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ABSTRACT 

Integrins are a large family of adhesion receptors that can be grouped into several subgroups or 

subfamilies based on differences in their sequence, function and patterns of expression. 

Integrins, partly by way of their originally recognized role of structural connectors between the 

intracellular and extracellular environment, are considered to regulate a plethora of 

developmental processes, including cell proliferation, migration and differentiation. 

Additionally, integrins are important signaling molecules involved in transmission of 

mechanical forces and biochemical data across the plasma membrane. By contrast, when 

inappropriately expressed, integrins contribute to the pathogenesis of many human diseases. 

During the last decade, there has been an increasing interest in characterizing integrins on a 

molecular level. Research efforts were driven by the need to comprehend the exact regulatory 

mechanism of integrins on the atomic level to be able to understand their influence on many 

cellular functions and the molecular origin of diverse pathological states.  

However, many questions regarding the relationship between integrin structure and function, 

especially in many integrin-related diseases are still open, and integrins remain an important 

area of research.  

The goal of this thesis was to obtain atomic-level insights into the integrin structure on its own 

and in complex with ligands, and the mechanisms of allostery transmission by means of 

molecular dynamics (MD) simulations and free energy calculations, in the attempt to gain a 

better focus on how cellular functions are regulated by integrins. 

First, the event of binding of Aβ40 to the integrin isoform αIIbβ3 is linked to the pathogenesis of 

Alzheimer’s disease. As part of multidisciplinary project, a computational investigation of the 

integrin αIIbβ3 bound to Aβ40 was performed, and this allowed the characterization of the binding 

mode at an atomistic level followed by a description of the ligand-induced conformational 

changes undergone by integrin αIIbβ3. Second, the molecular mechanism through which the 

human platelet antigen (HPA) alloimmune system shifts the conformational equilibrium of 

integrin αIIbβ3 towards the active state was elucidated. These findings, in creating a link to the 

clinical and experimental data, provide an atomic level explanation of this specific phenotype. 

Third, a strategy based on the combination of long time scale MD simulations with free energy 

calculations was applied to perform a comparative analysis of the transmembrane domain 

(TMD) of three integrin isoforms (αIIbβ3, αvβ3, and α5β1), to gain a deeper understanding of the 

origin of the subunit-specific sensitivity to activation. 
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ZUSAMMENFASSUNG 

Integrine sind eine große Familie von Adhäsionsrezeptoren die, basierend auf Unterschieden in 

Sequenz, Funktion und Expressionsmuster, in verschiedene Untergruppen oder -familien 

unterteilt werden kann. Integrine sind, zum Teil wegen ihrer ursprünglich erkannten Rolle als 

strukturelle Verbindungen zwischen der intra- und extrazellulären Umgebung, für eine Reihe 

von Entwicklungsprozessen, einschließlich Zellprofileration, Migration und Differenzierung, 

verantwortlich. Zusätzlich sind Integrine wichtige Signalmoleküle, die an der Transmission 

mechanischer Kräfte und biochemischer Informationen durch die Plasmamembran beteiligt 

sind. 

Wenn fehlerhaft exprimiert, tragen Integrine jedoch zur Pathogenese von menschlichen 

Krankheiten bei. 

Im letzten Jahrzehnt wuchs das Interesse, Integrine auf molekularer Ebene zu 

beschreiben/untersuchen. Forschungsarbeiten wurden durch die Notwendigkeit angetrieben, 

die exakten Regulationsmechanismen von Integrinen auf atomarer Ebene nachvollziehen zu 

können, um ihren Einfluss auf viele Zellfunktionen und den molekularen Ursprung 

verschiedener pathologischer Zustände einzuschätzen.  

Allerdings stehen viele Fragen zur Beziehung zwischen Integrinstruktur und Funktion – vor 

allem hinsichtlich vieler Integrin-bezogener Krankheiten - noch offen, und so bleiben Integrine 

ein wichtiges Forschungsfeld. 

Das Ziel dieser Dissertation war, ein Verständnis auf atomarer Ebene von der Integrinstruktur 

selbst und Strukturen im Komplex mit Liganden sowie den Mechanismen bei allosterischen 

Transmissionen mit Hilfe von Moleküldynamiksimulationen (MD) und Berechnungen der 

freien Energie zu erlangen, um gezielt zu verstehen wie Integrine Zellfunktionen regulieren. 

Die Bindung von Aβ40 an die Integrinisoform αIIbβ3 ist mit der Alzheimer-Krankheit 

verbunden. Als Teil eines multidisziplinären Projekts wurden computergestützte 

Untersuchungen zur Bindung von αIIbβ3 FIntegrin an Aβ40 durchgeführt. Dies ermöglichte die 

Charakterisierung des Bindungsmechanismus' auf atomarer Ebene sowie die Beschreibung der 

durch Liganden verursachten Konformationsänderungen des Integrin αIIbβ3. 

Der molekulare Mechanismus, in dem das menschliche „Thrombozyten-Antigen alloimune 

System“ das konformationelle Gleichgewicht des Integrins αIIbβ3 zum aktiven Zustand 

verschiebt, wurde erklärt. Diese Erkentnisse, die eine Verbindung zwischen klinischen und 
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experimentellen Daten bilden, bieten eine Erklärung des spezifischen Phänotyps auf atomarer 

Ebene. 

Eine Strategie basierend auf der Kombination von langen MD-Simulationen mit Berechnung 

der freien Energie wurde angewandt, um eine komparative Analyse der Transmembrandomäne 

(TMD) von drei Integrinisoformen (αIIbβ3, αvβ3 und α5β1) auszuführen mit dem Ziel, ein tieferes 

Verständnis der Untereinheit-spezifischen Sensibilität der Aktivierung zu erlangen. 
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1 INTRODUCTION 

It was already in 1965 when Richard Feynman, in his famous speech following the Nobel price 

in Physics stated that “everything that living things do can be understood in terms of the 

jigglings and wigglings of atoms” [1]. In light of this, a detailed characterization of the 

dynamics of a biological system has become essential in the attempt to improve our knowledge 

of the system itself [2]. However, much more time was required before the idea of the use of 

theoretical approaches in combination with experiments was accepted also in the field of 

biology [3]. It was nearly 40 years ago, when the first molecular dynamics (MD) simulation 

was successfully applied to a biological macromolecule. This study, dated 1977 [2], albeit 

simple, transformed completely the way of approaching and dealing with biological systems. 

Rather then rigid entities, they are now seen as an ensemble of particles that move in space and 

time, and whose internal motions govern many biological events [3]. Since then, it became clear 

that the knowledge of the dynamics is the key to comprehend events and functions on a 

biological level. In this sense, thanks to their ability to identify the internal motions occurring 

on the timescale from the femtoseconds to milliseconds [4, 5], MD simulations offer the 

possibility to overcome the spatiotemporal limitations typical of experimental techniques [4]. 

Of course, the use of computational methods, such as MD simulations, is not meant to 

completely replace the use of experiments. They rather offer the possibility to reach a more 

rigorous and precise description of the investigated system [1]. This way, weaknesses intrinsic 

to both experimental and computational methods, can be overcome by the tight interplay of 

these two, complementary, approaches.  

 In all metazoa, from the simplest sponges to humans, cell adhesion to the extracellular 

matrix (ECM) as well as cell-cell adhesion interactions represent the key to evolve from simple 

cells to a multicellular organism formed by different tissues and organs [6]. Integrins are the 

major metazoan receptors mediating adhesive events and, since their recognition in 1987 [7], 

great effort has been dedicated to understand the molecular basis of their biological function. 

Expressed on the cell surface in their inactive state [8], they act as mechanical linkers that 

provide physical support and enable the adhesion between cells and to the ECM [9-11]. By 

binding ligands on either side of the cell, integrins become activated and trigger a cascade of 

signals that initiate many biological events, including cell proliferation, migration, growth and 

survival [12-14]. Thus, integrins are also fully considered as signaling receptors [15]. Both in 

cause and in effect of their role in tissue organization, cell development, signaling and pathways 
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regulation, integrins are also implicated in a number of human diseases [6]: cardiovascular 

diseases, pathological thrombus formation [16], but also, inflammation [8], immune responses 

[17] and cerebral dysfunctions [18-20], only to cite a few. As such, integrins represent a 

pharmaceutically meaningful and attractive target [21]. It is then not surprising that, since the 

last decade, integrins have been extensively investigated and a number of studies, both 

experimental and computational, have been carried out [8]. However, the exact mechanism that 

regulates integrins’ activation and response continues to represent a controversial topic [8]. As 

introduced, integrins are adhesion receptors, but also complex signaling machines [15]. They 

are involved in a plethora of biological events [22], and this versatility is also reflected in their 

structure. Integrins are robust entities, as to sustain the pulling forces occurring during adhesion 

[23]. However, at the same time, they must be highly plastic and dynamic to switch from the 

inactive to the active state and readapt in response to changes in the extracellular and 

intracellular environment [24]. As a consequence, unveiling the mechanism that regulates 

integrins ultimately means to comprehend their energetics and dynamics. A great advance in 

understanding integrins in their structure and function must be ascribed to the determination of 

the first crystal structure almost 20 years ago [25, 26]. Since then, studies combining structural 

data together with experiments have proven to be a successful approach for addressing integrins 

[27, 28]. 

 

In this thesis, I primarily focused on the main platelet integrin receptor, also known as 

integrin αIIbβ3 [29, 30]. The main focus of my work has been dedicated to understand the 

complex regulation of integrin activation in atomic detail. To achieve my goals, I applied 

different MD techniques and performed free energy calculations. My computational findings 

together with experimental data resulted in three publications. 

 

In Publication I, the consequences of binding to ligands in the extracellular environment 

constituted the object of study. Here, the main aim was to understand how the amyloid beta 40 

(Aβ40) binding event relates to the contribution of platelets to cerebral amyloid angiopathy 

(CAA) in the context of Alzheimer’s disease (AD).  

In Publication II, the impact of the human platelet antigen (HPA)-1 alloimmune system, a 

clinically relevant variant of integrin αIIbβ3 was studied. The internal motions undergone by 

integrin αIIbβ3 in the presence/absence of this particular mutation constituted a valuable 
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approach to analyze the allosteric influence of the HPA-1 on the conformational equilibrium 

between the inactive and active integrin. 

In Publication III, a computational investigation has been carried out on integrin αIIbβ3, αvβ3 

and α5β1 to shed light on how the transmembrane (TM) domain association is disrupted during 

activation and, with it, to understand how subunit-specific differences relate to a subunit-

specific sensitivity to activation of different integrin isoforms. 
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2 BACKGROUND 

 

2.1 INTEGRIN OVERVIEW 

 

The term “integrin” was chosen to identify an integral membrane protein complex that was 

first identified in 1986 [13, 31]. This name relates to the intrinsic property of integrins to 

integrate the extracellular and intracellular environments [32]. This way, integrins mediate 

cell-matrix and cell-cell adhesion events [7, 14, 33, 34], which constitute a crucial step in 

tissue generation and cell development [14, 35]. Intracellular, integrins anchor to the 

cytoskeleton in response of binding of specific intracellular ligands [14, 36, 37], whereas, 

extracellular, the adhesion to the ECM is mediated by a wide variety of extracellular ligands 

and soluble proteins [12]. Hence, integrin’s adhesive function relies on the fine-tuned 

regulation of integrin affinity towards ligands on either side of the cell [38]. This is achieved 

upon integrin activation, a mechanism by which integrins undergo a rapid and reversible 

rearrangement of their entire structure [36, 39-41]. The mechanism of activation implies a 

shift from the inactive and closed form to the active and open form, which allows ligand 

binding [8, 13]. Additionally, integrins provide a physical link between the cytoskeleton 

inside the cell and the ECM outside the cell [34, 42], which allows the transmission of 

mechanical forces and biochemical signals across the plasma membrane [43, 44]. This 

mechanism occurs bidirectionally, via outside-in and inside-out signaling [13, 32, 45]. 

