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Abstract

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 A4o to the integrin isoform o3 is linked to the pathogenesis of
Alzheimer’s disease. As part of multidisciplinary project, a computational investigation of the
integrin aunP3 bound to APso 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 oumwf3. Second, the molecular mechanism through which the
human platelet antigen (HPA) alloimmune system shifts the conformational equilibrium of
integrin aiwP3 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 (oumps, owPs, and asP1), to gain a deeper understanding of the

origin of the subunit-specific sensitivity to activation.

X1



Zusammenfassung

ZUSAMMENFASSUNG

Integrine sind eine grof3e Familie von Adhésionsrezeptoren die, basierend auf Unterschieden in
Sequenz, Funktion und Expressionsmuster, in verschiedene Untergruppen oder -familien
unterteilt werden kann. Integrine sind, zum Teil wegen ihrer urspriinglich erkannten Rolle als
strukturelle Verbindungen zwischen der intra- und extrazelluldren Umgebung, fiir eine Reihe
von Entwicklungsprozessen, einschlielich Zellprofileration, Migration und Differenzierung,
verantwortlich. Zusétzlich sind Integrine wichtige Signalmolekiile, die an der Transmission
mechanischer Krifte 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
konnen, um ihren Einfluss auf viele Zellfunktionen und den molekularen Ursprung

verschiedener pathologischer Zusténde einzuschétzen.

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 Verstdndnis auf atomarer Ebene von der Integrinstruktur
selbst und Strukturen im Komplex mit Liganden sowie den Mechanismen bei allosterischen
Transmissionen mit Hilfe von Molekiildynamiksimulationen (MD) und Berechnungen der

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

Die Bindung von A4 an die Integrinisoform amfB3; ist mit der Alzheimer-Krankheit
verbunden. Als Teil eines multidisziplindren Projekts wurden computergestiitzte
Untersuchungen zur Bindung von o3 Flntegrin an AB4o durchgefiihrt. Dies ermdglichte die
Charakterisierung des Bindungsmechanismus' auf atomarer Ebene sowie die Beschreibung der

durch Liganden verursachten Konformationsédnderungen des Integrin oum33.

Der molekulare Mechanismus, in dem das menschliche ,,Thrombozyten-Antigen alloimune
System* das konformationelle Gleichgewicht des Integrins oumfB3; zum aktiven Zustand

verschiebt, wurde erklédrt. Diese Erkentnisse, die eine Verbindung zwischen klinischen und

xii



Zusammenfassung

experimentellen Daten bilden, bieten eine Erkldrung des spezifischen Phénotyps 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 Transmembrandoméne

(TMD) von drei Integrinisoformen (aumnP3, ovP3 und aspi) auszufithren mit dem Ziel, ein tieferes

Verstindnis der Untereinheit-spezifischen Sensibilitdt der Aktivierung zu erlangen.

xiil



Introduction

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 ouwPs [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
(AB40) 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 aipPs was studied. The internal motions undergone by

integrin aupP3 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 a3, ovf33
and asf1 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].

Activated Integrin

Extracellular signals

R
@ O ligands ~

1151 A R A
LA RRELEEELEA A EEREERRALEEREEEEEY

Receptor

Resting Integrin

Outside-in \
signaling @

/ J\ /
Inside-out Clasping/Resting state

signaling

Intracellular signals [ #iﬁm%
%%%; %%5?%3%55&3 S13EE0

Unclasplnglactlv state

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 amP3, which constituted the main

biological target of the studies here presented.
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2.1.1 Integrin family

Identified in 1987 [7], integrins are heterodimeric transmembrane adhesion receptors found
in all metazoans in a number related to the complexity of the organism [8, 12, 51, 52]. All
integrins are expressed as heterodimers of an o and a § subunit [34], whose association is
maintained through a series of non-covalent interactions [13]. Their association occurs in the
endoplasmic reticulum [35, 53], where the amount of integrins depends on the concentration
of the o subunits, which are expressed at a lower level [53]. The two subunits are
evolutionary completely unrelated between each other [35]. In contrast, conserved regions
are found within the subunits, showing a sequence identity of roughly 30% for the o subunit,
and up to 45% for the B subunits [54]. In humans, at least eighteen different o subunits and
eight different  subunits were reported [8, 34]. These form a family of 24 known integrins
[8]. This disproportion in the number of the two subunits necessarily means that there are
integrins, which share the same [ subunit while paired to a different o subunit [55].
Accordingly, it is possible to classify the different family members of integrins based on
their subunit composition (Figure 2) [56]. The advantage of this classification is that it
permits the identification of mainly three large groups in which integrins can be divided. A
group containing the B subunit (B; integrins), a group carrying the 32 subunit (f32 integrins)

and a group which binds to the same oy subunit (ay containing integrins) [56].

-----Er==--

Figure 2 Superfamily of integrin receptors. The eighteen different o subunits (orange) and eight
different B subunits (blue) forming the superfamily of human integrin are here schematically
represented. Solid lines indicate combinations, resulting in a total of 24 different integrins.
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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 asPi, asPi, omPs, o3, oPs, avPe, owPs,
o1
Laminin receptors a3B1, asPi, a7Pi1, osPa
Leukocyte-specific receptors arP2, omP2, axP2, apP2, aofi, oupPi,
a7, aeP7
Collagen receptors a1Bi, 0P, aioPi, ariPi

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 a and P subunits are type | 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 a ectodomain and around 750 in the  ectodomain [8, 13, 58]. In
contrast, in the intracellular environment, around 30 more amino acids are counted for the 3
subunit, with the a cytoplasmic tail being formed by around 20 amino acids [8, 58]. In its

totality, an integrin is roughly 280 A long, with a weight of ~ 150-180 kD for the a subunit
7
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and ~ 90 kD for the B 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 A [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 A
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 a or B 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 av33 ectodomain has been the first one to be resolved
by Xiong et al. [25], followed by the crystal structure of integrin oumP3 ectodomain obtained
by Xiao et al. [70]. Surprisingly, the crystal of integrin ayBs3 in the presence of Ca®* 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 A%[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 auPs in the
presence of Mn”" as revealed by EM images [45]. Likewise, the crystal of integrin oumps
resolved in the extended conformation is consistent with the EM images of integrin o33 in
the presence of a ligand [73]. When in the inactive form, integrin o3 is folded at a ~ 135°
obtuse angle [74] with the point of bending located between the thigh and calf-1 domains of
the ay 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 A at the bending point [29]. In

addition, EM images of rotary-shadowed integrin oyf3 are consistent with the crystal
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structure and together indicate that in the extended form, integrin o3 is ~160 A long and ~
60 A wide [63, 76-78]. More recently, also the crystal structure of integrin aspi, that closely

resembles those of integrin ounP3 and avf3, has become available [79].

Nowadays, there is ample evidence that supports the thesis that the V-shaped conformation
of integrin represents the bent, low affinity state of integrin in contraposition to the open,

high affinity one [45, 70, 72, 80-84].

A B

head 1

upper leg Membrane
A
lower leg
A
\J Membrane hybrid
a subunit

B subunit

Figure 3 Schematic representation of integrin architecture. (A) The a-ectodomain is divided into
four different domains (five domains when the A(I) domain is also expressed), while eight domains
form the B-ectodomain. The knees of the protein are highlighted by a black dashed line and lie
between the thigh and calf-1 domain in the o subunit, and between the PSI and egf-1/egf-2 domain
in the § subunit, respectively. A double line is used to indicate the plasma membrane, spanned by the
TM domains, in turn followed by the cytoplasmic tail. The N- and C- termini are labeled. (B) Domain
organization within the ectodomain in accordance with the primary structure. Figure adapted from
reference [59].

