will address some of the recent 

advances that have been made using deep learning techniques. 
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3.2.1. Conformational Sampling 

Matching algorithms utilize information about the docking site to construct 

pharocophores. A pharmacophore is an abstract representation of a molecule that can be used to 

describe or identify target binders. Matching algorithms seek to generate an alignment between 

both the protein and ligand where each is represented using a pharomocophore. 

Incremental construction deconstructs molecules about rotatable bonds. The individual 

pieces are the incrementally added to the docking site from largest to smallest and the ligand is 

reconstructed.  

Stochastic methods utilize randomness for conformational sampling. Monte Carlo 

methods are one such approach. They apply rotation about ligand bond, translation, or ligand 

rotation at random. A selection criterion can then be applied to determine if the generated 

conformation will be kept or discarded. This procedure is not unique to protein-ligand 

interactions, it is a common method of conformational sampling that can been applied to many 

different categories of systems.  

Genetic algorithms are another class of stochastic methods which can be applied to 

conformational sampling. They have found great success for a wide variety of optimization 

problems such as the notoriously difficult travelling salesman problem. They represent various 

aspects of the system state using individual ñgenesò to encode the smallest subunit of the 

problem. These are then combined to create a proposed solution known as a ñchromosomeò. 

Pools of chromosomes are generated as random initial guesses. These are then assessed, and the 

best chromosomes are preserved. These best chromosomes are then used as scaffolds to generate 

a second generation. This second generation is generated via two mechanisms, crossover and 

mutation. Crossover occurs when two of the chromosomes swap genes. Mutations are random 
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changes in the chromosome. The canonical definition of each iteration of chromosome 

generation and assessment is ñepochò. The number of iterations is controlled by either 

convergence or a limit to the number of epochs. A chromosome is considered converged when 

the quality between epochs does not increase by a specified threshold. Alternatively, a hard 

cutoff for the number of epochs can be provided.140,141 

3.2.2. Scoring 

Forcefield based scoring functions operate in the same manner as the previously 

discussed MD forcefield potential. Docking forcefields usually differ from MD forcefields in that 

they will only include a non-bonded term. The atom typings tend to be less complex as well with 

fewer distinct categories of atoms explicitly defined. Additional modifications can be made to 

correct for entopic contributions, differing solvents, or contributions that are weighted differently 

such as hydrogen bonds. 

Empirical scoring functions decompose the contributions of each interaction into 

categories such as hydrogen bonds, dipole interactions, ionic interactions, hydrophobic 

interactions, and binding entropy. Each of these terms is weighted against coefficients. 

Practically, empirical models generally take the form of a linear regression trained on a dataset of 

similar protein-ligand complexes. 

Knowledge-based scoring functions use structural data to construct a scoring function. 

The favorability of a given interaction is assumed to be correlated with the frequency of the 

interactions in the training dataset. This is then used to weight the favorability of all the observed 

types of interactions.140 
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3.2.3. Deep Learning for Docking Problems 

Within the past decade, deep learning has been applied successful to many notoriously 

difficult and important problems. Perhaps one of the most impactful is in the field of image 

recognition. High quality models now exist that are capable of human-level performance for 

tasks such as recognizing objects, faces, animal and plant species, diseases, etc. These models 

have applications in disparate fields such as ecology and medicine.142 More recently deep 

learning has been applied to generate the high-quality protein-structure prediction model 

AlphaFold2 which has outcompeted the  outcompete any of the other available models.133 

AlphaFold2 also shows promise as a tool for drug discovery. 

Even more recently, diffusion models such as stable diffusion 3 have become popular for 

generating images from user-provided prompts.143 This same class of model was used to create 

RFDiffusion a model capable of generating protein structures designed to bind a specific target 

with high specificity.144 Another diffusion model DiffDock has been published which generates 

docked structures of ligand-protein complexes.145 This continues the trend of an increasing 

presence of deep-learning models in computational drug design and discovery. 
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CHAPTER 4: Ca2+ Ions Facilitate the Organization of the Annexin A2/S100A10 

Heterotetramer 

Reproduced from Proteins: Structure, Function, and Bioinformatics 

doi: 10.1002/prot.26490  

Title: ñCa2+ ions facilitate the organization of the Annexin A2/S100A10 heterotetramerò 

Authors: Samuel Lindsay, Libero Bartolotti, and Yumin Li 

Abstract 

Annexin A2 (A2) is a member of the Annexin family which contains Ca2+-regulated 

phospholipid-binding proteins. Annexins associate with S100 proteins to form heterotetramers. 