Following the classic outside-in signaling pathway, integrins act as environmental sensors 

able to capture information outside the cell, and transmit them as mechanical signals inside 

the cell [14, 15, 46]. These signals are then translated into many different cellular responses, 

including cell survival/apoptosis, motility, proliferation and differentiation [8]. In outside-in 

signaling, the extracellular portion of integrin is able to expose the binding site to 

extracellular ligands [36], inducing conformational changes that reach the intracellular 

portion and initiate the internal cascade of signals [12]. However, integrin affinity for 

extracellular ligands is spatially and temporally tightly regulated internally through the 

mechanism of inside-out signaling [12, 43, 47]. Other membrane receptors (e.g. G protein-

coupled receptors [32]) transmit signals to the cell to initiate the process of integrin 

activation [32]. This is achieved through the binding of cytoskeletal elements (e.g. Talin) to 
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the intracellular portion of integrins, which leads to a structural rearrangement that reaches 

the extracellular site, driving the opening of the binding site and, thus, modulating the 

affinity towards the extracellular ligands (Figure 1) [12, 32, 48, 49].  

 
Figure 1 Bidirectional transmission of signaling in integrins. Ligand binding to a non-specified 
membrane receptor (e.g. G protein-coupled receptor) triggers a signal transduction cascade inside 
the cell (1). This is rapidly followed by integrin binding to cytoskeletal elements (e.g. Talin), which 
causes inside-out signaling via the conversion from the inactive to the active state (2). In the active 
form, the binding site is open and can be accessed by extracellular matrix ligands (L), thus leading 
to outside-in signaling (3). Figure adapted from reference [50].  

 

 

A detailed description of all the knowledge about integrins is beyond the scope of this thesis. 

However, in this section, I will review the main aspects regarding integrin function and 

structure, with a specific focus on integrin isoform αIIbβ3, which constituted the main 

biological target of the studies here presented. 
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Another way to group integrins is based on their ligand binding specificity (Table 1). Each 

integrin can bind only a specific set of ECM ligands, so that its biological function is unique 

and different from the others [11]. Moreover, the same integrin, but expressed on different 

cell types, also bind to different ligands, thus expanding the definition of specificity [57]. In 

this complex scenario, it is nevertheless possible to cluster integrins based on their binding 

specificity into four different categories [56]. 

 

Table 1. Integrins family divided into 4 categories based on the ligand binding properties. 

 

Binding specificity Integrin isoforms 

RGD receptors α5β1, α8β1, αIIbβ3, αvβ3, αvβ5, αvβ6, αvβ8, 

αvβ1 

Laminin receptors α3β1, α6β1, α7β1, α6β4 

Leukocyte-specific receptors αLβ2, αMβ2, αXβ2, αDβ2, α9β1, α4β1, 

α4β7, αEβ7 

Collagen receptors α1β1, α2β1, α10β1, α11β1 

 

 

In the present work, I focused on the RGD-binding integrins, whose mechanism of binding 

will be treated in more detail in paragraph 2.1.4.  

 

 

2.1.2  Integrin architecture 

Integrin’s α and β subunits are type I membrane glycoprotein [58], each of which is formed 

by a large extracellular domain (ectodomain), a single-span transmembrane domain (TMD) 

and a short cytoplasmic tail (CT) [59]. Apart from small variations among the different 

integrin isoforms, each subunit contains in total > 1600 amino acids [8], of which around 

1000 are located in the α ectodomain and around 750 in the β ectodomain [8, 13, 58]. In 

contrast, in the intracellular environment, around 30 more amino acids are counted for the β 

subunit, with the α cytoplasmic tail being formed by around 20 amino acids [8, 58]. In its 

totality, an integrin is roughly 280 Å long, with a weight of ~ 150-180 kD for the α subunit 
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and ~ 90 kD for the β subunit [60]. The two subunits associate together in forming the 

globular ‘head’ of integrin [58]. Where the two subunits meet constitutes also the largest 

area of contact in integrin with a surface of ~ 1600 Å2 [58]. Interestingly, this exceeds in size 

all other interfaces formed between two contiguous domains across integrin [59]. In addition, 

the extracellular ligand-binding site is located within the head, at a distance of 150-200 Å 

above the plasma membrane [61] (see paragraph 2.1.3). In fact, the head is found at the top 

of two C-terminal long legs [62], or also alternatively called stalks [59], which contact at 

their respective knees of each subunit and terminate into the transmembrane domain and 

cytoplasmic tail [63]. As such, albeit further divided into different domains, whose number 

and topologies vary for the α or β subunits [22], integrins can be virtually divided into two 

major parts, the upper part, or head of the protein, and  the lower part, or legs [64] (Figure 

3). Through EM images of integrins [63, 65, 66], researchers have known about the global 

topology of this protein long before the first crystal structures were made public [13, 30, 39, 

67, 68].  

However, our understanding of the structure and function of integrins has greatly benefited 

from the availability of high-resolution crystal structures. In particular, these 

crystallographic structures provided the first glimpse of the large-scale reorientation of the 

structure affecting the overall structure and the bases on which the models of integrin 

activation were grounded [69]. Integrin αvβ3 ectodomain has been the first one to be resolved 

by Xiong et al. [25], followed by the crystal structure of integrin αIIbβ3 ectodomain obtained 

by Xiao et al. [70]. Surprisingly, the crystal of integrin αvβ3 in the presence of Ca2+ exhibited 

a severe degree of bending of the head over the two parallel legs [29]. In this conformation, 

the head part is now placed in the proximity of the legs, so that the two parts now interact 

over an interface of > 4000 Å2 [25, 45, 71, 72]. Accordingly, also the ligand-binding site has 

changed its position, and it lies now in the vicinity of the plasma membrane [61]. However, 

when extended, the crystal adopted a conformation similar to that of integrin αIIbβ3 in the 

presence of Mn2+ as revealed by EM images [45]. Likewise, the crystal of integrin αIIbβ3 

resolved in the extended conformation is consistent with the EM images of integrin αvβ3 in 

the presence of a ligand [73]. When in the inactive form, integrin αvβ3 is folded at a ~ 135° 

obtuse angle [74] with the point of bending located between the thigh and calf-1 domains of 

the αv subunit [75]. The ectodomain adopts a V-shaped structure, which drastically differs 

from the extended one [26]. When extended, EM images revealed that the two subunits are 

separated with an angle of ~ 62° and a distance of ~70 Å at the bending point [29]. In 

addition, EM images of rotary-shadowed integrin αvβ3 are consistent with the crystal 
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For consistency with the works presented here, in the following sections I will refer to the 

βI (βA) domain as βA domain. 

 

The legs of integrins 

The head of integrin sits on each subunit leg [67]. These are formed by four or five different 

domains in the α subunit, and seven domains in the β subunit [13]. In the α subunit, the head 

is attached by means of a flexible linker to the thigh domain [13], which, in turn, is connected 

to the calf domains, termed respectively calf-1 and calf-2 domains [25, 85]. Both the thigh 

and calf domains are similar in structure to the Ig-like domains [25], showing the typical β-

sandwich folds [13, 87]. However, integrin domains have, in general, 40-70 additional 

residues (each domain has usually 140-170 amino acids), thus allowing the formation of 

more β strands [13]. Usually, a distinction is made between the upper leg, formed by the 

thigh domain, and the lower leg, that contains both the calf domains [59]. These two 

segments of the leg are connected by a small Ca2+-binding loop [59], also known as “genu” 

or knee of the protein [13]. This flexible linker is essential for the extension of the α subunit, 

as described in more detail in paragraph 2.2.2. In contrast, the interface between the two 

calf domains is large and mainly formed by hydrophobic residues [92], that confer a 

substantial rigidity to the lower leg section or C-terminus of the α-ectodomain [44]. Instead, 

the β leg shows a more complex and peculiar organization and is believed to be more flexible 

than the α leg [13, 25, 70]. According to the amino acids sequence, the PSI domain and not, 

as one would expect, the βA domain, constitutes the N-terminus of the β subunit [68] (see 

also figure 3A). PSI stands for plexins-semaphorins and integrins and forms a small domain 

of 54 amino acids [93]. The βA domain is inserted within the hybrid domain [13], which 

constitutes the upper leg [59]. In turn, the hybrid domain is embedded within the PSI domain 

[13, 59], which, accordingly, is formed by two separate segments [70, 94]. In fact, a very 

short segment (yet considered as PSI domain due to the presence of a well conserved 

disulphide bridge between this small portion and the first segment of the PSI domain [94-

96]) connects the hybrid domain to the epidermal growth factor (EGF)-like domains [13, 

59]. The lower β leg is formed by four EGF domains and a β-tail, which represents the C-

terminus of the β ectodomain [59, 75] (see also figure 3A). According to the crystal structure 

of integrin αIIbβ3 [97], each EGF domain contains eight cysteines connected by disulphide 

bridges following the C1-C5, C2-C4, C3-C6, C7-C8 pattern (with the only exception of 

EGF-1, where the C2-C4 connection is missing) [13, 98]. The EGF-1 and EGF-2 domains 
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physical linker connecting the extracellular with the intracellular environment [105]. 

Therefore, while the ectodomain carries the extracellular binding site, and the CT the 

intracellular binding site [36], the TMD represents the principal protagonist of the 

mechanical mechanism leading to the switch between the inactive and active state [30, 106]. 