The head of integrins

The N-terminus of the a subunit consists of seven 60 amino acids long segments [59] folded
into a seven-bladed B-propeller domain [25, 70, 85], with a cation-binding sequence located
between repeats 4-7 [86]. Seven integrin o subunits (o, o2, op, OE, 0L, M, 0X) contain an
additional domain inserted between repeats 2-3 [87, 88]. This domain is termed the “I”

domain, where I stands for insertion or interaction within the B-propeller domain [54, 59].
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However, it is also commonly referred to as the ‘A’ domain, because of its sequence
homology with the A domain of von Willebrand factor (VWF) [89]. In total, this domain is
formed by ~ 200 amino acids arranged in five 3 sheets surrounded by seven a helices [13,
37]. Its main importance is due to the fact that, when it is present, it represents the major
ligand-binding site [59]. On the B subunit, the Bl domain and the hybrid domain, homologous
to a set immunoglobulin (Ig)-like domain, interplay together in forming the head part [90].
The former consists of 240 amino acids that pack against the B-propeller [90] and, together
with the hybrid domain, buries a surface area of roughly 600 A [25, 91]. Interestingly, the
BI domain expresses a cation ligand-binding site and is homologous to the a-like domain
(reason why it is also known as BA domain) [44, 88]. The BI (BA) domain originates from a
loop extending from the hybrid domain (BC loop) [44]; the hybrid domain is assembled as
B-sandwich and organized in two distinct sections, with the insertion of the BI (BA) domain

between them [13] (Figure 4).

headpiece

ectodomain

Figure 4 Integrin ectodomain structure; the headpiece. Surface representation of the ectodomain
of integrin aipPs (PDB ID 3FCS) in the inactive state (bent conformation). The blow-up shows the
three domains forming the upper section or headpiece of the protein. Domains are in cartoon
representation, labeled and colored as in Figure 3B. The three metal ions forming the cation binding-
site are shown as spheres (see paragraphs 2.1.3 and 2.1.4 for further details).
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For consistency with the works presented here, in the following sections I will refer to the

BI (BA) domain as BA 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 a subunit, and seven domains in the 3 subunit [13]. In the a 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 -
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 3 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 Ca**-binding loop [59], also known as “genu”
or knee of the protein [13]. This flexible linker is essential for the extension of the a 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 a-ectodomain [44]. Instead,
the B leg shows a more complex and peculiar organization and is believed to be more flexible
than the a leg [13, 25, 70]. According to the amino acids sequence, the PSI domain and not,
as one would expect, the BA domain, constitutes the N-terminus of the § subunit [68] (see
also figure 3A). PSI stands for plexins-semaphorins and integrins and forms a small domain
of 54 amino acids [93]. The BA domain is inserted within the hybrid domain [13], which
constitutes the upper leg [59]. In turn, the hybrid domain is embedded within the PSIT 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 B leg is formed by four EGF domains and a B-tail, which represents the C-
terminus of the B ectodomain [59, 75] (see also figure 3A). According to the crystal structure
of integrin auP3 [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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are rather disordered and of difficult resolution [44]. This explains also why both the
domains were not included in the first crystal structure of integrin avf3 [25]. In contrast, the
EGF-3 and EGF-4 domains are assembled in B-strands and have a rod-shaped like structure
[26, 98, 99]. The junction between the hybrid/EGF-1 as well as between EGF-1/EGF-2 is
considered flexible, while the interface between EGF-3/EGF-4 is rather stable [100]. The
reason for this must be ascribed to the fact the knee, or genu, of the  subunit (geometrically
placed next to the knee of the a subunit [68]) lies between the PSI/EGF-1 and EGF-2
domains [59]. Finally, the EGF-4 domain ends through a flexible linker into the B-tail
domain, formed by four-stranded B-sheet and placed next to the plasma membrane [70, 92,

94] (Figure 5).

ectodomain

Figure 5 Integrin ectodomain structure; the legs. Surface representation of the complete
ectodomain of integrin aipPs (PDB ID 3FCS) in the inactive state (bent conformation). The blow-up
shows the nine domains forming the legs of the protein. Domains are in cartoon representation,
labeled, and colored as in Figure 3B.

Transmembrane domain
With the lack of high-resolution crystal structures available in the Protein Data Bank, the
only structural information relative to the transmembrane region derive from NMR

experiments [101-104]. Primarily, the TMD, spanning the plasma membrane, serves as
12
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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 o and B3 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 a-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 amB3 TMDs [104], the o, TM segment is slightly shorter than
the B3 TM segment; 24 against 30 amino acids [104]. Furthermore, while the o, TM segment
is oriented straight through the membrane, the B3 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 o 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
B3 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 oy subunit [120]. In particular the two Phe residues are expressed in all the o subunit

[6]. The crucial role of these conserved dimerization motifs has been established by

13



Background

mutational studies, showing that a modification in either of them, with no differences
between the two subunits, results in a constitutive activation of integrin [121-123]. This
interacting interface at the membrane-proximal region was for consistency termed the inner
membrane clasp (IMC) [104]. Interestingly, two charged residues are also present in the
immediate proximity of the IMC; the o subunit carries an Arg (Arg®® in o), which interacts
with an Asp from the P subunit (Asp’® in Bs) [121]. The resulting interaction has been
extensively investigated, and the majority of the studies consider it of crucial importance in

stabilizing the IMC and preventing helix dissociation [36, 124-126].

outer membrane clasp

inner membrane clasp

transmembrane domain

Figure 6 Integrin transmembrane domain. NMR structure of o, (orange) and 3 (blue) TMDs in
surface and cartoon drawing (PDB ID 2K9J). Close-up views illustrate the OMC and IMC, whose
key residues are labeled and depicted as sticks.

Cytoplasmic domain

A number of amino acids ranging from 10 to 70 forms the short cytoplasmic domain of
integrins, more often simply indicated as cytoplasmic tail [127]. Rather flexible, the
cytoplasmic tails are mainly unstructured [13], and only NMR data of integrin amwPs CT is

available [36, 124, 128]. This portion of integrin has not been considered in my studies and
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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 B-propeller and
the BA domain [61], with the a subunit playing the major role in determining the ligand
specificity [56]. This is simply evidenced by the fact that there are more a than B subunits,
and integrins sharing the same B subunit bind different ligands [55]. The central feature of
the ligand-binding site is the presence of three divalent cations [60] (generally a central Mg**
flanked by two Ca®" 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 a-I domain represents the major binding site
[133] with the interplay of the close B-propeller domain [134, 135]. However, since the
binding pocket is shared with the A domain, conformational changes triggered by the
ligand-binding event irradiate from the a-I domain to the BA and hybrid domain, down to
the entire structure [59] (see also paragraph 2.2.2). The structure of the a-1 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 B-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 a subunits express the a-I domain, all the
B subunits have the PA 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 a-I domain includes a Mg
coordination site that was named “metal-ion-dependent adhesive site” (MIDAS) [60]; 11)
alterations of the MIDAS motif can inhibit the binding event; ii1) two crystal structures

grown in either the presence of Mg?" or Mn?" differ greatly.

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

mechanism of binding mediated by the BA domain.