The A2/S100A10 heterotetramer (A2t) is the most extensively studied of these heterotetramers. 

It induces membrane microdomain formation, causes membrane budding, and facilitates 

proliferation of some cancers. In this work, the first molecular dynamics (MD) study on the 

complete A2t of 868 amino acids was performed. MD trajectories of more than 600 ns each were 

generated for complete A2t complexes with and without Ca2+ ions. The outward extension of 

membrane-binding residues A2-K279 and A2-K281 was shown to be inhibited in the absence of 

Ca2+ as they were captured by Ca2+-binding residue D322. F-Actin binding residue A2-D339 was 

observed to occupy either an exposed or buried state in the absence of Ca2+ while it only 

occupied the buried state in the presence of Ca2+. The observed motions of the A2t subunits are 

highly organized with a strongly correlated central region which is negatively correlated with the 

periphery of the complex. The central region contains the S100A10 (p11) dimer, A2-N, and A2-I 

while the periphery contains A2-II, A2-III, and A2-IV. Novel interactions between A2 and p11 

were identified. A2 residues outside of A2-N (K80, R77, E82, and R145) had strong interactions 

with p11. Residue R145 of A2 may have a significant effect on the dynamics of the system with 

its interaction resulting in asymmetric motions of A2. The presented results provide novel 

insights to inform future experimental studies. 
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 4.1. Introduction 

The Annexin A2/S100A10 heterotetramer (A2t) has important biological functions that 

have been demonstrated extensively in the literature.1 Many of these functions involve the 

association of A2t with membrane surfaces. This capability of A2t has been investigated 

thoroughly in vitro. It has previously been shown that A2t can bind to and aggregate 

membranous bodies such as chromaffin granules in addition to analogues such as giant 

unilamellar vesicles (GUVs).16,19 The ability of A2t to associate with negatively charged 

phospholipid membranes can be largely attributed to a small number of basic residues at its 

convex surface.146 A2t has also been demonstrated to bridge membranes.112 Residues K279 and 

K281 of Annexin A2 (A2) form a phosphoinositide-specific binding site (PIP site) that 

contributes significantly to the specificity of A2t binding of phosphoinositide-containing 

membranes.146 A2t is known to induce F-actin bundling and as well as recruit it to the cell 

surface.6 Exocytotic behavior has been attributed to A2t and is driven by A2tôs ability to induce 

lipid microdomains and to bundle F-actin.147 The final nine residues of A2, LLYLCGGDD, 

compose the F-actin binding-site.148 A2t serves as a cell-surface receptor for tissue-plasminogen 

activator (tPa) and the zymogen of plasmin, plasminogen (Pmo). The colocalization of tPa and 

Pmo is an important step during the activation of plasminogen.11 

The upregulation of A2 in many aggressive metastatic cancers has been reported in the 

literature. It has been postulated that within the context of metastatic cancers the increased levels 

of A2 and subsequently A2t result in increased levels of cancer proliferation.2 Plasmin is known 

to be important for the endothelial to mesenchymal transition (EMT).149 EMT has implications 

for the activity of many metastatic cancers as it enhances the mobility and subsequently the 
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invasiveness of cancer cells.149 Thus, increased levels of A2t lead to increased levels of activated 

Pmo which may promote the progression of metastatic cancers.11 

A2t is composed of four subunits, two A2 monomers and an S100A10 (p11) dimer.150 

Each p11 monomer is composed of two EF-hand motifs (EF1 and EF2) connected by a ñhingeò. 