A more detailed description of the role played by the TMD during activation is given in 

paragraph 2.2.2, whereas the focus here is on its structural features. In 2009, two NMR 

structures of the integrin αIIb and β3 TM segments helped revealing the general structure [104, 

107] (Figure 6). To start, it is known that each subunit exists as a right-handed coiled coil 

structure arranged into two transmembrane α-helices [107]. Both helices are rather short, as 

they count a maximum of 20-30 amino acids each, connected at their N-terminus to the 

ectodomain through two flexible and unstructured linkers [104, 108]. Although there are also 

studies showing that the two helices can exist as two separate homomeric TM in vitro [109, 

110], this is not the most supported view [13]. In fact, according to several different studies, 

including EM experiments [101], disulfide cross-linking [111], activating mutations [112], 

computational studies [113], and modeling studies [114-116], the two helices are predicted 

to associate in the inactive state [13, 107]. In particular, thanks to these studies, it was 

possible to unveil the specific way of packing of the two helices [13, 106]. According to the 

NMR structure of integrin αIIbβ3 TMDs [104], the αIIb TM segment is slightly shorter than 

the β3 TM segment; 24 against 30 amino acids [104]. Furthermore, while the αIIb TM segment 

is oriented straight through the membrane, the β3 TM segments is tilted inside the membrane 

[104]. This way, the two segments cross each other, with a measured crossing angle of 25-

30° [107, 117]. The NMR structure also revealed the presence of a GXXXG-like motif in 

the αIIb subunit [6], which represents a highly overexpressed dimerization motif in the TM 

domains of membrane proteins [118]. Gly residues were also found in the counter part of the 

β3 TM segment so that the existence of an interacting interface was first established [6]. A 

role of primary mediators of the helix packing for these Gly residues was then further 

confirmed by mutational studies [119], disulphide scanning experiments [41] and a Leu 

scanning experiment [41]. Mutating Gly on both subunits with different residues, including 

bulky residues, has been shown to prevent correct helix packing and abolish helix association 

[6]. To highlight the importance of this interface, it was named the outer membrane clasp 

(OMC) [104]. Another highly conserved dimerization motif formed by five consecutive Gly-

Phe-Phe-Lys-Arg (GFFKR) amino acids was also found in the membrane-proximal region 

of the αIIb subunit [120]. In particular the two Phe residues are expressed in all the α subunit 

[6]. The crucial role of these conserved dimerization motifs has been established by 
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therefore it is not discussed in this thesis. A more detailed description of it can be found 

elsewhere by others [129-131]. 

 

2.1.3 Extracellular ligand binding site 

The extracellular ligand-binding site lies at the interface formed between the β-propeller and 

the βA domain [61], with the α subunit playing the major role in determining the ligand 

specificity [56]. This is simply evidenced by the fact that there are more α than β subunits, 

and integrins sharing the same β subunit bind different ligands [55]. The central feature of 

the ligand-binding site is the presence of three divalent cations [60] (generally a central Mg2+ 

flanked by two Ca2+ cations [13]), which enhance the affinity for ligands, discriminate 

among different ligands and/or block the ligand-binding event itself [132]. It is now well 

established that, when expressed, the additional α-I domain represents the major binding site 

[133] with the interplay of the close β-propeller domain [134, 135]. However, since the 

binding pocket is shared with the βA domain, conformational changes triggered by the 

ligand-binding event irradiate from the α-I domain to the βA and hybrid domain, down to 

the entire structure [59] (see also paragraph 2.2.2). The structure of the α-I domain has been 

elucidated by crystallographic and NMR studies [90, 136-139]. It adopts the dinucleotide-

binding (Rossmann) fold, with seven helices to surround five central β-sheets [44, 56]. 

However, this domain is only expressed in few integrins, yet all integrins are able to bind 

extracellular ligands [44]. In fact, while not all the α subunits express the α-I domain, all the 

β subunits have the βA domain showing the same dinucleotide-binding (Rossmann) fold 

[88], with the addition of two segments, which account for ligand specificity and mediate 

the heterodimer assembly [44, 59]. The core of the mechanism of binding has been unveiled 

for the first time in 1995 by two distinct studies [90, 140]. In a rather concise description of 

their major findings, the authors discovered that i) the α-I domain includes a Mg2+ 

coordination site that was named “metal-ion-dependent adhesive site” (MIDAS) [60]; ii) 

alterations of the MIDAS motif can inhibit the binding event; iii) two crystal structures 

grown in either the presence of Mg2+ or Mn2+ differ greatly.  

Since in my studies I focused only on integrins lacking the α-I domain, here I discuss the 

mechanism of binding mediated by the βA domain.  

Biochemical [141-144] and EM [77] studies led to the observation that the interface between 

the β-propeller and βA domain encloses the ligand-binding site pocket [44]. Interesting, a 

MIDAS motif, all in all equivalent to the one found in the α-I domain [60], is also included 
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in the βA domain [59]. Broadly speaking, negatively charged residues, projecting from three 

surface loops, coordinate the divalent Mg2+ ion of the MIDAS [70, 97]. The first loop has an 

Asp-X-Ser-X-Ser motif, the second one a conserved Glu residue, and the third one an Asp 

residue [44, 145]. In the absence of the ligand, the metal ion is located in the “site adjacent 

to MIDAS” or ADMIDAS [60]. The most likely explanation for this is that the conserved 

Glu protrudes its side chain towards the Asp-X-Ser-X-Ser motif, allowing a hydrogen bond 

interaction with the Asp and thus closing the access to the metal ion [44]. In the ADMIDAS, 

the coordination occurs through the carbonyl oxygen of the last Ser from the Asp-X-Ser-X-

Ser motif, the side chains of Asp126 and Asp127 from the α1 helix and the carbonyl oxygen 

of Met335 expressed on the top of the α7 helix [44] (numbering in the β3 subunit). This way, 

the ADMIDAS metal ion creates a link between these two α helices within the βA domain 

[75], whose importance in the mechanism of activation is discussed in paragraph 2.2.2. In 

the presence of the ligand, the conserved Glu is now reoriented to free the access of the metal 

ion into the MIDAS [146], whose coordination is now mediated by the oxygen-containing 

side chains projecting from the Asp-X-Ser-X-Ser motif and by an Asp as replacement of 

Met335 [44]. The existence of a second metal ion site, the ADMIDAS, represents the major 

difference between the βA domain and α-I domain, which expresses only the MIDAS, and 

it is permanently occupied by a metal ion [25, 60].  

Besides the MIDAS and ADMIDAS, the crystal structures also revealed the presence, 

roughly 6 Å away from the MIDAS, of a third metal ion site called the ligand-associated 

metal-binding-site or LIMBS [44]. Interestingly, all the liganded βA domains across 

integrins are reported to carry the LIMBS, whose coordination is mediated by the conserved 

Glu (as described above) implicated in blocking the access to the binding site [75]. In order 

to complete the picture of the binding site, one should also add that the MIDAS is believed 

to contain a Mg2+ ion, while both the ADMIDAS and LIMBS are loaded with two Ca2+ ions 

[37, 45, 95]. However, Springer et al. in resolving the X-ray structure of integrin αvβ3 in the 

absence of ligand, challenged the assumption that also the LIMBS contains a Ca2+ ion [60]. 

A similar result was also obtained in resolving the crystal structure of integrin αIIbβ3 [97]. 

Accordingly, the authors proposed to rename it with the alternative name of synergistic metal 

ion binding site or SyMBS [45].  
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2.1.4 RGD-containing ligands  

Identified for the first time in fibronectin in 1984 by Pierschbacher and Ruoslahti [147], the 

Arg-Gly-Asp (RGD) sequence was also identified in fibronectin, vibronectin, fibrinogen and 

many others ECM ligands [57]. Expressed for the majority of ligands within a flexible loop 

region, this sequence is indicated as the major integrin ligand recognition site [56]. This 

feature is rather interesting, as one may argue that only one third of integrins effectively bind 

RGD-containing ligands [148, 149]. Nevertheless, X-ray structures of integrin αIIbβ3 and αvβ3 

in complex with cyclic RGD peptides [25, 60, 70] revealed the core of the ligand-binding 

event and the structure of the ligand-binding site [37]. These structures showed that the three 

residues fit into a pocket created at the interface between the β-propeller and βA domain 

[75]. Here, the RGD peptide is oriented such that the first (basic) amino acid points towards 

the α subunit, whereas the last (acidic) amino acid faces the β subunit. [13]. Arg (R of RGD) 

places its side chain into a crevice created by a loop between blades 2 and 3 (D3A3 loop) 

and a loop between blades 3 and 4 (D4A4 loop) within the β-propeller domain [44]. Instead, 

Asp (D of RGD) orients its carboxylate group into a groove formed by two loops (A’α1 and 

C’α3 loops) within the βA domain [44]. Furthermore, it also directly coordinates the MIDAS 

metal ion. Comparison of the liganded and unliganded head led to the observation that the 

most remarkable differences occur in the βA domain [59, 150]. RGD binding is initially 

accompanied by a movement of the β1-α1 and β6-α7 loops, coupled to a subsequent 

rearrangement of the α1- and α7- helices [59, 70] (Figure 7). In an allosteric manner, ligand 

binding causes a lateral shift of the β6-α7 loop, such that the coordination of the ADMIDAS 

by the Met335 is lost [44, 151]. Interestingly, in both crystal structures of integrin αIIbβ3 and 

αvβ3, this event yields to the same consequences; the ADMIDAS metal ion can no longer 

link the α1 and α7 helices and it is shifted in its position by about ~ 4 Å [25, 60, 70, 151]. In 

parallel, the β1-α1 loop, which coordinates both the MIDAS and ADMIDAS, is also pushed 

inwards and its motion has been associated to a complete reorganization of the entire ligand-

binding site [146].  

In summary, upon binding, the MIDAS, directly interacting with the Asp from the ligand 

(RGD), becomes the major binding site; the ADMIDAS, whose coordination is altered in 

the presence or absence of the ligand, regulates the ligand-binding event. Finally, the LIMBS 

or SyMBS plays a role in stabilizing the binding pocket surface [58, 97, 152].  
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2.2.1 Model of activation 

Since it has been demonstrated that integrin function depends on the transition between the 

two states [25, 165], several groups have concentrates their efforts on understanding the 

pathway of these conformational changes occurring upon activation. As introduced 

previously, the majority of the crystal structures available today show the integrin 

ectodomain in a V-shaped conformation [25, 45, 166], in which the head is oriented towards 

the membrane, thereby blocking the access to the binding site [13]. However, the point of 

bending lies in the knee region, which is judged as a region of high flexibility [167], and, as 

such, allows the opening of the structure as if the protein would take a ‘breath’ [89, 98]. In 

the attempt to describe the underlying mechanism of integrin activation, two main models 

have been proposed. The first one is known as the “switchblade” model [98], due to the fact 

that the process of activation is described as a consequence of a switchblade-like 

rearrangement of the entire structure [45, 98, 153, 158]. This way, in response to the binding 

of specific cytoskeletal ligands, the CT and TMDs separate in a scissor-like manner, thus 

causing a jackknife-like leg separation at their knees [45, 168]. This, in turn, allows the 

opening up movement of the headpiece with the swing out movement of the hybrid domain 

and enables the access to the extracellular binding site [25, 70]. The second model, proposed 

by Arnaout et al. [75] provides an alternative explanation of the opening mechanism. The 

authors called it the “deadbolt” model due to the presence of a loop, projecting from the β-

tail domain towards the βA domain, able to lock integrins in the inactive conformation. 

However, even though it is still a matter of debate to what extent the hybrid domain moves 

away from the βA domain [70, 80, 169], there is a general agreement in considering this 

movement as the key step in going from the inactive to the active state [111, 151, 170, 171].  