Biochemical [141-144] and EM [77] studies led to the observation that the interface between
the B-propeller and BA domain encloses the ligand-binding site pocket [44]. Interesting, a

MIDAS motif, all in all equivalent to the one found in the a-I domain [60], is also included
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in the BA domain [59]. Broadly speaking, negatively charged residues, projecting from three
surface loops, coordinate the divalent Mg?" 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 Asp'?® and Asp'?’ from the al helix and the carbonyl oxygen
of Met* expressed on the top of the a7 helix [44] (numbering in the B3 subunit). This way,
the ADMIDAS metal ion creates a link between these two a helices within the BA 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
Met>*° [44]. The existence of a second metal ion site, the ADMIDAS, represents the major
difference between the BA domain and a-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 A away from the MIDAS, of a third metal ion site called the ligand-associated
metal-binding-site or LIMBS [44]. Interestingly, all the liganded BA 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 Mg®" ion, while both the ADMIDAS and LIMBS are loaded with two Ca*" ions
[37, 45, 95]. However, Springer et al. in resolving the X-ray structure of integrin o33 in the
absence of ligand, challenged the assumption that also the LIMBS contains a Ca*"ion [60].
A similar result was also obtained in resolving the crystal structure of integrin o3 [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 o3 and ovf33
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 B-propeller and BA domain
[75]. Here, the RGD peptide is oriented such that the first (basic) amino acid points towards
the o subunit, whereas the last (acidic) amino acid faces the  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 B-propeller domain [44]. Instead,
Asp (D of RGD) orients its carboxylate group into a groove formed by two loops (A’al and
C’03 loops) within the BA 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 BA domain [59, 150]. RGD binding is initially
accompanied by a movement of the fl-al and P6-07 loops, coupled to a subsequent
rearrangement of the al- and a7- helices [59, 70] (Figure 7). In an allosteric manner, ligand
binding causes a lateral shift of the f6-a7 loop, such that the coordination of the ADMIDAS
by the Met*¥ is lost [44, 151]. Interestingly, in both crystal structures of integrin omp3 and
avf3, this event yields to the same consequences; the ADMIDAS metal ion can no longer
link the a1 and o7 helices and it is shifted in its position by about ~ 4 A [25, 60, 70, 151]. In
parallel, the B1-al 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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ADMIDAS

Figure 7 Structure of the A domain in integrin anpfs. The head of integrin, formed by the -
propeller domain (in surface representation and colored in blue) together with the BA domains (in
cartoon drawing and colored in red), constitutes the ligand-binding pocket for ECM ligands. Three
metal ions, which mediate the ligand binding, are located in proximity of the f1-al and B6-a7 loops
(on the top of the PA domain). Mg* (MIDAS) and Ca* (ADMIDAS and LIMBS) are labeled and
shown as purple and gray spheres, respectively. Upon binding, changes in metal coordination causes
a major shift of the f1-al, f6-a7 loops and al/ a7 helices (highlighted in the structure). In order to
depict the binding event, a fragment extracted from the antagonist Eptifibatide (in sticks
representation) and bound to the head of integrin aunP3 isused (PDB ID 2VDN).

In the previous paragraphs, I introduced the duality of integrins, as receptors existing in
either an open (extended) conformation as well as in a closed (bent) conformation.
Furthermore, I described integrin on a structural level in order to provide an understanding
of the structural features underlying the mechanical shift between the two conformations.
Finally, I discussed in atomic detail the mechanism of extracellular ligand-recognition and
ligand-binding. In the following section, I will focus on how the capability of exerting their
biological function is achieved by integrins through the mechanism of activation (including
the regulation of the ligand-binding affinity and the large-scale structural rearrangement

across the entire structure of integrin).

2.2 INTEGRIN ACTIVATION

The process of integrin activation has been described as fast (< 1 s) [75, 153], temperature-

dependent [75, 154], and reversible [75, 155, 156]. It is considered to be physiologically
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controlled by extracellular ligands (outside-in signaling), intracellular adaptors (inside-out
signaling) and mechanical forces [6, 64, 157]. As shown in Figure 1, following the outside-
in pathway, other receptors (i.e. G-protein coupled receptors) located on the cell surface send
signals to the cell, which reach the cytoplasm to be then conveyed (see Paragraph 2.2.2)
[32], following the inside-out pathway, across the receptor to the extracellular binding site
[13]. Several studies confirmed that integrins in the bent conformation have low affinity for
ligands, whereas they show high affinity when in the open conformation [28, 45, 81, 158,
159]. The most recent measurements done at the time of writing this thesis, revealed an
increase of the affinity for the ligands of ~ 4000-fold in the extended conformation compared
to the closed one [32, 61, 84]. In this sense, the usual paradigm for allostery, according to
which an allosteric protein exists only in two mutual exclusive states, an open state where
the binding event is possible, and a closed state, where no binding can occur seems to be
applicable also to integrin [88]. However, there are also several lines of evidence that speak
against the existence of a 1:1 model. To cite a few, these include crystal structures and EM
images of integrin oyf3 in complex with ligands despite being bent [60, 74]; fluorescence
resonance energy transfer (FRET) experiments [160-162] that failed in detecting an increase
corresponding to a full extension of the structure, but rather suggested a partial unbending.
In a rather provocative way, Askari et al. [39] raised doubts posing the question whether “is
bent integrin inactive?” However, up to now, the most supported view remains similar to the

model proposed by Mould already in 1996 [88] (Figure 8).

Inactive Active Occupied
-L
~ ~
I 1 I 2 <K I 3L

Figure 8 Allosteric model proposed by Mould in 1996 for integrins. According to the model,
there are three different states, all in equilibrium between each other (double arrows). From the left
to the right, it can be distinguished the “inactive” state (I;) that prevents any possible ligand binding
event, followed by an “active” state (1), in which the binding site is open, that precedes the effective
binding of the ligand (IsL). Figure adapted from reference [163].

Accordingly, it is thought that integrins in being allosteric proteins, adopt three
conformational states: bent-closed, extended-closed, and extended-open [32, 39, 59, 164].
However, the uncertainty remains, as for the belief that next to these three defined states,
integrin 1s likely to adopt a wide range of unknown, intermediate states, all in equilibrium

among each other [92, 157].
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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 -
tail domain towards the BA 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 BA 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

Qutside-in signaling

The structural reorganization of the B-propeller/BA 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 A [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 BA/hybrid
domain interface during the transition between the two states [170, 171, 173]. Also MD
simulations of the B3 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 BA 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 B6-a7 loops promotes a movement of both the al and
a7 helices [70, 119]. This is of particular importance if one considers that the a7 helix serves
as a linker connecting the A domain with the hybrid domain [92]. It has been proposed that
a similar movement occurs in both the a-I domain and BA domain; as consequence of the
lateral shift of the B6-a7 loop, the al helix straightens [175], while the C-terminus of the a7
helix is pushed down by about 7 A [30, 70, 94]. This movement drives a rearrangement of
the interdomain BA/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 B-propeller/BA domain rearrangement following the movements of
the B6-a7 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 a3 [25], the f6-a7 loop contacts the CD loop belonging to the
B-tail, thus creating an interacting surface between the BA domain and B-tail. Hence, the
authors proposed that the CD loop acts a regulator that, through the proposed deadbolt
mechanism, prevents the movement of the B6-a7 loop and de facto locks the BA domain in
a inactive conformation [75]. However, in both cases, as revealed by EM images of integrin
amP3 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 A 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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From a functional perspective, this is due to the fact that a ligand-inducible metal binding
site (LIMBS), which serves as binding site for the activation-sensitive monoclonal antibody
APS5 [179], is expressed at the N-terminus of the PSI domain [180]. From a structural
perspective, the bending region corresponds to the area of contact between the PSI and EGF-
1/EGF-2 domains [181]. In light of this, the displacement of the PSI domain following the
hybrid domain upon integrin activation has been proposed to be required to convey the

conformational changes from the extracellular binding site down to CT [70].
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Figure 9 Structural rearrangement of the ectodomain leading to activation. Simplified
representation of the headpiece of an integrin receptor lacking the A domain. In the inactive state
(A), the ligand cannot enter the binding pocket and be coordinated by the MIDAS (highlighted in
purple). Upon ligand-binding, the switch to the active state (B) is accompanied by movements of the
al helix and a7 helix, which lead to an increase of the interdomain BA/hybrid hinge angle, thus
enabling the outswing movement of the hybrid domain.