The EF1 motif contains a long helix (HI), a loop (L), and a short helix (HII). The EF2 motif 

contains a short helix (HIII), a loop (L), and a long helix (HIV). Unlike many other S100 

proteins, p11 does not require Ca2+-binding to adopt its ñopenò conformation, which can be a 

prerequisite for binding events.151 The A2 subunits consist of two domains, the N-terminal 

domain (A2-N) and the C-terminal domain (A2-C). A2-N contains 32 residues. A2-C has two 

faces (convex and concave) and is organized into four homologous repeats (I, II, III, and IV) 

which are each ~70 residues long. The repeats contain five Ŭ-helices (A, B, C, D, and E). Helices 

A, B, D, and E of each repeat are wound into a right-handed superhelix. Helix C is perpendicular 

to the other four helices and located toward the concave face. All Ca2+-binding sites are located 

on the convex face of A2.152  

A2t is a highly symmetric complex. Its center is composed of a p11 dimer, with an A2 on 

either side. The N-terminus of each A2 associates with a cleft formed by EF1-HI from one p11 

monomer, EF2-HIV from the other p11 monomer, and the hinge from the monomer that 

contributes EF2-HIV. A graphical representation of A2t with the discussed regions labeled is 

presented (see Figure 4.1).153 
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There are three types of Ca2+-binding sites located in A2: Type II, Type III, and type ABô. 

Type II sites have the canonical sequence of the endonexin fold, KGXGT-(38X)-D/E, a Ca2+-

binding site that is characteristic of the annexin protein family.154 Coordination at Type III sites 

involves two peptidyl oxygens and a bidentate glutamic acid. Two peptidyl carbonyl oxygens 

contribute to coordination at ABô sites.67 Type II sites appear to be the most important for A2-

membrane binding.155  

Ca2+ in the context of A2 is largely understood to mediate the interaction of A2/A2t and 

cellular membranes. A2/A2t-membrane binding is a necessary step for many of A2/A2tôs 

functions. Examples include A2/A2t-mediated activation of plasminogen to plasmin, bridging of 

membranes, endo/exocytotic events, and lipid microdomain formation.11,16,36,112,156 In addition to 

membrane-binding, Ca2+ is known to induce the bundling of F-Actin in the presence of A2t. The 

degree of bundling has been demonstrated to increase as Ca2+ concentration increases.6 Ca2+ is 

important for both membrane-binding and F-actin bundling. Thus, the focus of our study was to 

Figure 4.1. Representation of A2t with regions and important binding-sites labeled. Each 

monomer of A2 has the N-terminal domain (N) and the core domain composed of repeats I, II, 

III and IV. 
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investigate any Ca2+-induced structural rearrangements which might occur to facilitate 

membrane-binding and F-actin bundling.  

Previously, molecular dynamics (MD) simulations have been performed on the A2 

monomer and on the p11 dimer individually but never on a complete A2t complex. Hakobyan et 

al.157 investigated plausible orientations of A2 with respect to a membrane model. This study 

focused on interactions between A2 and the membrane as well as A2-induced changes in the 

membrane model. Another model investigated the interaction between the cytoplasmic domain of 

CEACAM1 (CEACAM1-SF) cytoplasmic domain and a pseudo-tetramer of A2t which consisted 

of only the p11-dimer with the N-termini of A2 associated.158 In this study, for the first time, we 

performed an MD investigation for the full A2t structure, with a particular focus on the 

influences of Ca2+ on the system. 

4.2. Computational Methods 

4.2.1. Structure Generation 

The initial structure of A2t was obtained from the PDB structure (PDB Code: 4HRE) of 

A2t in the complex with SMARCA3 peptide.10 A2 and p11 subunits were extracted from the 

structure. The Modeller software was used to alter the primary sequence of the A2 subunit to 

match the reported sequence for wild type A2 on Uniprot; mutations or missing residues were 

changed or added.159,160 The residues changed in the A2 monomer included P29A, V46I, A66V, 

A84P, D197E, P223C, and D230E. The final five residues of p11, Q93, K94, G95, K96, and 

K97, were absent. The missing residues for p11 and A2 were added using the Modeller software. 

Copies of the altered A2 and p11 subunits were aligned to the subunits of the original tetramer to 

generate a model of wild-type A2t. The original structure lacked coordinated Ca2+ ions. Ca2+ ions 

were added to the A2t model by alignment with  an A2 crystal structure (PDB code: 1XJL) with 
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seven coordinated Ca2+ ions.67 The final models generated for simulation were A2t complexes 

with 7 or 0 Ca2+ ions coordinated per A2, referred to as 7Ca and 0Ca, respectively. 