 

2.2.2 Mechanism of activation 

Outside-in signaling 

The structural reorganization of the β-propeller/βA interface upon ligand-binding represents 

only the first of the conformational changes occurring upon activation [92] (Figure 9). EM 

studies [28] conducted in the presence of ligands [172] or activation epitopes [45, 89] 

showed the occurrence of large scale structural rearrangements upon activation [23]. In order 

to give an idea of the magnitude of the movement, the transition between the two states has 

an extension of more than 130 Å [157]. This is prompted by the change of the angle at the 
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knees (also termed the hinge angle), which drives the opening of the interface between the 

head and the upper legs [111, 151, 170, 171]. Even though the amplitude of the hybrid 

domain swinging out movement is still a matter of debate [70, 80, 169], mutational studies 

and monoclonal-antibody experiments provided evidences of an increase of the βA/hybrid 

domain interface during the transition between the two states [170, 171, 173]. Also MD 

simulations of the β3 integrin headpiece helped shedding light on the pathway of 

conformational changes between the two states at the atomistic level [151]. As such, despite 

some controversial that are still existing, the essential core of the allosteric mechanism of 

integrin activation has been defined [39, 70, 174]; the outswing movement of the hybrid 

domain, causing its physical separation from the βA domain, is the central event in going 

from the bent to the open conformation [39, 45, 70, 169]. As pointed out previously, upon 

ligand binding, a lateral shift of the β6-α7 loops promotes a movement of both the α1 and 

α7 helices [70, 119]. This is of particular importance if one considers that the α7 helix serves 

as a linker connecting the βA domain with the hybrid domain [92]. It has been proposed that 

a similar movement occurs in both the α-I domain and βA domain; as consequence of the 

lateral shift of the β6-α7 loop, the α1 helix straightens [175], while the C-terminus of the α7 

helix is pushed down by about 7 Å [30, 70, 94]. This movement drives a rearrangement of 

the interdomain βA/hybrid interface, allowing the outward swing movement of the hybrid 

and PSI domains from the head of the protein [70]. In this context, both EM images and 

crystallographic structures agree in showing an increase of 60° of the hinge angle [29].  

However, although the β-propeller/βA domain rearrangement following the movements of 

the β6-α7 loop is incontrovertible [176-178], the authors of the deadbolt model provided an 

alternative explanation of the underlying causes [75]. They observed that in the unliganded 

crystal structure of integrin αvβ3 [25], the β6-α7 loop contacts the CD loop belonging to the 

β-tail, thus creating an interacting surface between the βA domain and β-tail. Hence, the 

authors proposed that the CD loop acts a regulator that, through the proposed deadbolt 

mechanism, prevents the movement of the β6-α7 loop and de facto locks the βA domain in 

a inactive conformation [75]. However, in both cases, as revealed by EM images of integrin 

αIIbβ3 in the active state [70, 73], the direct outward movement of the hybrid domain [100] 

leads to displacement of the PSI domain, which triggers a 70 Å separation at the knees of 

the two legs [70].  

Interestingly, it has been shown that the addition of disulphide bonds preventing the lower 

legs separation has a negative impact on the whole activation process [28]. As such, also the 

PSI domain is believed to be an active protagonist of the process of integrin activation [94]. 
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Fn fibril formation and the ECM assembly can take place [205]. Integrin α5β1 binds to Fn 

through the RGD sequence, and this ligand-binding event is considered to be the prototype 

of integrin-ligand association [206, 207]. Interestingly, a lack of either integrin α5β1 or Fn 

has been reported to lead to early embryonic mortality [208-210].  

 

2.3.1 Integrin αIIbβ3 as therapeutic target 

Since its essential role in orchestrating the process of platelet aggregation, a central feature 

of hemostasis and thrombosis [69], already in the early 1990s, integrin αIIbβ3 has been 

proposed as the ideal target for antithrombotic therapy [21]. The physiological hemostatic 

response of the human body is dependent on platelets that maintain and preserve the vascular 

integrity in case of uncontrolled bleeding following an injury [211, 212]. In fact, platelet 

aggregation leads to platelet-induced thrombus formation [21], which creates a physical 

obstacle to the life-threating loss of blood [92]. In contrast, an alteration of the normal 

platelet physiology, leads to severe vascular consequences, including cardiovascular 

diseases (i.e. stroke and myocardial infarction) [211], pathological thrombus formation [213, 

214], atherosclerosis [215], but also inflammation [216, 217], immune response [17], and 

cerebral dysfunction (i.e. Alzheimer’s disease (AD) [18]). Due to its role in mediating 

platelet aggregation and localization in the blood stream [29], integrin αIIbβ3 are expressed 

in their inactive state on the surface of platelets [8]. The shift to the active state occurs as 

culmination of the inside-out signaling process, triggered by the binding of agonists and 

intracellular ligands to the CT [92], which prompt the transmission of the allostery resulting 

in the opening of the extracellular binding site [32] (see paragraph 2.2). Once in the active 

form, integrin αIIbβ3 can bind to fibrinogen and vWF [201, 202], which create intracellular 

bridges between platelets [29, 69], and lead to thrombus formation [92]. As such, once it 

became clear that blocking integrin αIIbβ3 prevents platelet aggregation and thrombus 

formation, the bases for a successful antithrombotic strategy were laid [21]. Several integrin 

αIIbβ3 antagonists were identified and three of them — abciximab, eptifibatide, and tirofiban 

— were approved by the Food and Drug Administration (FDA) becoming drugs widely 

applied in the clinical practice [21]. Although the use of these antagonists has then decreased 

in the mid-2000s, the inhibition of platelet aggregation has remained a hallmark of the 

antithrombotic strategy [21].  

In addition, a connection between vascular diseases and neurodegenerative disorders has 

started becoming more and more evident, and an involvement of platelets in the development 
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of Parkinson’s disease [19], schizophrenia [20] and AD [18] has been established. As a 

consequence, the possibility of expanding the use of antiplatelet drugs has started to emerge 

as an attractive strategy in preventing or treating neurodegenerative disorders [27]. 

 

2.3.2 Integrin αIIbβ3 as new target in the treatment of Alzheimer’s disease 

Deposits of insoluble amyloid fibrils forming amyloid plaques have been linked to the 

pathogenesis of Alzheimer’s disease [218, 219]. Under physiological conditions, amyloid β 

(Aβ) peptides are expressed as nontoxic soluble peptides [220]. In Alzheimer’s disease, Aβ 

peptides form aggregates or neurotoxic fibrils [219, 221, 222]. They are difficult to degrade, 

and pile up to form stable fibers [223]. The Aβ peptide originates from a large amyloid 

precursor protein (APP) [218], and the process of amyloid formation (also known as 

amyloidosis) has been quite well characterized: first, APP is cleaved by a β-secretase and 

released as soluble APP which, in turn, is rapidly cleaved by a γ-secretase and generates the 

Aβ peptide [224]. Based on the number of residues, Aβ peptides can be distinguished into 

two forms, the Aβ40 peptide (cut at position 40), which is also the most abundant form, and 

Aβ42 peptide (cut at position 42) [219, 224]. Platelets express high levels of APP and are 

able to convert APP proteins into an Aβ peptide [18, 225]. An alteration occurring during 

the process of Aβ formation from APP is expected to be the origin of neurotoxic Aβ 

aggregates [226]. While it is widely accepted that the presence of amyloid fibrils drives the 

development of AD [224], it is instead not completely clear the factors causing the Aβ 

deposition [27] (Figure 12).  

Interestingly, deposits of Aβ peptide are not just found in brain parenchyma, but also in 

cerebral blood vessels referring to a pathological condition also known as cerebral amyloid 

angiopathy (CAA) [227]. CAA is responsible for bleeding in the brain, as a direct 

consequence of the damage of the walls of the blood vessels [228]. As such, CAA is 

considered an active protagonist of Alzheimer’s disease [227, 228], and different studies 

support the existence of a link connecting vascular diseases with the progression of 

neurodegenerative disorders [18-20, 229]. Since platelets contain APP in high concentration, 

the presence of Aβ peptide in the blood stream directly depends on platelets [230-232]. 

Likewise, the conversion of soluble Aβ peptide into fibrillary Aβ aggregates is driven by 

platelets [27]. Aβ peptide is, together with fibrinogen, von Willebrand factor, and vibronectin 

among the variety of ligands that bind to integrin αIIbβ3 [233]. Interestingly, Aβ peptide is 

not an RGD-containing peptide as the aforementioned ligands, but it contains an RHD 
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Europeans are estimated to carry, at least, on allele [196]. However, despite of its high 

frequency among the population and several studies carried out since the mid-1990s [196], 

conflicting results have prevented a general agreement on the consequences of this 

polymorphism on a clinical level. In 1996, Weiss et al. [239] reported the first clinical 

observations suggesting a correlation between the expression of the Pro33 (HPA-1b) allele 

with an increased occurrence of episodes of myocardial infarction. Later studies also 

confirmed it, thus supporting the association of Pro33 (HPA-1b) platelets with premature 

myocardial infarction [240, 241]. Similarly, other clinical studies showed the correlation of 

this polymorphic allele with an increased risk for coronary artery disease leading to 

thrombosis [196]. Interestingly, these studies were directly challenged by another study 

[242], whose conclusions spoke against a correlation between Pro33 (HPA-1b) platelets and 

vascular disorders. Part of the work is grounded on clinical studies showing the association 

of HPA-1b platelets with premature myocardial infarction [240] and altered thrombi 

formation [243]. Evidences that have contributed to the idea of the HPA-1b platelets as a 

prothrombotic variant [238]. If one looks at this polymorphism from a structural prospective, 

a leucine amino acid, with its long, hydrophobic side chain is replaced by a conformationally 

restricted amino acid, such as proline [244]. Moreover, as stated above, this polymorphism 

is located within the PSI domain, which, together with the EGF-1 and EGF-2 domains, 

constitutes the β3-knee (Figure 13) [94]. Activating substitutions have been already 

identified within the PSI domain [245]. Likewise, an active role played by the PSI-EGF/-

EGF/2 domains in restraining integrins has been hypothesized [94]. In light of this, a 

molecular investigation of the HPA-1 polymorphism has been considered useful in helping 

our understanding of the phenomenon itself [94]. The aim of the work presented in section 

5 is to investigate whether this amino acid exchange impacts the stability at the β3-knee and, 

through a modification of the PSI-EGF/-EGF/2 interface [70, 94], promotes integrin 

activation and thereby supports the notion of prothrombotic HPA-1b variant.  
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[72, 83, 84, 157]. This way, after assessing the equilibrium constants of the three main 

conformational states of integrin, it also becomes possible to understand which state is 

predominant (and so the basal activity) and how much energy is required to allow the 

transition from one state to another [84]. Likewise, extending this type of analysis to 

different cell types, it becomes feasible to understand the role played by the “environment” 

together with the specific properties of integrins [248]; for example, to clarify why integrin 

αvβ3 is considered active in only determined cell types [39, 247]. The interplay between 

structural features, dynamics aspects, and energetics properties has represented also part of 

the work here presented and described in section 6. 
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2.4 COMPUTATIONAL METHODS  
 

2.4.1  Molecular dynamics (MD) simulations 

Molecular dynamics (MD) simulation is a computational technique used to explore the 

conformational space of molecules. This tool allows the description of the dynamic 

properties of molecules as function of time providing detailed information on the 

fluctuations and conformational changes by simulating the natural motions of the atoms in a 

structure. The MD method is based on the Newton’s second law, or equation of motion, F = 

ma, where F is the force exerted on the particle, m is its mass and a is the acceleration [3]. 

MD simulations generate a sequence of points on the potential energy surface (PES) as a 

function of time, and the integration of the equation of motion then yields to a trajectory that 

describes the position, velocities and accelerations of the particles as they vary with time 

[249]. Thanks to the knowledge of the dynamics of a system it becomes more feasible to 

identify the structural key elements in all the aspects of protein functions.  