An interesting aspect is that the consequences of ligand-binding are (initially) limited to the
B subunit [32]. Secondly, that these changes can be quantified in a ~ 2 A rearrangement
within the extracellular binding site, which, nevertheless, result in a ~70 A separation of the
legs at the integrin knee [32] (Figure 10). This is ascribed to the fact that the BA domain is
inserted within the hybrid domain, which is, in turn, embedded within the PSI domain in
connecting the headpiece with the lower leg. As such, the previously described changes
within the BA domain (see paragraph 2.1.3), considered to be the fulcra of the allosteric
shift from the bent to the open conformation [58], are accompanied and amplified by

movement of the hybrid and PSI domains leading to the separation at at the integrin knee.
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(CLOSED)

(OPEN)

Figure 10 p-leg rearrangement linked to ligand binding. Superimposition of the integrin o3
headpiece in the open conformation (white spheres) and bound to the antagonist Eptifibatide (green
spheres) (PDB ID 2VDN) onto the integrin o3 headpiece in the closed conformation (PDB ID
3FCS). A black dashed line highlights the magnitude of separation at the integrin B knee during the
transition between the two conformations.

Inside-out signaling

There is a general agreement in considering the two TMD as associated in the inactive state
[101, 114], and fully dissociated in the active state [182-184]. As such, the mechanism of
integrin activation also implies a reversible clasping/unclasping mechanism of the two TM
segments, which controls the shift between the clasped (inactive) and unclasped (active)
state [69] (see Paragraph 2.1.1). There are two main models describing the way of TMD
separation occurs [106]. In the ‘scissor-like” model, the separation between TM segments is
a consequence of scissor-like movements [40, 109], although the amplitude of this separation
is still debated [37, 66, 156]. This is because if one places the hinge point in proximity of
the extracellular binding site, the degree of separation is necessarily much larger than placing
it within the TMD (Figure 11). Alternatively, it has been proposed that the TMD separation
occurs following vertical, or piston-like, movements of the TM segments, which cause a

shift of the two legs [74].
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membrane

unclasped clasped integrin unclasped

Figure 11 Scissor-like TMD separation. Two different models have been proposed to describe the
scissor-like separation of the TMD. In the inactive state, the two TM segments are clasped and the
association is preserved (B). According to the model in (A), the hinge point is found in the TMD
region, while according to the model in (C), its position is much closer to the head. Figure adapted
from reference [185].

2.3 PLATELET INTEGRINS

Integrin ounfs, together with the isoform ayf3 forms the B3 subfamily of integrins [30]. The
two members share the same 3 subunit, but only 36% of sequence similarity with respect to
the a subunit [186]. Both isoforms are expressed on platelets [141, 187]. However, integrin
amnPB3 has been reported to be present only on platelets, megakaryocites [188], mast cells,
basophils, and some tumors [92, 189-192], while integrin avf33 is found in multiple cell types
[92, 193-195]. Integrin oumP3 is usually referred to as the major plasma membrane protein,
with approximately 80,000 to 100,000 copies per cell [196]. Alternatively, this means that
3% of the total number of proteins expressed on platelets and 17% of the platelet membrane
protein mass is due to integrin ouwPs [197]. As for the function, while the contribution of
integrin oyP3 to platelet’s adhesion and aggregation is uncertain [198], integrin ommps
represents the principal modulator of platelet aggregation [199, 200]. Upon activation,
integrin ouP3 can bind effectively fibrinogen, von Willebrand factor (vWF), vibronectin,
and fibronectin [29, 201, 202]. These are all ligands that, due to their specific capability of
cross-bridging platelets together [203], are considered essential in orchestrating the process
of platelet aggregation [186]. Besides integrin aunf3 and o3, platelets contain also three
isoforms belonging to the 1 subfamily and being responsible for the adhesion to the ECM
proteins, such as collagen, fibronectin, and laminin [29]. Among them, there is the asP;
1soform, which is primarily known as the receptor for fibronectin (Fn) [80] and, as such,
fundamental for cell generation and tissue development [204]. In fact, as a result of binding,
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Fn fibril formation and the ECM assembly can take place [205]. Integrin asP; 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 aspi or Fn

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

2.3.1 Integrin amnfs 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 oamnP3 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 ouwf3 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 oupfB3 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 cumPs prevents platelet aggregation and thrombus
formation, the bases for a successful antithrombotic strategy were laid [21]. Several integrin
abP3 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 amnpfs 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 3
(APB) peptides are expressed as nontoxic soluble peptides [220]. In Alzheimer’s disease, A
peptides form aggregates or neurotoxic fibrils [219, 221, 222]. They are difficult to degrade,
and pile up to form stable fibers [223]. The AP 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 B-secretase and
released as soluble APP which, in turn, is rapidly cleaved by a y-secretase and generates the
AP peptide [224]. Based on the number of residues, AP peptides can be distinguished into
two forms, the AP4o peptide (cut at position 40), which is also the most abundant form, and
AP42 peptide (cut at position 42) [219, 224]. Platelets express high levels of APP and are
able to convert APP proteins into an AP peptide [18, 225]. An alteration occurring during
the process of AP formation from APP is expected to be the origin of neurotoxic AP
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 A
deposition [27] (Figure 12).

Interestingly, deposits of AP 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 AP peptide in the blood stream directly depends on platelets [230-232].
Likewise, the conversion of soluble AP peptide into fibrillary AP aggregates is driven by
platelets [27]. AP peptide is, together with fibrinogen, von Willebrand factor, and vibronectin
among the variety of ligands that bind to integrin a3 [233]. Interestingly, AP peptide is
not an RGD-containing peptide as the aforementioned ligands, but it contains an RHD
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sequence [234]. It has been suggested that ligands that contain an RHD sequence can bind
to integrin in a way that closely resembles the RGD-dependent motif (see paragraph 2.1.4)
[234]. To the best of my knowledge, it was still uncertain whether A4 peptide binds to
integrin anwP3 in the same manner as fibrinogen does [147]. However, as the involvement of
platelets in the progression of AD has been established, interfering with integrin oumps
activity through the use of antiplatelet drugs has started emerging as an exciting therapeutic
strategy [235]. The importance of understanding the underlying mechanism of A4 binding
to integrin amPs in atomic detail and, hence, to provide insights into the structural

mechanisms of integrin activation laid the basis for the work presented in section 4.

A

Figure 12 AP peptide. (A) NMR structure of a soluble AB4o peptide resolved in a water-micelle
environment (PDB ID 1BA4). The cartoon drawing representation shows the helical nature of the
peptide, and the RHD binding sequence is highlighted in ball and sticks representation. (B) NMR
structure of AB4o peptide forming neurotoxic aggregates of fibrils with two-fold symmetry, shown in
cartoon drawing and surface representation (PDB ID 2LMN).

2.3.3 Integrin ampfs is the carrier of the HPA polymorphism

Polymorphisms are genetic alterations of the DNA [196], which do not initiate a pathological
condition on their own, but they can affect the physiological functionality when in concert
with other risk factors, i.e. age, blood pressure, and cigarette smoking [236]. The human
platelet antigen (HPA)-1 or PI* was found on the B3 subunit of integrins and is believed to
be involved in the syndrome of immune-mediated platelet destruction [94]. The HPA-1
polymorphism arises from a thymidine—> cytosine nucleotide substitution at position 1565 in
exon 2 of the B3 gene [237] resulting in a leucine—>proline exchange at position 33 of the 33
leg [196]. Hence, from a structural perspective, it means that this amino acid exchange is
located within the PSI domain [94]. As a consequence of this polymorphism, two different
genotypes exist; the Leu33 (HPA-1a) platelets, and the Pro33 (HPA-1b) platelets [238].
Interestingly, the presence of Pro33 (HPA-1b) platelets is not rare, as ~ 25% of northern
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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 f3-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 B3-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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extracellular
binding-site

membrane

Figure 13 The HPA-1 polymorphism of the integrin ainf3 arises from a Leu—Pro exchange at
residue 33. The position of the HPA-1 polymorphism is highlighted by a red dot on the crystal
structure of integrin amPs (PDB ID 3FCS), depicted in surface representation, Residue 33 is > 80 A
away from both the extracellular binding site and the transmembrane domain. Close-up view of the
box content shows the Leu—Pro exchange at the knee region, formed at the interface between the
PSI domain and the EGF-1/EGF-2 domains.