4.2.2. Simulation System Construction 

The tleap module of AmberTools was utilized to solvate the system and generate the 

required topology file.161 Explicit solvation was performed using TIP3P waters in an octahedral 

box, with a minimum of 16 ¡ from the protein to the box boundary for both 7Ca model and 0Ca 

models.162 Monovalent chlorine and sodium ions were added to neutralize the system and 

maintain the salt concentration of the system at 0.15 M. The total number of atoms in the 

simulations were 353,083 and 353,104 for the 7Ca and 0Ca models, respectively. 

4.2.3. Simulation Details. 

Simulations were run on a 4 - RTX 2080 Ti workstation housed at the Department of 

Chemistry of East Carolina University. The pmemed.MPI module of AMBER18 was used to run 

the energy minimization and heating steps. The pmemd.cuda module was used for the production 

run.161 The AMBER force field (ff14SB) was utilized for A2t.163,164 The parameters of Bartolotti 

et al. were utilized for describing the Ca2+ ions using a 12-6 potential.165 Periodic boundary 

conditions were applied during the simulation, with a cutoff of 10 ¡ to truncate the Van der 

Waals forces. The particle-mesh Ewald method was used to treat the long-range electrostatic 

interactions. All bonds involving hydrogen atoms were constrained using the SHAKE algorithm, 

which allowed the usage of a longer timestep of 2 fs.166 Prior to simulation the entire system was 

minimized in two steps, the first with A2t and Ca2+ ions restrained and the second unrestrained. 

For the restrained minimization, 500 steps were performed using the steepest descent method 

followed by 500 steps using the conjugate gradient method. For the unrestrained minimization, 

2500 steps of the minimization were performed using the steepest descent method followed by 
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7500 steps using the conjugate gradient method. The minimized systems were then warmed to 

310 K over 60 ps. Constant pressure dynamics were carried out on each of the 7Ca and 0Ca 

models for more than 600 ns. The stability of the simulations was determined by the 

conservation of energy of the simulation system and the maintenance of a constant average 

temperature. 

4.2.4. Data Analysis. 

The molecular dynamics simulation trajectories of more than 600 ns for each of the 7Ca 

and 0Ca models were analyzed using the CPPTRAJ program. Plotting and visualization were 

performed using a combination of R scripts, Python scripts, and the PyMol molecular 

visualization program.161,167  

Pairwise MMGBSA was performed for the entire system using the MMGBSA.py script 

of AMBER18. Additionally, a unique tool was developed for creating feature-space plots and 

reduced-dimensionality correlation plots. Only the plots from the latter are reported here. This 

tool allows for a protein system to be divided into subregions and for the cross correlations to be 

calculated using the center of mass of those subregions. 

4.3. Results and Discussion 

4.3.1. Conformational Analysis 

4.3.1.1. The Gross Structural Change Between A2t Models Differs. 

Principal component analysis (PCA) was conducted to generate simplified 

representations of the conformational changes that occurred during the 7Ca and 0Ca trajectories 

(see Figures 4.2A and 4.2C). The 7Ca model experienced rapid transformation over the first 200 
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ns before reaching a stable conformation over the final 300 ns as indicated by the large blue, 

green, and yellow clusters (see Figure 4.2A).  

The trajectories of the 7Ca and 0Ca models were sampled to extract representative 

structures for visually representing the observed conformational changes (see Figures 4.2B and 

4.2D). The A2-2 subunits of both models rotated ~90o from their starting conformations by the 

end of the simulation. This rotation occurred much more rapidly for 7Ca-A2-2, taking only 200 

ns of simulation time while 0Ca-A2-2 required 400 ns to achieve a similar rotation. The behavior 

of the modelsô A2-2 subunits differed as 7Ca-A2-2 maintained a relatively stable position and 

0Ca-A2-2 oscillated about the 90o position. The behavior of the A2-1 subunits exhibited much 

greater differences. 0Ca-A2-1 remained in a similar position relative to the initial conformation 

of 0Ca-A2t. Conversely, 7Ca-A2-1 underwent a more significant transformation by progressively 

twisting farther out with reference to the plane of the screen. 