 

 

Among the different computational techniques that have developed during the last decade, 

all-atom MD simulation has become an appreciate tool to analyze the dynamics and function 

of biomolecules [250]. Since the main objective of the work here presented was to 

understand the complex regulation of integrin in atomic detail, I also preferentially made 

used of all-atom MD simulations throughout my research. The contribution given by this 

technique in fostering our understanding in the field of the structural biology is undeniable. 

Likewise, computer simulations have proven to be a valid complementary method to gain 

insights into the structural mechanisms of integrin activation. In the following paragraph, I 

will describe the contribution given by this technique in investigating the behavior of integrin 

taking into account also the limitations and difficulties intrinsic of this method. 
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2.4.2  Common pitfalls in MD simulations 

Size and time limitation 

Thanks to the computational resources nowadays available, large biological systems and 

long timescale simulations are becoming a much easier problem to deal with than in the past 

[250, 251]. To cite a few, it was possible to simulate large macromolecular systems as the 

ribosome [252, 253], or entire viral capsids [254, 255]. So for integrin, taking advantage of 

the possibility of using the advance supercomputer Anton [256], the group of Filizola et al. 

successfully performed microseconds-long MD simulations (∼ 5 μs) on a highly complex 

model of integrin TMD and CT in complex with cytoplasmic effectors (i.e. Talin) [257]. 

However, the time scale in which biological events occur, as for example the process of 

integrin activation (∼ 1 s), is still far beyond the time scale usually reached by MD 

simulations (time scale of microseconds [258, 259]). In the case of integrins, this implies 

that the magnitude of changes that can be normally observed will be smaller than those 

associated to a complete extension of integrin [32]. However, these changes, albeit small, 

can still be indicative of an overall trend for the investigated system, as shown in two studies 

on integrin α5β1 ectodomains performed by Gohlke et al., which were based on MD 

simulations of 200 ns length [175, 260] 

 

Coarse-grained mixed models and steered MD next to all-atom models of integrins 

However, to the best of my knowledge, the majority of the computational studies on integrin 

were performed using a multiscale MD simulation approach, combining coarse-grained 

(CG) MD simulations [261] with atomistic MD simulations, and through steered molecular 

dynamics simulations (SMD) [262]. In the former, it means that the authors preferred the 

possibility to run longer in time simulations over more precision, thus partly losing the 

atomic detail [263]. Multiscale simulations, represented the method chosen by Kalli et al. in 

studies focused on the heterodimers α/β TMD in both the presence and absence of Talin 

[264, 265]. In contrast, in the SMD investigations, external pulling forces are added to the 

system to enforce a change that potentially could spontaneously happen, but it would require 

much longer simulation time to be detected. To cite a few, in the case of integrin, the opening 

of the headpiece of integrin αvβ3 was successfully fastened through the application of ligand-

binding mechanical forces [151, 172]. Similarly, in the study by Chen et al., the authors were 

applying external forces and managed to observe the unbending of integrin αvβ3 and thus 

shed light on the mechanism underlying the process of integrin activation [266]. In summary, 
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all-atom MD simulations are computationally more expensive [267] and the system size and 

time-scale represent real limitations [268]; at the same time, they work as a computational 

microscope able to capture the atomic detail [263]. In virtue of this, all atom MD simulations 

are arguably the most accurate way to simulate a biomolecule [267]. 

 

Convergence and reproducibility 

Convergence is used as an expression to indicate that the system will no longer change, even 

considering a simulation time that approaches infinity [251, 269]. As such, demonstrating 

the convergence of an MD simulation is essential to ensure the quality and validity of the 

results [269]. MD simulation is a conformational search method and, as such, it is used to 

sample the conformational space of a biological molecule [249]. In other words, it is used to 

localize energetically preferred conformations that a molecule can adopt while sampling on 

the energy landscape [249]. The equivalent in mathematical function is to find minima of 

the energy function. At this point, it is legitimate to ask how long an MD simulation is 

supposed to run in order to produce meaningful results [269]. However, as explained by Alan 

Grossfield and co-authors [251], this is all but a simple question. In fact, based on the 

information collected until that point, one is asked to rule out the possibility that additional 

transitions or states may still exist [251], i.e. the presence of an energy minimum point, in 

which the system resides for long time so that a particular state will be more frequently 

sampled [269].  

 

RAC and KLD functions 

In the work here presented, I applied the method described by Cheatham and co-authors 

[270] to assess the convergence of the performed MD simulations. To start, I measured the 

RAC, which stands for “RMS average correlation” and is an autocorrelation-like function 

for structural deviations (RMSD) of the system along the trajectory [270]. The underlying 

idea is simple and is based on deriving the average structure from the ensemble of 

conformations obtained during a simulation run [251]. As the sampling time increases, no 

large deviations are expected to be seen in the average structures that will be further 

generated [251]. Essentially, the RAC parameter works in the same way, as a running 

average structure is generated at given time frames of a single trajectory until the total 

simulation time is reached (Eq. 1): 
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microsecond-long MD simulations multiple times is still computationally very expensive 

and time consuming [251]. In the present work, I performed three MD simulations in each 

case and applied the Kullback-Leibler divergence [272], or KLD, to evaluate the 

convergence of each trajectory with respect to the others [270]. This method considers the 

structural dynamics of the system, with the internal motions described in terms of principal 

components (PC). The PC analysis (or PCA) is an efficient method for evaluating the atomic 

fluctuations [251, 273]. It is based on the diagonalization of the covariance-matrix of the 

internal atomic fluctuations of the system (𝐶𝑖𝑗), from which eigenvectors (and respective 

eigenvalues) are derived. The former represent the atomic displacement, while the latter 

indicate the magnitude of the displacement (Eq.2): 

𝐶𝑖𝑗 = 〈(𝑥𝑖 − 𝑥𝑖
𝑜)(𝑥𝑗 − 𝑥𝑗

𝑜)〉 

(Eq.2) 

The subscript ‘o’ denotes equivalent atomic coordinates (x) of the reference structure, and C 

is the covariance matrix calculated as averaged ensemble [251]. Once the PCs are derived, 

it is possible to use them to calculate the KLD (Eq.3): 

𝐾𝐿𝐷(𝑡) = ∑ 𝑙𝑛 (
ℎ𝑃𝐶1𝑁(𝑡, 𝑖)

ℎ𝑃𝐶2𝑁(𝑡, 𝑖)
)

𝑀

𝑖=0

ℎ𝑃𝐶1𝑁(𝑡, 𝑖) 

                                  (Eq.3) 

The underlying idea is that at each time frame (t), one takes the histogram (M defines the 

total number of bins) created for each trajectory of the PC projection values for a given PC 

(1,2 . . . N) and uses the KLD to measure the resulting overlap between the histograms [270]. 

From it, it is possible to estimate how well different MD simulations are convergent.  

 

Statistical inefficiency 

It is common practice to discard the initial portion of an MD simulation production run and 

consider it as equilibration (𝑡𝑜) in order reduce the bias of a property 〈A〉 of interest caused 

by initial conditions (e.g., atypical starting structure) [274]. In the present work, I used the 

RMSD analysis of the Cα atoms to determine the portion of trajectory to be considered as 

equilibration. In Publication I, I performed all-atom MD simulations of 500 ns length, but 

in the analysis of the trajectories I considered the first 150 ns as equilibration and discarded 

this initial portion. In Publication II, I performed all-atom MD simulations of 1 μs length, 
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but in the analysis of the trajectories I considered the first 200 ns as equilibration and 

discarded this initial portion. I presented each measurement included in both the publications 

in terms of arithmetic means ± the standard error of the mean (SEM), calculated according 

to the law of error propagation (Eq. 4): 

𝑆𝐸𝑀𝑡𝑜𝑡 = √𝑆𝐸𝑀1
2 + 𝑆𝐸𝑀2

2 + 𝑆𝐸𝑀3
2 

(Eq.4) 

Where the subscripts i={1, 2, 3} refers to the three trajectories. However, the procedure used 

to calculate the SEMi (i.e. considering N as the actual sample size) in Publication II received 

some criticism. In particular, doubts were raised with respect to the validity of the 𝑆𝐸𝑀𝑡𝑜𝑡 

used in the statistical analyses (i.e. Student t-test) performed by myself; a large sample size 

can lead to small SEM values, thus potentially affecting the statistical significance of a 

measurement (e.g. in comparing a wild type system with a mutated one as it was done here). 

As such, in order to defend the validity of our outcomes, we decided to re-perform all the 

calculations through the analysis of correlation functions to obtain the decorrelation time, 

and from it determine the effective number of independent frames (𝑁𝑒𝑓𝑓) within each 

trajectory (N=𝑁𝑒𝑓𝑓). To do so, I followed the procedure described by Chodera [274, 275] 

and used the detectEquilibration() function available within the Python module timeseries 

of the pymbar package [274, 275]: first, the portion of trajectory considered as equilibration 

is discarded, and only the sample for an interval of time [𝑡𝑜 , T] is kept, second the statistical 

inefficiency (g) is used to compute the effective number of uncorrelated MD frames for the 

interval of time [𝑡𝑜 , T] [274] via (Eq.5): 

𝑔 ≡ 1 + 2𝜏𝑎𝑐 

(Eq.5) 

Where 𝜏𝑎𝑐  is the integrated autocorrelation time, obtained via (Eq.6): 

𝜏𝑎𝑐 ≡ ∑ (1 −
𝑡

𝑇
)

𝑇−1

𝑡=1

𝐶𝑡 

(Eq.6) 

And 𝐶𝑡 indicates the discrete-time fluctuation autocorrelation function calculated via (Eq.7): 
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𝐶𝑡 ≡
〈𝑎𝑛𝑎𝑛+𝑡〉 − 〈𝑎𝑛〉2

〈𝑎𝑛
2〉 − 〈𝑎𝑛〉2

 

(Eq.7) 

Where 𝑎𝑡 corresponds to the timeseries of observations of a property <A>. 

  

From g, I obtained the 𝑁𝑒𝑓𝑓 used for calculating the SEMi for each property <A> discussed 

in Publication II and Publication III via (Eq.8): 

𝑁𝑒𝑓𝑓 ≡ (𝑇 − 𝑡0 + 1)/𝑔𝑡0 

(Eq.8) 

Where 𝑁𝑒𝑓𝑓 indicates the total number of uncorrelated frames within a trajectory. 