2.3.4 Do platelet integrins get activated in the same way?

I would like to conclude this first part of my thesis regarding the biology of integrins by
introducing one more aspect that has recently become an important object of study. Thus far,
I discussed the mechanism of activation as if it would apply for all integrin members without
distinction. However, albeit its underlying general core is unified, integrins are known to
have different activation set points [84], as well as different basal activities [246].
Interestingly, also members of the same subfamily have been shown to be greatly different
among each other. For example, integrin amnP3 is basally inactive, while integrin o3 is
partially active [39, 247]. Differences exist also among subfamilies, as integrin osP is
considered basally active [84]. Currently, there is an on-going research, which is trying to
correlate specific molecular features of integrin isoforms to their activation specificity. In
this sense, an interesting approach is that applied by Springer and co-authors, in which an
understanding of the conformational equilibrium of integrin is obtained through a

quantification of thermodynamic properties and elucidation of the integrin energy landscape
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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
avP3 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 us) 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 asPi 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 ez al. in
studies focused on the heterodimers o/ 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 avf3 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 ayf3 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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N oRMSD(AvgCrd(t,t + 1))
N—-7+1

(Eq 1)

where N is the total length of the MD simulation and 7 indicates the time interval or lag. For
each 7, an average structure (AvgCrd) is generated and then fit to a given reference structure,
and the average RMSD of all the average structures at 7 is calculated. Graphically (Figure
14), it can be seen as a curve that, while approaching zero (RMSD = 0 A), is indicative of
the absence of larger deviations in the newly generated structures as the MD simulation time

increases.
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Figure 14 RAC analysis. Exemplary of RAC measurement (normalized RMS in A, y-axis) as a
function of simulation time (here 800 ns, x-axis). The curve decays towards zero as the simulation
time increases, thus indicating that no further changes are expected. Within the plot, an exemplary
of the overlap of running average structures of integrin o3 (PDB ID: 2K9)J) at consecutive intervals
of time is shown.

While RAC is a way to assess convergence within one single MD simulation, it is also useful
to compare how multiple MD simulations behave with respect to each other [270]. In fact,
reproducibility represents the second way of testing the statistical significance and
robustness of the outcomes [271]. Repeating experiments in order to replicate the results

multiple times is more easily achievable in an experimental setting [251]. Replicating

34



Background

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 (Cj;), 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 = ((x; — x7)(x; — x7))

(Eq.2)
The subscript ‘©’ 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 —il hPCly(ti) hPC1y(t, i
=, y "\rhPC2y (6, 1) (& 1)
1=

(Eq.3)
The underlying idea is that at each time frame (#), 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 KLLD 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 (t,) 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 C, 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 ps 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):

SEM,py = \/SEMlz + SEMZ + SEM?

(Eq.4)
Where the subscripts i={1, 2, 3} refers to the three trajectories. However, the procedure used
to calculate the SEM; (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 SEM,,,
used in the statistical analyses (i.e. Student #-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 (Ngsf) within each
trajectory (N=N,r). 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 [t,, T] is kept, second the statistical
inefficiency (g) is used to compute the effective number of uncorrelated MD frames for the

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

g=1+2t,
(Eq.5)
Where 7, is the integrated autocorrelation time, obtained via (Eq.6):
T-1
_ t
=S5
t=1
(Eq.6)

And C; indicates the discrete-time fluctuation autocorrelation function calculated via (Eq.7):
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C. = (anan+t) - (an)z
T (ad) —(an)?

(Eq.7)

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

From g, I obtained the N, s used for calculating the SEM; for each property <A> discussed
in Publication II and Publication III via (Eq.8):

Nerr = (T —to +1)/910

(Eq.8)

Where N,y 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
(e=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 ~n?,
where N is the total number of solute and solvent atoms and # is only the number of solute
atoms [276]. Due to the fact that n” grows faster than ~Nlogh, 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 Il

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, AGtransfer, 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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Figure 15 Orientation of a transmembrane protein in a membrane. (A) Integrin oup3 TMD (PDB
ID 2K9J) in cartoon representation and the two lipid slabs in red spheres (output from the PPM server
[305]). (B) Orientation of a transmembrane protein in a lipid bilayer is obtained with respect to an
ensemble of variables in a system of coordinates xyz, where z corresponds to the normal of the
bilayer, and D indicates the level of thickness of the membrane. Tilting of the TM segment is
indicated by the variable 7, its rotation is obtained through the variable y, and a possible shift through
the variable d. Figure adapted from reference [303].

2.4.5 Umbrella sampling and potential of mean force

Albeit the methodological improvements, not every biomolecule and biological event can
be fully characterized by means of all atom MD simulation. To overcome this limitation, a
number of alternative methods have been developed, including replica exchange MD

simulations [311] and umbrella sampling simulations [312].

Umbrella sampling (US) is a type of biased MD simulations [313] and represents the chosen
method to address part of the work done in Publication III. First introduced by Torrie and
Valleau in 1997 [314], it is efficiently used to investigate the dynamic evolution of a
molecular system as the system moves on the potential energy landscape from an energy
minimum to another. By defining a reaction coordinate (&), it becomes possible to
investigate and characterize biological processes happening along a chosen pathway [312].
In one or multiple dimensions, any parameter, i.e. distance or angle, can in principle be used
as reaction coordinate [312]. Umbrella sampling works by dividing the pathway along the

chosen reaction coordinate into a series of consecutive windows [312]. Each window has a

defined reference point (& -ref) around which sampling is restrained by means of a bias

l
function. For a window i, the bias potential w; is commonly an harmonic bias of strength K
(Eq.9) [312]:
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wi(§) = K/2(& — &ref)’
(Eq. 9)

The definition of consecutive &} °f eads to the overlap between the individual windows, thus
ensuring the sampling over the whole reaction coordinate P*(§), where the subscript ®’
indicates biased quantities [312]. Single US simulations are: 1) unbiased to obtain the global
(unbiased) distribution P*(&) where the subscript ™ indicates unbiased quantities, ii)
combined together to generate the unbiased distribution along the chosen reaction coordinate

P(£). One way to do it is by using the Weighted Histogram Analysis Method (WHAM)
[315], in which the biasing potential w;(¢) is removed from each window (Eq. 10):

PE©) = PP ©exp (2 e

)

(Eq. 10)
Where <> indicates the ensemble average, and kpis the Boltzmann factor. Next, the singular
P} (&) are combined by WHAM, through which the global (unbiased) distribution P*(§) is
obtained as average distribution of the windows i (Eq. 11):

window

PUO= ) i OPEE)

(Eq. 11)
Where p; are the weights introduced to reduce the statistical error of P* and are calculated

via (Eq 12):

i E;
pi(§) = Niexp <— %)
(Eq. 12)

Where Nj is the number of steps within each window 7, and F; is the free energy constant

calculated via (Eq. 13):

exp (~ o) = [ 2@ exp (-5 aco)

(Eq. 13)
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An iteration of (Eq.11- Eq.13) until convergence must occur as P}*(§) enters (Eq. 13) and F;
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 AG 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 (§) (Eq. 14):
F(§) = —kgTIn[P(§)] + 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 aP, owPs and asPi as discussed in paragraph 2.3.5

and section 6).