Figure 4.2. Principal component analysis (PCA) results for the (A) 7Ca and (C) 0Ca models 

along with representative structures from the (B) 7Ca and (D) 0Ca trajectories. The p11 of the 

representative structures are aligned to the first in the series of structures with the A2-2 

subunit being oriented at the top of each structure. 
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4.3.1.2. Ca2+-Coordination. 

Ca2+ coordinations in the 7Ca model were compared to those in the crystal structure 

model (PDB Code: 1XJL) (see Table 4.1). Coordinations in the crystal structure were defined as 

oxygen atoms less than 3.5 ¡ from Ca2+ atoms.67 Coordinations are reported for oxygen atoms 

within 3.5 ¡ of Ca2+ ions for at least 1% of total simulation. Coordinations corresponding to 

crystal structure coordinations were reported with a percentage of coordinated frames as low as 

0.1%. Few of the reported contacts are coordinated for less than 30% of the trajectory frames. 

The coordinations for both monomers were similar for all the Ca2+ atoms with some slight 

differences. Coordinations at sites Ca2+-1,2,5,6,7 were consistent with the results reported for the 

crystal structure. Ca2+ ion parameters packaged with AMBER18, including the 12-6 IOD LJ, 12-

6 HFE LJ, and 12-6-4 LJ models, were tested using A2 monomer and similar calcium 

coordination deviations from X-ray structure were seen for sites 3 and 4.168ï171 This suggests that 

Ca2+ binding sites 3 and 4 might be of a lower affinity than those which reproduce coordinations 

more faithfully. Quantitative measures of binding affinity, such as Kd, could not found in the 

literature to test this postulation. However, the observed Ca2+ coordination is reasonable, and 

most contacts present in the crystal structure were preserved for significant durations throughout 

the trajectory.  
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Table 4.1. Comparison of Ca2+ coordinated oxygen atoms between A2 X-ray Structure 1XJL and 