 

2.4.3  MD simulation and integrin- part I 

Why explicit solvent model is arguably the best way to simulate integrin 

Atomistic MD simulations are usually divided into two groups: those that consider the 

solvent explicitly (explicit-solvent models) and those that consider the solvent implicitly 

(implicit-solvent models) [276-278]. An analogue division exists in the case of MD 

simulation performed in the presence of a lipid bilayer (explicit membrane models and 

implicit membrane models) [267]. The former is based on the particle mesh Edwald (PME) 

approximation [270] to treat the solvent, and calculate explicitly the interactions between the 

solute and solvent atoms. Whereas, in the case of is based on the generalized Born (GB) 

approximation to consider the solvent as a continuum with a specific dielectric constant 

(ε=80) [279]. The analytical formula of the PME and GB approximation can be found 

elsewhere [276]. Here, I want to focus on the advantages and disadvantages of both the 

models. In principle, by neglecting the solvent contribution from the calculation, one would 

expect a valuable improvement of the algorithm speedup (efficiency) [276]. Indeed, a 2-20-

fold average increase in the simulation time step for processor (CPU) time [276] has been 

recorded in several studies in which GB implicit simulations were compared to PME explicit 

simulations [280-283]. In the absence of solvent, all the potential interactions made by the 

solvent atoms are not counted and thus the total number of calculations performed during a 

run of simulation is reduced. As such, implicit models represent an appreciate method of 

sample of the conformational space of a molecule [280-282, 284]. As explained in better 
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detail in ref. [276], this is mainly due to the fact that solvent viscosity is reduced without 

having, in principle, any effect on the energy landscape [276]. Thus far, it sounds like the 

implicit models represent a rather good approximation, both in terms of accuracy and 

computational costs. So why do the MD simulations in the present work were all done in 

explicit-solvent? In answering, one has to take into account the actual system size and, with 

respect of it, the scaling efficiency of the PME vs GB models [276]. The former (in the most 

common form of TIP3P-PME [285]) scales as ∼NlogN, whereas the latter scales as ∼n2, 

where N is the total number of solute and solvent atoms and n is only the number of solute 

atoms [276]. Due to the fact that n2 grows faster than ∼NlogN, the algorithmic speedup of 

the GB model decreases with the sample size in comparison to the TIP3P-PME model. In 

conclusion, based on this assumption (here only briefly and yet not completely discussed), 

neglecting the solvent is not always and necessarily an advantage as in the case of a large 

biological system as integrin. 

 

2.4.4  MD simulation and integrin- part II 

Integrins belong to the class of membrane proteins. Typically, this type of protein is in charge 

of two main biological events, known as substrate transport and signal transduction into the 

cell [267]. As described in the previous paragraphs, integrins, in being signaling receptors 

[8], fall into the second category. Moreover, the event of signal transduction across the 

plasma membrane has been associated to large-scale conformational change of the 

membrane protein itself [286-288]. This is indeed also the case for integrin (see paragraph 

2.2). As for the proteins, so biological membranes, in creating a barrier between the 

extracellular and intracellular environment, are involved in the regulation of a wide range of 

biological processes, including signaling [289]. Biological membranes are complex 

structures composed by lipids, water, protein and cholesterol [290]. A lipid molecule is 

formed by a hydrophilic head group attached to two hydrophobic, acyl chains. Through 

assembling together of a number of lipids is grounded a lipid bilayer, in which the 

hydrophilic heads point towards the outside, while the hydrophobic part faces the interior 

[267]. The first simulation of a peptide embedded in membrane dates back to 1994 [291] 

and before the 2000, lipid bilayers were usually formed by dipalmitoylphosphatidylcholine 

(DPPC) or dimyristoylphosphatidylcholine (DMPC) [292-294]. Nowadays MD simulations 

performed in explicit solvent and in the presence of a bilayer of different type of lipids [290, 

295-297] summing up to more than 100,000 atoms constitute a routine practice [290]. 
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However, in this type of models, before setting up the simulation, it is of crucial importance 

to correctly pack the protein structure inside the lipid bilayer [250]. This also means to 

carefully inspect that the protein has the right orientation with respect to the bilayer plane 

[267]. Generally, there are two different methods used to embed a protein in a lipid bilayer, 

the “replacement method” and the “insertion method” [291, 298-301]. The former is a two-

step process, as initially pseudo atoms are sequentially placed around the protein and, only 

in a second time, replaced by real lipid molecules. The advantage of this method is to be in 

the hand of the user, as the number of lipids and the system size can be manually defined. In 

the latter, a protein is inserted within a pre-created hole in a pre-equilibrated bilayer of 

protein. However, this approach, despite being faster, is more convenient only in case of 

cylindrical and regular proteins that can adjust within the hole without the need of post-

processing modifications [302]. The optimal orientation of a protein with respect to the 

normal of the membrane is achieved by minimizing its transfer energy, ΔGtransfer, from water 

to the hydrophob ic layer with respect to the system coordinates [303]. Although in principle 

it is feasible to calculate it manually [304], automated methods such as the “orientations of 

proteins in membranes” (OPM) database [305], represent a fast, and easy alternative Figure 

15).  

As in the previous paragraph, I introduced the concept of implicit and explicit solvent MD 

simulation, it is also worth mentioning that an important difference between an implicit 

solvent lipid model and explicit solvent lipid model lies in the biomembranes being 

intrinsically anisotropic systems [306] and, therefore, highly influenced by the macroscopic 

boundary conditions [307]. In principle, MD simulations can be equally run in constant 

volume (NVT) or constant pressure (NPT) environment [249]. In the former, the pressure 

will fluctuate during the simulation, while in the latter the box volume will change to allow 

the pressure to remain constant. However, there is a general agreement in preferring the NPT 

ensemble over the NVT approach [307, 308]. The NPT environment is achieved by means 

of a barostat, which keeps the pressure constant, despite the inherently property of the 

Newton’s equation would be to keep the volume constant. The Berendsen, or weak-coupling 

method, [309] is the most common used barostat. Here, a target pressure is used as reference, 

and any deviation from it is compensated by modulating the simulation box and particle 

positions. Accordingly, volume fluctuations also affect the thickness and overall area of a 

membrane. This artifact can be avoided by creating a tension-free lipid bilayer and enabling 

tensionless simulations [295]. AMBER lipid [310] is the force field used in the present work, 

and it is grounded on this method. 
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𝜔𝑖(𝜉) = 𝐾/2(𝜉 − 𝜉𝑖
ref)

2
 

(Eq. 9) 

The definition of consecutive 𝜉𝑖
ref leads to the overlap between the individual windows, thus 

ensuring the sampling over the whole reaction coordinate 𝑃𝑢(𝜉), where the subscript ‘b’ 

indicates biased quantities [312]. Single US simulations are: i) unbiased to obtain the global 

(unbiased) distribution 𝑃𝑖
𝑢(𝜉) where the subscript ‘u’ indicates unbiased quantities, ii) 

combined together to generate the unbiased distribution along the chosen reaction coordinate 

𝑃𝑖
u(𝜉). One way to do it is by using the Weighted Histogram Analysis Method (WHAM) 

[315], in which the biasing potential 𝜔𝑖(𝜉) is removed from each window (Eq. 10): 

𝑃𝑖
𝑢(𝜉) = 𝑃𝑖

𝑏(𝜉)𝑒𝑥𝑝 (
𝜔𝑖(𝜉)

𝑘𝑇
) 〈𝑒𝑥𝑝 (

𝜔𝑖(𝜉)

𝑘𝐵𝑇
)〉 

(Eq. 10) 

Where < > indicates the ensemble average, and 𝑘𝐵is the Boltzmann factor. Next, the singular 

𝑃𝑖
𝑢(𝜉) are combined by WHAM, through which the global (unbiased) distribution 𝑃𝑢(𝜉) is 

obtained as average distribution of the windows i (Eq. 11): 

𝑃𝑢(𝜉) = ∑ 𝑝𝑖

𝑤𝑖𝑛𝑑𝑜𝑤

𝑖

(𝜉)𝑃𝑖
𝑢(𝜉) 

(Eq. 11) 

Where 𝑝𝑖 are the weights introduced to reduce the statistical error of Pu and are calculated 

via (Eq 12): 

𝑝𝑖(𝜉) = 𝑁𝑖𝑒𝑥𝑝 (−
𝜔𝑖(𝜉) + 𝐹𝑖

𝑘𝐵𝑇
) 

(Eq. 12) 

Where 𝑁𝑖 is the number of steps within each window i,  and 𝐹𝑖 is the free energy constant 

calculated via (Eq. 13): 

𝑒𝑥𝑝 (−
𝐹𝑖

𝐾𝐵𝑇
) = ∫ 𝑃𝑖

𝑢(𝜉) 𝑒𝑥𝑝 (−
𝜔𝑖(𝜉)

𝐾𝐵𝑇
) 𝑑(𝜉) 

(Eq. 13) 
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An iteration of (Eq.11- Eq.13) until convergence must occur as 𝑃𝑖
𝑢(𝜉) enters (Eq. 13) and 𝐹𝑖 

enters (Eq. 11) via (Eq. 12) [312]. 

Usually, this procedure, based on running umbrella sampling simulations in combination 

with WHAM, is done to extract the potential of mean force (PMF) [316], through which it 

is possible to compute the ΔG of a biological event (e.g. ligand-binding), or to derive the 

free energy profile of an investigated biological process as function of the reaction 

coordinate (𝜉) (Eq. 14): 

𝐹(𝜉) = −𝑘𝐵𝑇𝑙𝑛[𝑃(𝜉)] + 𝐶 

(Eq. 14) 

Where T is the temperature and C is a constant. 
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3 SCOPE OF THE THESIS 
Over the past decade, there has been increasing interest in studying integrins, particularly 

for their involvement in the pathogenesis of a variety of human diseases. In this context, the 

availability of structural information is essential to shed lights on the structure-function 

relationship of integrins, and the subunit specificity of the various integrin isoforms.  

 

Hence, in this thesis I applied a structure-based approach to derive structural information on 

integrin that may serve as basis for further studies (e.g. development of novel therapeutic 

strategies as discussed in paragraph 2.3.3 and section 4), analyze the molecular nature 

underlying a phenotype associated to a pathological condition (i.e. the human platelet 

antigen-1 as discussed in paragraph 2.3.4 and section 5), or investigate how specific 

molecular characteristics can account for differences in the activity and function detected in 

different integrin isoforms (e.g. integrin αIIbβ, αvβ3 and α5β1 as discussed in paragraph 2.3.5 

and section 6).  

 

Publication I. Integrin isoform αIIbβ, the predominant isoform of integrins on platelet, is a 

validated target for antithrombotic therapy with three approved drugs. The discovery of the 

involvement of platelets in the pathogenesis of Alzheimer’s disease has opened up the way 

to the application of the antithrombotic therapy also in the case of neurodegenerative 

disorders. The Aβ40 peptide is a ligand for integrin αIIbβ3, which leads to integrin activation 

and deposit of Aβ40 in brain parenchyma and cerebral vessels are a sign for Alzheimer’s 

disease. However, Aβ40 peptide expresses a RHD sequence in place of the RGD-ligand 

integrin recognition sequence. Consequently, in order to use this target to develop a novel 

therapeutic strategy, it is important to answer the following questions: 

 Is the mechanism of Aβ40 binding the same as for the RGD ligands? 

 What are the ligand-induced consequences on the structural dynamics of integrin? 

 

Publication II. Integrin isoform αIIbβ is the carrier of the HPA-1 polymorphism, arising 

from a Leu→Pro exchange and resulting in Leu33 (HPA-1a) and Pro33 (HPA-1b) platelets. 

There is an ongoing debate concerning the exact nature of this polymorphism, and whether 

it effectively leads to an increased thrombogenicity of the Pro33 platelets, as otherwise 

hypothesized. In addition, due to the distant location of this amino acid exchange from the 

relevant functional domains of integrin, the way by which it can influence integrin function 
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represents an intriguing question. Consequently, in order to clarify the consequences of the 

HPA-1 polymorphism, the following questions were posed: 

 Does the Leu→Pro exchange shift the conformational equilibrium from the inactive 

to the active state? 