Publication I. Integrin isoform ampf, 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 APBso peptide is a ligand for integrin ampP3, which leads to integrin activation
and deposit of APB4o in brain parenchyma and cerebral vessels are a sign for Alzheimer’s
disease. However, AP0 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:
e s the mechanism of AP4o binding the same as for the RGD ligands?

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

Publication II. Integrin isoform ouwnf 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:
e Does the Leu—>Pro exchange shift the conformational equilibrium from the inactive
to the active state?
e What is the molecular mechanism through which this exchange contributes to

integrin activation?

Publication III. Integrin oumfs, together with the isoform oyfs, forms the B3 subfamily of
integrins, and both of them with the addition of the isoform asf: 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:

e How is the TMD association disrupted during integrin activation?
e 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 alphallbbeta3 induced outside-in signaling and
clusterin release

Donner, L., Félker, 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, RAS2.

4.1 Background

Integrin ommPs 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 a- and B-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 A4 peptide is believed to bind integrin ouwP3 via its RHD motif. As a
direct consequence of binding, AB4o induces integrin activation via outside-in signaling, which
leads to the release of a chaperone protein responsible for modulation of soluble A into AP
neurotoxic fibrils [319, 320]. This is of particular importance, considering that the event of fibril
formation has been associated to neurotoxicity, and deposits of AP4oin 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 A4 binding on the

biological function of integrin cumPs. 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 o3 to cerebral amyloid angiopathy,

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

4.2 Results

Integrin aumnfs is relevant for AP fibril formation

Fibrinogen binding to integrin aumwfs is believed to be related to AP aggregation and consequent
fibril formation. Hence, mouse and human platelets, in which fibrinogen binding to integrin
am B3 was blocked, were analyzed. In both platelets, an increase in the release of the chaperone
protein CLU was detected when cultured with AP4o. Likewise, analyses carried out on platelets
from patients affected by Glanzmann’s thrombasthenia revealed that the capability of

modulating AP fibril formation is strictly dependent on the abundance of integrin oum33.

AP4o binding to integrin a3 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 PLCy2. 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 Ap-induced platelet

aggregation, reduces the phosphorylation of SYK or PLCy2.

Fibrinogen binds to platelet-bound of AB4o0

Flow cytometry experiments revealed that, by increasing the amount of ABao, also the binding
of fibrinogen is induced. In addition, kinetic analyses confirmed Apao binding to fibrinogen,
with an initial dissociation constant (Kp) of 15nM. Likewise, from the preincubation of platelets
with fibrinogen for 30min, a reduction of binding of fluorescent-tagged Ao was not observed,

thus indicating AP4o binding to the fibrinogen-integrin complex.

Thus far, I summarized the part done by the co-authors of this work. In the following
part, [ will describe the part of work done by myself, and based on the atomic level investigation

of Ao binding to integrin omf3s.

Api-40 binds with the RHD sequence to integrin amf3

In order to characterize the underlying mechanism of binding of A4 at an atomistic level, 1
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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ectodomain of integrin amwPs in a bent conformation (PDB ID 3FCS). The resulting integrin
ambP3 bound to AB4onative, AP4oinverted and APscrambled Was used as model system and subjected to
replicate all-atom MD simulations of 500 ns length each, summing up to a total aggregate time
of 4.5 us. Keeping in mind the time scale of integrin activation (< 1 s [75]), I was aware of the
fact the magnitudes of the changes visible during 500 ns of MD simulations would not
correspond to those describing the full extension of integrins. For this reason, I decided to
further reduce the computational costs of the MD simulations, by decreasing the level of
complexity of the model system without the risk of losing precision. Only the domains forming
the headpiece (B-propeller and BA plus the hybrid domains for the o and B subunits,
respectively) [13] were maintained in the model. In addition, since my aim was to specifically
assess the RHD contribution to the binding, I also used a shortened version of the A4 peptide
(14 residues) (Figure 16). Nevertheless, such setting would still allow me to detect the
conformational changes occurring in the head of the protein and that have been linked to
integrin activation (paragraph 2.2.2). As a first step, I verified the structural integrity of the
system as well as of the AP4o peptide within the binding pocket. In both the cases, root-mean-
square deviation (RMSD) values below 3.5 A confirmed that the system remained intact with
only minor deviations from the starting structure. However, it also provided a first indication
of a different behavior in the three cases, with both the AB4oinverted and AP4oscrambled cOMplexes

showing the largest deviations.

Figure 16 A4 binding to integrin op3. Model of
APB4o peptide bound into the crevice between the -
propeller and BA domains, which corresponds to the
extracellular binding site of integrin.

poropter’. "G e A\
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Structural rearrangements linked to integrin activation

Integrins amnP3 binds AP4o at the interface between the B-propeller and BA domain. As described
in Paragraph 2.1.4, upon ligand-binding, this interface undergoes a structural rearrangement,
including the increase of the hinge angle formed between the BA and hybrid domains. To test
this, first I evaluated the binding interface in terms of the distance between the B-propeller and
BA domains and geometric parameters within the A domain (T-junction formation) (Figure
17). Results from the simulations indicate that a significantly more pronounced shift of the BA
domain relative to the B-propeller occurs when in complex with the AP4onative. So for the T-
junction formation: the smaller distance between the center of helix al and the N-terminus of
helix a7 indicates tighter hydrophobic interactions in the case of APaonative, than in APsoinverted

and AP4oscrambled cOMplexes.

A

ok

Distance [A]

— —
A OO 00O O N
*okok

Hybrid

100 200 300 400 500
Time [ns]

o

Figure 17 Consequences of A4 binding to integrin oumpPs. (A) Schematic representation of model
system used for the MD simulation and formed by the headpiece (-propeller, BA and hybrid domain,
respectively) in complex with the first 14 amino acid residues of A4 (in ball and sticks representation,
and colored in purple). The two double arrows indicate the distance between the center of mass of the
B-propeller and BA domain (i), and between the center of helix a1 and the N-terminus of helix a7 colored
in yellow (ii). The green dashed lines indicate the increase of the hinge angle, which has been linked to
integrin activation. (B) Time series of the mean distances (i and ii) calculated over three MD simulations.
Stars denote the statistical significance (p < 0.001 according to the Student’s t-test).

48



Publication 1

4.3 Conclusion and significance

In this study, it was possible to verify that AB4o binding to integrin amP3 induces the release of
the chaperone CLU involved in the conversion of a soluble AP into AP fibrils, responsible for

the vascular A deposits.
In detail:

e ApPsovia its RHD motif binds to integrin ounPs and induces the release of CLU, in turn,
responsible for AP aggregation and fibril formation.

e The kinetic analysis revealed that A4 interacts with integrin a3 with high affinity,
with a Kp of AB4o bound similar to the (patho)-physiological concentration of ABso in
plasma.

e Platelets cultured with A 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.

e MD simulations confirmed that A4 binding leads to the allosteric conformational

changes described for integrin activation.

The comparison of the APa4onative complex with the APasoinverted and APaoscrambled cOmMplexes
confirmed the key role played by the RHDS sequence in mediating the A4 binding to integrin
a3, This, in turn, induces integrin activation and leads to the classical outside-in signaling.
This way, partly cause and effect of binding to Apao, 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 amfi; 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 a3 arises from a Leu—Pro exchange at residue 33
of the mature B3 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 ouwPs, 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 aiwPs toward a state closer to the active one. Due to its distant
location (> 80 A) 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 aumPs ectodomain. Simulations results were then combined with findings
from Forster resonance energy transfer (FRET) measurements' of the entire aunPs-transfected
HEK?293 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

T 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 o3 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 oumnB3 ectodomain
in the case of Pro33 (HPA-1b) isoform. In parallel, results from FRET analyses, performed
taking into account the entire integrin o33, 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 oum33.