Simulated A2t Complex. 
      1XJL A2-1   A2-2   

Ca2+ 

Ca2+  

Typ

e 

A2  

Repeat Coordination Coordination 

Percentage of  

Coordinated  

Frames Coordination 

Percentage of  

Coordinated  

Frames 

1 III I G50@O G50@O 77.2% G50@O 99.6% 

   V51@O V51@O 76.8% V51@O 99.1% 

   E53@OE1 E53@OE1 97.5% E53@OE1 99.8% 

   E53@OE2 E53@OE2 98.9% E53@OE2 95.7% 

   - D326@OD1 50.1% - - 

      - D326@OD2 19.4% D326@OD2 1.7% 

2 III I K88@O K88@O 51.5% K88@O 77.7% 

   L91@O L91@O 48.4% L91@O 62.2% 

   E96@OE1 E96@OE1 84.5% E96@OE1 83.6% 

      - E96@OE2 81.1% E96@OE2 86.9% 

3 II II - S117@O 1.1% - - 

   M118@O M118@O 43.0% M118@O 92.2% 

   - K119@O 1.4% - - 

   G120@O G120@O 3.6% G120@O 8.3% 

   G122@O - - G122@O 3.0% 

   - T123@O 13.0% - - 

   - E125@OE2 35.8% - - 

   - D162@OD1 97.2% D162@OD1 98.4% 

      D162@OD2 D162@OD2 98.2% D162@OD2 98.7% 

4 A/B II/III T123@O T123@O 0.2% - - 

   - D124@OD1 45.1% - - 

   - D124@OD2 23.9% - - 

   E125@OE1 E125@OE1 87.5% E125@OE1 97.4% 

   E125@OE2 E125@OE2 43.1% E125@OE2 96.1% 

   - D251@OD1 95.8% D251@OD1 99.0% 

      - D251@OD2 96.2% D251@OD2 99.7% 

5 II III - A201@O 77.8% - - 

   G202@O G202@O 95.9% G202@O 99.1% 

   R205@O R205@O 88.4% R205@O 98.4% 

   G207@O G207@O 95.2% G207@O 99.2% 

   - D209@OD1 10.0% - - 

   - D209@OD2 99.9% - - 

   E247@OE1 E247@OE1 99.7% E247@OE1 99.8% 

      E247@OE2 E247@OE2 88.5% E247@OE2 99.7% 

6 III III R245@O R245@O 9.9% R245@O 2.8% 

   V248@O V248@O 9.6% V248@O 2.6% 

   - E253@OE1 91.1% E253@OE1 98.2% 

   E253@OE2 E253@OE2 97.4% E253@OE2 94.7% 

      - N254@OD1 1.7% N254@OD1 6.2% 

7 II IV M278@O M278@O 73.4% M278@O 84.0% 

   G280@O G280@O 54.4% G280@O 38.6% 

   G282@O G282@O 3.9% G282@O 33.8% 

   - - - T283@OG1 1.0% 

   - D285@OD1 76.2% - - 

   - D285@OD2 79.1% - - 

   - - - Q321@OE1 4.7% 

   D322@OD1 D322@OD1 99.6% D322@OD1 99.0% 

      D322@OD2 D322@OD2 99.8% D322@OD2 97.2% 
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4.3.1.3. Ca2+-Binding Affects the Conformation of Residues at PIP and F-Actin 

Binding Sites. 

The effects of Ca2+ on the sites of biological importance, specifically the PIP and F-Actin 

sites were of greatest interest during this study. The PIP site is composed of residues K279 and 

K281 while the F-actin site is composed of the final nine residues of A2. The solvent accessible 

surface area (SASA) was calculated and utilized as a metric for identifying Ca2+-induced 

morphological changes at sites of known biological importance. The SASA values for the PIP 

and F-Actin sites in the 7Ca and 0Ca models were calculated over the course of the simulations, 

and the mean values were compared. Results for each site are reported in Table 4.2, and they 

suggest that Ca2+ has a discernable effect on the morphology of the F-actin and PIP sites. The 

cause of the morphological changes was further investigated at an atomic level. 

Table 4.2. Comparison of Mean SASA (in 

¡2) for PIP and F-Actin Binding Sites 

Between 7Ca and 0Ca Models of A2t. 

Site Subunit Model Mean SD 

PIP A2-1 7Ca 192 6 

  0Ca 165 15 

 A2-2 7Ca 180 18 

  0Ca 178 11 

F-Actin A2-1 7Ca 346 8 

  0Ca 402 33 

 A2-2 7Ca 349 18 

  0Ca 366 20 

 

The SASA for the PIP site residues, K279 and K281, was greater in the 7Ca model when 

compared to the 0Ca model (see Table 4.2). This suggested a conformational shift occurred upon 

Ca2+-binding that made these residues more accessible for membrane-binding. It has been 

previously demonstrated that A2 does not associate with membranes in the absence of Ca2+.1 

However, if negatively charged Ca2+-binding residues are mutated to alanine residues,  A2 can 
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then associate with membranes. This led to the hypothesis that negatively charged residues 

ñcaptureò positively charged membrane-binding residues in the absence of Ca2+.172 The distances 

between Ca2+-binding residue D322 and both K279 and K281 were calculated  and reported in 

Table 3 for the A2 subunits. It was found that in the absence of Ca2+ K281 was appreciably closer 

to D322 (8.529 ¡ to 12.090 ¡ for A2-1 and 10.991 ¡ to 12.095 ¡ for A2-2, respectively). The 

K279 of A2-2 had a similar mean distance from D322 for both models (see Table 4.3). It should 

be noted that the distance distributions for K279 of the 0Ca model had long tails at smaller 

distances when compared to the 7Ca model (see Figures 4.3A and 4.3C). This illustrated that 

capture of K279 by D322 did occur with some appreciable frequency in the 0Ca model. Distance 

vs time plots (see Figure A.1) corresponding to Figure 4.3 are provided in Appendix A. These 

distance analyses support the hypothesis that membrane-binding residue capture by acidic 

residues occurs in the absence of Ca2+, as demonstrated by the comparison of Figures 4.3E and 