 What is the molecular mechanism through which this exchange contributes to 

integrin activation? 

 

Publication III. Integrin αIIbβ3, together with the isoform αvβ3, forms the β3 subfamily of 

integrins, and both of them with the addition of the isoform α5β1 are contained on platelets. 

These three isoforms show a high sequence identity, but different activation points and 

different basal activities. Broadly speaking, integrin activation is coupled to a large-scale 

reorientation of the ectodomain and structural changes in the TMD. Consequently, in order 

to elucidate the origin of subunit-specific sensitivity to activation, the following questions 

were posed: 

 How is the TMD association disrupted during integrin activation? 

 How do subunit-specific interactions between the TMDs modulate the activation of 

these three integrin isoforms? 
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4 PUBLICATION I - Blood platelets contribute to the 

formation of amyloid deposits in cerebral vessels via 

integrin alphaIIbbeta3 induced outside-in signaling and 

clusterin release 

Donner, L., Fälker, K., Gremer, L., Klinker, S., Pagani, G., Ljungberg, L. U., Lothmann, K., 

Rizzi, F., Schaller, M., Gohlke, H., Willbold, D., Grenegard, M., Elvers, M. 

Sci. Signal. (2016), 9, RA52. 

 

4.1 Background 

Integrin αIIbβ3 recognizes ligands containing an arginine-glycine-aspartate (RGD) motif and, 

through an interplay of specific and well described interactions (see paragraph 2.1.4), binds 

them in the head region at the interface formed between the α- and β-subunits [317]. Upon 

ligand binding, conformational changes are allosterically transmitted from the head across the 

entire structure leading to integrin activation [12, 164, 318]. Already in the early 90s, 

researchers provided evidences that ligands that contain an arginine-histidine-aspartate (RHD) 

sequence can bind to integrins in a way that closely resembles the RGD-dependent ligand 

recognition [234]. The Aβ40 peptide is believed to bind integrin αIIbβ3 via its RHD motif. As a 

direct consequence of binding, Aβ40 induces integrin activation via outside-in signaling, which 

leads to the release of a chaperone protein responsible for modulation of soluble Aβ into Aβ 

neurotoxic fibrils [319, 320]. This is of particular importance, considering that the event of fibril 

formation has been associated to neurotoxicity, and deposits of Aβ40 in brain parenchyma and 

cerebral vessels have been linked to Alzheimer’s disease [18, 227, 321, 322]. This publication 

is the result of a collaboration between different research groups*, in which the computational 

investigation provided a support to the in vitro and in vivo experiments. The overreaching goal 

pursued here was to reach a deeper understanding of the consequences of Aβ40 binding on the 

biological function of integrin αIIbβ3. Together, these findings are expected to improve the 

                                                 
* The experiments were performed in the laboratories of Prof. Dr. M. Elvers and Prof. Dr. D. Willbold. 
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understanding of the contribution of platelets via integrin αIIbβ3 to cerebral amyloid angiopathy, 

which is the pathological hallmark of Alzheimer’s disease [227].  

4.2 Results 

Integrin αIIbβ3 is relevant for Aβ fibril formation 

Fibrinogen binding to integrin αIIbβ3 is believed to be related to Aβ aggregation and consequent 

fibril formation. Hence, mouse and human platelets, in which fibrinogen binding to integrin 

αIIbβ3 was blocked, were analyzed. In both platelets, an increase in the release of the chaperone 

protein CLU was detected when cultured with Aβ40. Likewise, analyses carried out on platelets 

from patients affected by Glanzmann’s thrombasthenia revealed that the capability of 

modulating Aβ fibril formation is strictly dependent on the abundance of integrin αIIbβ3.  

Aβ40 binding to integrin αIIbβ3 induces outside-in signaling 

Upon extracellular ligand binding, a cascade of signals is triggered within the cell leading to 

the release of different kinases, i.e. SYK or PLCγ2. By means of Western blot analyses, it was 

possible to observe a positive impact on the phosphorylation of the aforementioned kinases. In 

contrast, the presence of Tirofiban, which was shown to affect the Aβ-induced platelet 

aggregation, reduces the phosphorylation of SYK or PLCγ2. 

Fibrinogen binds to platelet-bound of Aβ40  

Flow cytometry experiments revealed that, by increasing the amount of Aβ40, also the binding 

of fibrinogen is induced. In addition, kinetic analyses confirmed Aβ40 binding to fibrinogen, 

with an initial dissociation constant (KD) of 15nM. Likewise, from the preincubation of platelets 

with fibrinogen for 30min, a reduction of binding of fluorescent-tagged Aβ40 was not observed, 

thus indicating Aβ40 binding to the fibrinogen-integrin complex. 

 

 Thus far, I summarized the part done by the co-authors of this work. In the following 

part, I will describe the part of work done by myself, and based on the atomic level investigation 

of Aβ40 binding to integrin αIIbβ3. 

 

Aβ1-40 binds with the RHD sequence to integrin αIIbβ3 

In order to characterize the underlying mechanism of binding of Aβ40 at an atomistic level, I 

generated two additional versions of the peptide with an inverted (RHDS  SDHR) and 

scrambled (RHDSHRSD) motif and introduced them into the crystal structure of the 
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4.3 Conclusion and significance 

In this study, it was possible to verify that Aβ40 binding to integrin αIIbβ3 induces the release of 

the chaperone CLU involved in the conversion of a soluble Aβ into Aβ fibrils, responsible for 

the vascular Aβ deposits.  

In detail: 

 Aβ40 via its RHD motif binds to integrin αIIbβ3 and induces the release of CLU, in turn, 

responsible for Aβ aggregation and fibril formation. 

 The kinetic analysis revealed that Aβ40 interacts with integrin αIIbβ3 with high affinity, 

with a KD of Aβ40 bound similar to the (patho)-physiological concentration of Aβ40 in 

plasma. 

 Platelets cultured with Aβ peptides with the RHDS inverted or scrambled resulted in a 

decreased release of the chaperone CLU and platelet aggregation, thus providing 

evidences that the binding event is mediated by the RHDS sequence. 

 MD simulations confirmed that Aβ40 binding leads to the allosteric conformational 

changes described for integrin activation. 

 

The comparison of the Aβ40native complex with the Aβ40inverted and Aβ40scrambled complexes 

confirmed the key role played by the RHDS sequence in mediating the Aβ40 binding to integrin 

αIIbβ3. This, in turn, induces integrin activation and leads to the classical outside-in signaling. 

This way, partly cause and effect of binding to Aβ40, activated platelets contribute to the 

development of the cerebral amyloid angiopathy. 
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5 PUBLICATION II – The human platelet antigen-1b 

variant of αIIbβ3 allosterically shifts the dynamic 

conformational equilibrium of the integrin toward an 

active state 

 
Pagani, G., Pereira, J. P. V., Stoldt, V. R., Beck, A., Scharf, R. E., Gohlke, H. 

J. Biol. Chem. (2018), DOI: 10.1074/jbc.RA118.002149 

 

5.1 Background 

The human platelet antigen-1 (HPA-1) of αIIbβ3 arises from a LeuPro exchange at residue 33 

of the mature β3 subunit resulting in Leu33 (HPA-1a) or Pro33 (HPA-1b) platelets [323]. This 

mutation is highly relevant from a clinical perspective as patients with coronary artery disease 

who carry the Pro33 (HPA-1b) allele experience their myocardial infarction five years earlier 

than in HPA-1a/HPA-1a patients [240]. While these and other experimental observations have 

shown that the Pro33 (HPA-1b) is a prothrombotic variant of αIIbβ3, and hence, more easily 

activated, the molecular mechanism underlying the polymorphism has remained elusive. In this 

study, I verified the hypothesis that the L33P exchange allosterically shifts the dynamic 

conformational equilibrium of αIIbβ3 toward a state closer to the active one. Due to its distant 

location (> 80 Å) from functional domains of integrin (extracellular binding site and 

transmembrane domain), a direct influence of the L33P exchange on binding of extracellular, 

or, even, intracellular agonists (see Figure 13 in paragraph 2.3.3) seems reasonable. At the 

same time, the HPA-1a polymorphism is located within the PSI domain, which forms together 

with the EGF-1 and EGF-2 domains the knee region of the integrin ectodomain [94]. To probe 

this hypothesis, I carried out multiple microsecond-long all-atom molecular dynamics (MD) 

simulations of the αIIbβ3 ectodomain. Simulations results were then combined with findings 

from Förster resonance energy transfer (FRET) measurements† of the entire αIIbβ3-transfected 

HEK293 cells expressing either isoform, Leu33 (HPA-1a) or Pro33 (HPA-1b). Results from 

MD simulations indicate that the LeuPro exchange affects the inter-domain interface at the 

                                                 
† Experiments were performed in the laboratory of Prof. Dr. Scharf, R.E. at the HHU, Duesseldorf. In 

particular, FRET measurements were performed by Dr. Joana, P.V. Pereira. 
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knee region and shifts the dynamic conformational equilibrium of integrin αIIbβ3 toward a more 

unbent state. Moreover, time-evolution measurements (inter-domain distances and angles) 

provide evidence of larger splaying (separation) of the lower legs of integrin αIIbβ3 ectodomain 

in the case of Pro33 (HPA-1b) isoform. In parallel, results from FRET analyses, performed 

taking into account the entire integrin αIIbβ3, indicate a significantly larger separation between 

the cytoplasmic tails in the Pro33 (HPA-1b). As such, based on the findings here presented, we 

confirmed our initial hypothesis, and support the theory that the LeuPro exchange confers 

prothrombotic properties to integrin αIIbβ3. 

 

5.2  Results 

In a previous study, some of the present authors, revealed higher thrombus stability in the case 

of Pro33 (HPA-1b) platelets than of Leu33 (HPA-1a) platelets [324]. In line with this, in this 

second study we initially showed that, upon thrombus formation, the flow path becomes 

narrowed and the shear rates increase due to physical constrictions (see Figure 2 in Publication 

II). Therefore, we also considered the changes of the physiological flow conditions as caused 

by the increase of the thrombus volume as function of time in the Pro33 isoform, and a sign of 

an increased thrombus stability in this isoform. In order to explore possible influences on the 

stability of integrin αIIbβ3 due to the L33P exchange, I used the available crystal structure of the 

ectodomain of integrin αIIbβ3 in the bent conformation as representative structure of the resting 

state of integrin and model system of the Leu33 isoform for the MD simulations (PDB ID 

3FCS). This structure served also as template to model the Pro33 isoform, in which the side 

chain of Leu33 was replaced by the aromatic ring of Pro. Both models were subjected to 

replicate MD simulations of 1 μs length each, summing up to a total MD simulation time of 6 

μs.  