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
IT). 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 ouwPs due to the L33P exchange, I used the available crystal structure of the
ectodomain of integrin a3 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 us length each, summing up to a total MD simulation time of 6

us.

Global conformational changes of the ectodomains of a3

First, I evaluated the structural similarity of the two isoforms with respect to the representative
initial structure in terms of RMSD of C, atoms. Mean values < 3 A 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 A were measured after
a mass-weighted alignment onto the head (B-propeller and BA domains), with the highest values

recorded for the C-terminus domains (calf-2 domain and B-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 A), this difference is statistically significant (p <0.05 A), 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 A domain is here considered as the N- terminus
of the 3 subunit), as well as the distance between the two lower legs (calf-2 domain and B-tail
for the aand B subunits, respectively). Results from the simulations revealed that the distance
between the B-propeller and calf-2 domain is larger by ~ 5 A, and larger by ~ 9 A between the
BA and B-tail domain in the Pro33 isoform. This implies that the head of integrin a3 is less
tightly packed against the lower legs in the Pro33 isoform. Likewise, the distance between the
calf-2 and P-tail domains is larger by about 2 A in the Pro33 isoform, thus suggesting a
separation between the two lower legs. Interestingly, in all cases, the differences are significant

(p <0.05 A) up to highly significant (p < 0.0001 A) as shown in Table 2.

Table 2: Distance between the N-terminus and C-terminus of integrin ambf3 ectodomain.

Leu33 (HPA-1a) isoform Pro33 (HPA-1b) isoform
BA-B-tail 35.94+0.62% 44.76+1.70
sk x[b]
Calf-2-tail 27.95+0.56/2 29.40+0.24
*[b]
Calf-2B-propeller 53.76+0.751 58.51+1.45M
#%x[b]

[2] Mean value and SEM, in A, calculated across three MD simulations.

bl*< 0,05, **< 0.01, ***; p <0.0001 (according to the -test for parametric testing).
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In addition, I evaluated the unbending of the conformations and legs separation in terms of
bending and splaying angle (whose definition is provided in Figure 18). Reference points have
been chosen to be similar to those used during the FRET measurements and based on approach
previously validated [20, 29]. As shown in Figure 18, the bending angle is larger by ~ 7 A in
the Pro33 isoform, while the splaying angle is larger by ~ 3 A in Pro33 than the Leu33 isoform.
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Figure 18 Geometric parameters linked with the opening of the ectodomain. (A) On the top of the
histograms, definition of the bending angle on the integrin omP3 ectodomain starting structure (PDB 1D
3FCS), depicted in cartoon drawing with the domains labeled, is given. The black solid lines connect
the point triples used for definition: center of mass (COM) of the B-propeller and BA domains; COM of
the PSI domain; COM of the calf-2 and p-tail domains. Below the representative structure, histograms
of the mean bending angle computed over three MD simulations, with error bars indicating the SEM;
stars denote the significant difference between the mean values (*p < 0.05); Pro33 variant in red, Leu33
variant in blue. (B) As for panel A, on the top of the histograms, definition of the splaying angle by
using the point triples: COM of C, atoms of L788 and G796 in the CALF-2 domain; COM of the C,
atoms of C602 and C608 in the thigh domain; COM of Ca atoms of E1557 and V1561 in the B-tail
domain. Below the representative structure, histograms of the mean splaying angle computed over three
MD simulations (see panel A for further details).

In parallel, the distance between the two legs was evaluated by means of fusion mVenus and
mCherry fluorescent proteins attached to the C-termini of integrin subunits. FRET acceptor
photobleaching experiments revealed a significantly higher efficiency of energy transfer
between the two subunits in HPA-la compared to HPA-1b (Figure 19). Thus, both the

computational measurements and FRET experiments agree in indicating that the spatial
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separation between the cytoplasmic tails in the Leu33 variant is significantly lower than the

spatial separation between the cytoplasmic tails in the Pro33 variant.

Pro33 Leu33

Pre-Bleach Post-Bleach

mCherry
(acceptor)

Figure 19 FRET-acceptor photobleaching
(APB) experiments. Experiments were performed
by Dr. Joana P.V. Pereira on a HEK293 cell
transfected with omVenus and BsLeu33mCherry
plasmids and indicate the most pronounced spatial
separation in the Pro33 variant.

mVenus
(donar)

Short and mid-range consequences of the L.33P exchange on a3

In order to evaluate a possible influence of the Leu—Pro exchange on the inter-domain interface
at the knee region, first I measured the 2D-RMSD of the C atoms of the EGF-1/EGF-2/EGF-3
domains along the MD trajectories (see Figure SA, Publication II). The direct comparison
between the two isoforms, with RMSD values up to 8 A, indicates that, not only, the domains
larger deviate from the respective initial structure, but also that they are greatly different in the
two isoforms. Next, I examined the atomic mobility of the PSI domain in terms of residue-wise
root-mean-square fluctuations (RMSF) (see Figure 5B, Publication II). Results revealed an
increased mobility of the AB loop carrying P33, with P33 that peaks above the other residues.
Albeit this difference is not significant, it is, nevertheless, of great importance as the substitution
of L33 with a conformationally restricted residue (proline), would be expected to make this
loop more rigid. Moreover, if this increased mobility governs an outward movement of the AB
loop, this would also reflect in an increase of the interdomain distance between the PSI with
respect to the EGF-1 and EGF-2 domains. To probe this hypothesis, I computed the distance
between the C, atoms of L33P with S469 (EGF-1 domain) and Q481 (EGF-2 domain),
respectively. In the former, I found a mean distance larger by ~ 4 A in the Pro33 isoform, and

in the latter larger by ~ 6 A in Pro33 than the Leu33 isoform (Table 3).
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Table 3 Distance at the knee region of the f3 leg.

Leu33 (HPA-1a) isoform Pro33 (HPA-1b) isoform
L33PS469 8.12+0.401 11.81+0.79t
*[b]
L33P Q481 6.65+0.371 12.38+1.02
sekk[b]

[al Mean value and SEM, in A, calculated across three MD simulations.

%< 0,05, **#< 0.01, ***: p <0.0001 (according to the -test for parametric testing).

These results provide evidence that the inter-domain interface at the knee region is less tightly
packed in the Leu33 isoform compared to the Pro33 isoform (Figure 20). As a further
confirmation, I measured the overall number of contacts (“native” and “non-native) formed
between the nine residues of the AB loop and all those amino acids located within a distance
cut-off of 7 A. The total number of native contacts is about 20 % lower in Pro33 isoform, and
the difference becomes even more consistent in the case of non-native contacts (2-fold more)
in the Pro33 isoform (see Figure 6A in Publication II). Interestingly, a similar scenario occurs
also in the case of specific interactions (hydrogen bonds and salt bridges), with hydrogen bonds
only firmly formed in the Leu33 isoform (see Figure S8 in Publication IT). All together, these
findings suggest that the Leu—Pro exchange causes the disruption of stabilizing interactions at

the knee region, resulting in an interface less compact in the Pro33 isoform.
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Figure 20 Structural changes within the knee region due to the L33—P33 exchange. Integrin oumf3
in the bent conformation used as model system (PDB ID 3FCS) in cartoon drawing and colored in grey
(with the exception of the PSI domain (green), EGF-1 domain (firebrick), and EGF-2 domain (marine)).
Domains are labeled. The close-up view reveals the inter-domain interface at the knee region, with the
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distance measurements reported in table 3 as they are measured in the crystal structure. Residues Leu

33 (PSI domain), S469 (EGF-1 domain) and Q481 (EGF-2 domain) are in ball and sticks representation
and labeled.