4.3F with Figure 4.3G. Figures 4.3E and 4.3F depict the capture of A2-K279 and A2-K281, 

respectively, by D322 as observed during the simulation trajectory. The absence of capture in the 

presence of Ca2+ can be seen in Figure 4.3G. These results agree with experimental results as the 

mutation of negatively-charged Ca2+-binding residues has been shown to restore membrane-

binding capacity in the absence of Ca2+
.
172
 The observed reduction of K279 and K281 availability 

in the presence of Ca2+ would make them less available for membrane-binding. 
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Table 4.3. Distances (in ¡) Between the Carboxylic 

Oxygens of Ca2+-Binding Residue D322 from A2 and the 

Amine Nitrogen of K279 and K281. 

Subunit Group 1 Group 2 Model Mean SD 

A2-1 D322@OD1 

D322@OD2 

K279@NZ 7Ca 11.19 1.36 

   
0Ca 10.85 2.35  

D322@OD1 

D322@OD2 

K281@NZ 7Ca 12.09 1.52 

   
0Ca 8.53 3.42 

A2-2 D322@OD1 

D322@OD2 

K279@NZ 7Ca 11.76 0.91 

   
0Ca 11.94 1.79  

D322@OD1 

D322@OD2 

K281@NZ 7Ca 12.10 1.35 

   
0Ca 10.99 2.13 
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The SASA for the final nine residues of A2, the F-Actin binding residues (L331, L332, 

Y333, L334, C335, G336, G337, D338, and D339), was smaller for the 7Ca model when 

compared to the 0Ca model (see Table 4.2).148 Visual inspection of the trajectory revealed that 

this was due to the interactions of A2-1/2-D339 with A2-1/2-R304 and A2-1/2-K308 (see 

Figures 4.4C and 4.4F). Distance calculations showed that the mean distance between A2-D339 

Figure 4.3. Distance histograms generated using the carboxylic 

oxygen of Ca2+-binding residue D322 and the (A) A2-1-IV-K279 (B) 

A2-1-IV-K281 (C) A2-2-IV-K279 (D) A2-2-IV-K281 amino nitrogen 

for both the 7Ca and 0Ca models. Graphical representations of the 

D322 R-group carboxylate associated with (E) K279, (F) K281, and 

(G) Ca2+. The (E) and (F) snapshots were taken from the 0Ca 

trajectory while the (G) snapshot was taken from the 7Ca trajectory. 
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and both A2-R304 and A2-K308 was greater in the 0Ca model than the 7Ca model (see Table 

4.4). Two distinct distributions can be seen in the distance histograms for the 0Ca model (see 

Figures 4.4A, 4.4B, 4.4D,  and 4.4E). Distance vs time plots corresponding to Figures 4.4A, 

4.4B, 4.4C, and 4.4D are provided in Appendix A (see Figure A.2). The observed, distinct 

distributions correspond to exposed (see Figure 4.4C) and buried states (see Figure 4.4F). The 

only appreciable state in the 7Ca model was the buried state. In vitro studies have previously 

shown that A2-induced F-actin bundling increases with an increasing Ca2+ concentration.6 

Combined with our reported results, this suggests that F-actin binding may prefer A2-D339 in 

the buried state rather than the exposed state. 

Table 4.4. Distances (in ¡) between Terminal 

Carboxylic Oxygens of D339 and Amine Nitrogen of 

K308 as well as the Carboxylic Oxygens of D339 and 

Guanidino Nitrogens of R304. 

Subunit Group 1 Group 2 Model Mean SD 

A2-1 K308@NZ D339@O 

D339@OXT 

7Ca 3.23 0.75 

   
0Ca 5.22 1.81  

R304@NE 

R304@NH1 

R304@NH2 

D339@OD1 

D339@OD2 

7Ca 3.92 0.49 

   
0Ca 6.16 1.71 

A2-2 K308@NZ D339@O 

D339@OXT 

7Ca 3.25 0.69 

   
0Ca 3.84 1.32  

R304@NE 

R304@NH1 

R304@NH2 

D339@OD1 

D339@OD2 

7Ca 3.46 0.26 

   
0Ca 4.23 1.25 
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The presence of Ca2+ affected the morphology of both the F-actin and PIP binding sites. 