 

Global conformational changes of the ectodomains of αIIbβ3 

First, I evaluated the structural similarity of the two isoforms with respect to the representative 

initial structure in terms of RMSD of Cα atoms. Mean values < 3 Å were found after a mass-

weighted domain-wise alignment, thus indicating only minor structural changes for each 

domain in both the isoforms. In contrast, RMSD mean values up to 16 Å were measured after 

a mass-weighted alignment onto the head (β-propeller and βA domains), with the highest values 

recorded for the C-terminus domains (calf-2 domain and β-tail domains). Hence, we considered 
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these values as indicative of movements between the domains (or even subunits), rather than 

structural changes within each domain. In addition, I evaluated the different level of 

compactness of the structure of the two isoforms in terms of Radius of gyration (Rg). Albeit 

rather small (~ 0.7 Å), this difference is statistically significant (p < 0.05 Å), and shows that the 

Pro33 isoform has an overall larger structure than that of the Leu33 isoform. Then, from a visual 

inspection of the MD trajectories, we hypothesized that the difference in the RMSD values are 

due to the initial separation between the head region and the legs, as occurring when integrin 

switches from the inactive to the active state [12, 325]. To probe this hypothesis, I defined a 

series of geometric parameters across the structure (a similar approach has been already used 

in related studies of integrins [175, 260]). For investigating that Pro33 isoform adopts a more 

unbent conformation, I measured the time-evolution of the distance between the N- and C-

terminus of each subunit (for simplicity, the βA domain is here considered as the N- terminus 

of the β3 subunit), as well as the distance between the two lower legs (calf-2 domain and β-tail 

for the α and β subunits, respectively). Results from the simulations revealed that the distance 

between the β-propeller and calf-2 domain is larger by ~ 5 Å, and larger by ~ 9 Å between the 

βA and β-tail domain in the Pro33 isoform. This implies that the head of integrin αIIbβ3 is less 

tightly packed against the lower legs in the Pro33 isoform. Likewise, the distance between the 

calf-2 and β-tail domains is larger by about 2 Å in the Pro33 isoform, thus suggesting a 

separation between the two lower legs. Interestingly, in all cases, the differences are significant 

(p < 0.05 Å) up to highly significant (p < 0.0001 Å) as shown in Table 2. 

 

Table 2: Distance between the N-terminus and C-terminus of integrin αIIbβ3 ectodomain. 

 
 Leu33 (HPA-1a) isoform Pro33 (HPA-1b) isoform 

βA…β-tail 35.94±0.62[a] 44.76±1.70[a] 

***[b] 

Calf-2…β-tail 27.95±0.56[a] 29.40±0.24[a] 

*[b] 

Calf-2…β-propeller 53.76±0.75[a] 58.51±1.45[a] 

***[b] 

[a] Mean value and SEM, in Å, calculated across three MD simulations. 
[b] *< 0.05, **< 0.01, ***: p <0.0001 (according to the t-test for parametric testing). 
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 Pro33 platelets lead to single thrombi whose mean volume is significantly higher 

than that formed by Leu33 platelets, thus providing a first evidence of changes in the 

function and activity of integrin αIIbβ3. 

  Results from MD simulations reveal the tendency of the Pro33 isoform to shift 

toward a more unbent and splayed state. 

 Results from MD simulations in combinations with rigidity analysis suggest the 

possible underlying molecular mechanism of the prothrombotic phenotype of Pro33 

platelets. 

 FRET analyses reveal structural changes in the Pro33 isoform that have been linked 

to the large-scale rearrangement occurring during activation. 

 

Through a direct comparison of the Leu33 (HPA-1a) and Pro33 (HPA-1b) isoforms, we were 

able to observe changes that, according to the current models, have been linked to the 

mechanism of activation, and provide a molecular explanation underlying them. 
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6  PUBLICATION III – On the contributing role of the 

transmembrane domain for subunit-specific sensitivity 

of integrin activation 

 
Pagani, G., Gohlke, H. 

Submitted (2018) 

 

6.1 Background 

The TMDs of integrin work as a mediator of the transmission of information in both directions 

across the plasma membrane, leading to outside-in and inside-out signaling [68]. As such, 

integrin TMDs play a key role during the mechanism of activation [106]. Structural features of 

the integrin TMD were derived from NMR structures [107, 108, 327], biochemical data and 

electron microscopy images [37, 66, 156]. The TMD form two short helices [13] and associate 

in the resting state to form a helix dimer [101, 114, 198]. Two main association motifs, termed 

the inner membrane clasp (IMC) and outer membrane clasp (OMC), primarily mediate the 

dimer packing and seem to be required to maintain integrins in a state of low affinity [13]. In 

addition, single residues are known to make interactions important for the dimer stability, i.e., 

a salt bridge formed between R995 (αIIb subunit) and D723 (β3 subunit) and a highly conserved 

Lys (K716, β3 subunit), whose importance in the process of integrin activation has been shown 

by several mutational studies [112, 121]. In this study, we analyzed three different integrin 

isoforms (αIIbβ3, αvβ3, α5β1), which show a sufficient sequence similarity (> 50%) to allow for 

initial homology modeling, but at the same time possess characteristic amino acid substitutions, 

particularly in the OMC, that may be responsible for the proven subunit-specific sensitivity to 

activation [84, 246, 247]. First, I carried out microsecond long all-atom equilibrium MD 

simulations of the three TMDs integrin isoforms in an explicit membrane and solvent. Then, I 

analyzed the energetics of TMD dissociation by means of potential of mean force (PMF) 

calculations. All together, these findings help shedding lights on how the TMD association is 

maintained and how the subunit-differences reflect on the subunit-specific sensitivity to 

activation. 
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Biased simulations of integrin αIIbβ3, αvβ3, and α5β1 

Results from unbiased MD simulations provide a clear indication that the three integrin 

isoforms show a different strength of association. As an independent approach to explore the 

TMD dissociation and the corresponding free energy profiles, potential of mean forces (PMF) 

were computed based on umbrella sampling simulations. To do so, the distance between the 

centers of mass (dCOM-COM) of the embedded sections from the α and β subunits was used as 

reaction coordinate. Umbrella sampling simulations were performed along the pathway going 

from the bound state to the unbound state, and WHAM was used to extract the respective free 

energy profiles [315]. In separating the two helices, we obtained a free energy difference that 

is about ~4 kcal mol-1 larger in αIIbβ3 TMD, thus confirming a more pronounced tendency to 

associate for this system. In contrast, integrin α5β1 shows the smallest free energy differences 

between the associated and dissociated state. In addition, from the PMF profiles, I computed 

the association free energies, ΔG. Results confirm that αIIbβ3 TMD is the most stable system, 

with a ΔG = -3.8 kcal mol-1, followed by αvβ3 and α5β1 TMDs (ΔG = -0.8 kcal mol-1 and ΔG = 

0.5 kcal mol-1, respectively) (Table 4). 

 

Table 4 Thermodynamic quantities for integrin αIIbβ3, αVβ3, and α5β1 TMDs. 

 

System αIIbβ3 TMD αvβ3 TMD α5β1 TMD 

||Ω||[a] 0.07 0.05 0.1 

ΔG[b] -3.8 -0.8 -0.5 

[a] In radians. 
 [b] In kcal mol-1. 

 

Thus far, findings from the biased simulations were found to be in good agreement with the 

results described from the unbiased MD simulations, showing αIIbβ3 as the most stable system, 

followed by αvβ3 and α5β1. 

 

Finally, to explore a possible mechanism of how the TMD packing changes with increasing 

helix-helix distances, I evaluated the stability of the OMC/IMC interfaces. To do so, I 

considered the re-weighted (unbiased) conformations extracted at the free energy minima I-III 

from the PMF profiles to compute the OMC/IMC distances. Interestingly, we noticed that the 
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  Results from biased simulations indicate a temporal order for the OMC/IMC formation, 

with the OMC being lost before the IMC upon TMD association. 

In conclusion, results from both unbiased and biased simulations agree in indicating integrin 

αIIbβ3 TMD as the most stable system and α5β1 TMD as the least stable system. Moreover, we 

identified a series of per-residue subtle differences, which are suggested to be responsible for a 

different modulation of the way how the TM associate and, consequently, dissociate.
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7 SUMMARY AND PERSPECTIVE  

In this thesis, I applied all-atom MD simulations in combination with free energy calculations 

to improve our understanding of the energetics and dynamics of the process of integrin 

activation.  

Integrin αIIbβ3 is the prototypic and, probably, best characterized integrin isoform [29]. Due to 

its involvement in a large variety of human diseases, it still remains an attractive target of study. 

Most importantly, in more recent times, a connection between vascular pathological conditions 

and the progression of neurodegenerative disorders has been established. Ongoing experiments 

aim at identifying the contribution played by platelets, whose most abundant receptor is integrin 

αIIbβ3, to the progression of Alzheimer’s disease. To improve our understanding of the 

underlying mechanism of Aβ40 RHD binding to integrin αIIbβ3 at the atomic detail, I generated 

three initial models and subjected them to MD simulations. My computational investigations, 

in parallel to the experimental investigations, fostered our understanding of the binding event 

of Aβ40 and the structural consequences on integrin αIIbβ3. However, in the study presented in 

section 4, only a shortened version Aβ40 corresponding to the N-terminus of the peptide was 

used. As such, considering as long-term goal the application of antithrombotic therapy also for 

neurodegenerative disorders, it would be beneficial to investigate the molecular mechanism of 

Aβ40 binding to integrin αIIbβ3 using the complete Aβ40 peptide. 

Integrin αIIbβ3 is also known as the carrier of the HPA-1 polymorphism [323]. Here we 

presented a strategy based on the combination of MD simulations with FRET measurements to 

reveal and quantify the structural changes in the ectodomain of integrin αIIbβ3 occurring upon 

the Leu33Pro amino acid exchange. This way, it became possible to shed lights onto the 

molecular mechanism underlying the HPA-1 polymorphism and provide evidence of the shift 

of the conformational equilibrium towards the open state. Most importantly, these results give 

strength to similar predictions based on clinical data [239-241, 243, 331] and experiments [238, 

243, 324, 332]. This study, presented in section 5, was conducted on integrin αIIbβ3 in the resting 

state without the contribution of bound agonists. However, the information derived from this 

study would open up the way to a follow-up study, in which the two variants would be 

investigated in complex with immobilized and soluble fibrinogen. Using a similar strategy, 

based on the combination of MD simulations with FRET measurements, it would be possible 

to assess the strength of ligand binding, and correlate it to the splaying of the structure upon 

activation. Results are expected to complete the picture of the integrin αIIbβ3 behavior in the 

resting and open conformational state. 
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MD simulations allowed me to make a link between the structural dynamics, and function of 

integrin αIIbβ3. However, in order to foster our understanding of the events upon activation, a 

comprehension of the underlying energetics is also required. In the study presented in section 

6, unbiased MD simulations were combined with biased simulations, from which the PMF of 

three integrin isoforms was derived and a quantitative assessment of the TMDs in terms of free 

binding energies was obtained. The analyses presented here show that subtle differences at the 

sequence level impact the way different TMD associate, and greatly influence the 

conformational free energy of each integrin. This workflow used in combination with 

experiments can lead to a substantial improvement of our knowledge of the physiological state 

of different integrins. As such, it would be of great interest to repeat this study in the presence 

of intracellular effectors, such as Talin. Albeit computationally expensive, such model system 

would allow the investigation of the influence of Talin-binding on the TMDs association and 

foster our understanding of the ligand-induced conformational changes undergone by integrin 

TMDs. Moreover, it would be interesting to further extend this study repeating the MD 

simulations in the presence of different lipid bilayers to elucidate the role of the membrane 

environment on integrin TMD interaction. 
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