The presence of Ca2+ increased the accessibility of key PIP-binding residues K279 and K281, 

which are critical for membrane-binding. The C-terminus became less accessible in the presence 

Figure 4.4. Distance histograms were generated using the distances 

between the (A) side-chain carboxylic acid oxygens of A2-1-IV-D339 

with the guanidino nitrogens of A2-1-IV-K304, (B) terminal 

carboxylic acid oxygens of A2-1-IV-D339 with the amine nitrogen of 

A2-1-IV-K308,  (D) side-chain carboxylic acid oxygens of A2-2-IV-

D339 with the guanidino nitrogens of A2-2-IV-R304, and (E) terminal 

carboxylic acid oxygens of A2-2-IV-D339 with the amine nitrogen of 

A2-2-IV-K308. The lines in the center of each graph separate the 

buried and exposed distributions into left and right regions, 

respectively. Graphical representations of the (C) exposed and (F) 

buried states. 



 67 

of Ca2+ adopting a more stable conformation largely due to interactions of D339 with K308 and 

R304. Previous experiments have shown that each of the functions associated with these binding 

sites are reduced or non-existent in the absence of Ca2+.6,146 Our results suggest that the 

availability and shape of these sites are mediated by conformational changes due to  Ca2+ 

binding. 

4.3.2. Correlated Motion Among A2t Subunits 

4.3.2.1. Correlated Motions of A2t. 

Cross-correlation heatmaps were generated for the 0Ca and 7Ca models using Ŭ-carbons 

(see Figure 4.5A and 4.5D). Figures 4.5A and 4.5D were plotted using separate regions of the 

trajectory; the upper triangles were generated using frames corresponding to 20-320 ns while the 

lower-triangle was generated using frames corresponding to 320-620 ns. Most of the two regions 

in the separate 0Ca and 7Ca plots demonstrate excellent agreement suggesting that the 

simulations have converged. The most striking feature of the correlation maps was the strong 

positive correlation amongst the components of the central regions (p11, A2-N, and A2-1) of 0Ca 

and 7Ca. This central region of both complexes was negatively correlated with the components 

that make up the periphery (A2-II, A2-III, and A2-IV) of the complex. While generally similar, 

key differences can be identified across the two models indicating that the presence of Ca2+ has 

significant impacts on the organized motions of the system. Specifically, the relationships 

between the A2 subunits and the p11 subunits appeared more organized in the 7Ca model than in 

the 0Ca model with strong, clearly defined negative correlations between each A2 and the p11 

dimer.  To simplify the visualization of these relationships, representations of the Ŭ-carbon 

correlation map were generated using the centers of mass of each discrete region of the complex 

(see Figures 4.5B and 4.5E). Here it can be seen, more easily, which components of A2 are 
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found in the strongly correlated central region of the complex. Further, it can be more clearly 

seen that the central region is not a perfect square, rather it is two overlapping squares of regions 

that are strongly correlated. The first is composed of A2-1-N, A2-1-I, and the p11 dimer. The 

second is composed of A2-2-N, A2-2-I, and the p11 dimer. The A2-1-N and A2-1-I subunits are 

not strongly correlated with A2-2-N and A2-2-I.  

The described trends can be seen in the first normal mode of 0Ca and 7Ca. In both cases, 

the A2 subunits engaged in nearly mirror rotations with each repeat I of the A2 subunits rotating 

toward p11. The magnitudes of these motions are different; one A2 subunit was significantly 

more mobile than the other in both models (see Figures 4.5C and 4.5F).  
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Figure 4.5. Correlation heatmap derived from Ŭ-carbons with upper triangle calculated using 

20-320 ns and lower triangle calculated using 320-620 ns, (B) Correlation heatmap derived 

from region centers of mass, (C) and graphical depiction of normal mode 1 for the 7Ca 

model. (D) Correlation heatmap derived from Ŭ-carbons with upper triangle calculated using 

20-320 ns and lower triangle calculated using 320-620 ns, (E) Correlation heatmap derived 

from region centers of mass, (F) and graphical depiction of normal mode 1 for the 0Ca 

model. 


























































































































































































































































































