Finally, these findings prompted us to apply the Constraint Network Analysis (CNA) approach
[326] to assess whether the influence induced by the polymorphism on the structural stability
allosterically spread across the structure. In doing so, we observed that the influence due to the
L33P exchange percolates from the knee region further down the leg. Notably, the introduction
of a Pro33 reaches the EGF-3 domain, located more than 30 A from the site of the exchange,
which appears to be less stable in the case of Pro33 (Figure 21). This suggests that the L33P
exchange has both a short-range and a mid/large range effect on the EGF domains, which are

known to be important for locking integrin in the bent conformation.
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Figure 21 Allosteric influence of the L33—P33 exchange on the structural stability of B3 leg. (A)
Difference stability map generated by CNA and averaged over three MD simulations, with a specific
focus on the knee region of the B3 leg. (B) Close-up view of the domains analyzed in panel A, with red
lines connecting those residues whose mutual stability is lower by —1.5 kcal mol™! in the Pro33 variant.

5.3 Conclusion and significance

This study 1s grounded on previous clinical and laboratory data indicating, albeit not univocally,
that Pro33 (HPA-1b) isoform may be prothrombotic. Results from MD simulations, in being
able to scale down to the atomic detail, provide a possible explanation of the molecular nature
underlying this genotype, whereas experimental results give strength to the hypothesized shift

of the equilibrium towards the active state in the case of Pro33.

In detail:
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e 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 oumfs.

e Results from MD simulations reveal the tendency of the Pro33 isoform to shift
toward a more unbent and splayed state.

e Results from MD simulations in combinations with rigidity analysis suggest the
possible underlying molecular mechanism of the prothrombotic phenotype of Pro33
platelets.

e 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, 1.e.,
a salt bridge formed between R995 (auw subunit) and D723 (B3 subunit) and a highly conserved
Lys (K716, B3 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
1soforms (oumPs, awPs, asP1), 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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6.2 Results

All-atom MD simulations of integrin o3, ovB3. and asp1

In order to carry out a comparative analysis of integrin a3, owp3, aspi TMDs, I first generated
the initial models starting from the NMR structure of integrin a3 (PDB ID 2K97J) through an
homology modeling step (Figure 22). After assessing by means of the QMEAN server [328,
329] the quality of the models, I inserted them within a bilayer of DOPC lipid and performed
replicate all-atom MD simulations of 1 ps length each. This sums up to a total aggregate time

of 9 us.

960 970 980 990
| | | |
oV WGIQPAPMPV IILAVLAGLLLLAVLVFVMYRMGFFKRVRP

ob WTKAEGSYGVHLWIIILAILFGLLLLGLLIYILYKLGFFKRSLP
oITb RALEER- -ATHIWWVLVGVLGGLLLLTILVLAMWKVGFFEKRNRP

6?0 7?0 ??0 T?O
Bl PECPTGPDIIPIVAGVVAGIVLIGLALLLIWKLLMIIHDRREF
B3 PECPKGPDILVVLLSVMGAILLIGLAALLIWKLLITIHDRKEF

Figure 22 Sequence alignment of a3, 0.3, and asp; TMD sequence. Multiple sequence alignment
step was carried out to generate the homology models. Numbering refers to the a3 TMD, with black
lines added to indicate the TMD border in accordance with reference [330]. Highlighted in red the OMC,
in brown the IMC, and in purple the R995-D723 salt bridge, respectively.

First, I assessed the structural integrity of all three systems in terms of RMSD of C, atoms of
the TMDs after a mass-weighted superimpositioning onto the respective starting structure, as
well as only of those residues embedded in membrane (see Figure 22). In the former case, I
found RMSD mean values up to ~ 7-10 A, while in the latter case values were only up ~2-4 A.
As such, we assumed that the high values must arise from the highly flexible and unstructured
N- and C-terminus, while the overall fold of the two helices is conserved over the MD
simulation time. Next, I evaluated differences in the TMD topology of each system in terms of
changes in the overall number of contacts (“native contacts” and “non-native contacts”). To do
this, I applied a cut-off distance of 7 A between the two helices for each system. In total, I found
a reduction of overall contacts by ~10 %, albeit highly significant (p <0.0001), in the total
number of contacts of both avf3 and asp1 compared to ouwPs. Furthermore, I extracted only those
residues belonging to the o subunit and accounting for the native and non-native contacts at the
OMC and IMC interface between o and  subunit. This way, I noticed at the OMC a reduction

of roughly 20 % in o3 TMD and up to 40% in asB1 TMD compared to ouwnfB3 TMD (Figure 23).
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At the IMC, a smaller difference, albeit significant, of about 10 % was recorded in both o33

and asP1 compared to omfs.

Total number of contacts

OMC a-subunit

a-subunit
B-subunit

Figure 23 Total number of contacts formed at the OMC. (A) Histograms of the averaged total
number of contacts formed at the OMC calculated with respect to the residues belonging to the a- subunit
as indicated in panel B. The differences are highly significant in all cases (p < 0.0001). oups TMD is
colored in blue, o3 in gray, and asPi in orange. (B) A superimposition of the o3, o.f3, and aspi TMDs
in cartoon drawing and in color code as in panel A. Residues are labeled.

These differences were found to be consistent with respect to the atomic mobility measured in
terms of pair residue-wise RMSF. Here, I observed that 60 out of 89 residues of the ounps TMD
(~67%) were less mobile than those of o3 and aspi. Hence, together these analyses indicate
that the auwP3 TMD interface is hold by generally more contacts across the TMD interface,
which lead to the single residues being less mobile. At this point, we hypothesized that these
differences would also reflect on the distances at TMD interface. To do so, I defined the domc
as the distance between the centers of mass (COM) of the C,, atoms of the GXXXG motif (G972-
G976) on the aup subunit and (V700-1704) on the B3 subunit. Whereas, I defined the distance
divc as the minimal distance between the COMs of the aromatic rings of F992 or F993 on the
o subunit and the aromatic ring of W715 on the B3 subunit. The former is 9.3 A in the NMR
structure of ounB3 TMD (PDB ID 2K9J), while the latter is 7.3 A in that structure. Although in

both the cases, the values found indicate that both the clasps are maintained intact over the
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course of the MD simulations (see Figure 2A and 2B in Publication III), at the OMC the
interface was found to be significantly tighter in the case of a3 TMD, followed by a,p3 and
asB1 TMDs. Then, I evaluated the interface at the membrane-proximal region considering four
possible salt bridge combinations that are known to stabilize the membrane-proximal region:
R995 vs D723 and E726 (and vice versa), R997 vs D723 and E726 (and vice versa). To do so,
I measured the minimal distance between the relative amino and carboxyl groups, and applied
a cutoff of 4 A to these distances. We found that R995-D723, as speculated in several studies
[36, 121, 124], is the most important salt bridge for the dimer stability to be formed.
Additionally, we observed the highest prevalence of this particular interaction in the case o33
TMD. I applied a similar approach for K716, evaluating in parallel the possibility of the
hydrogen bond interaction with F992 (am, subunit) or a salt bridge interaction with the
phospholipid heads from the surrounding lipid bilayer. We found the latter to be the most likely
interaction to occur, with a decreasing rank of occurrence from amps < avf3 < aspi TMDs

(Figure 24).
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Figure 24 Subunit specific differences at the membrane proximal interface. (A) Histograms of the
mean relative occurrence of the hydrogen bond between K716n:and F992¢ obtained applying a distance
cutoff of 3.5 A and an angle cutoff of 120° From left to right, the oumPs, o3, and asp; TMDs are colored
in blue, grey, and orange, respectively. The box content shows a close-up view of the distance measured
onto the structure of integrin amPs TMD depicted in cartoon drawing (PDB ID 2K9J). Residues are
labeled. (B) Histograms of the mean relative occurrence of the salt bridge between K716n: and the
oxygens of the phospholipids head groups. The box content shows a close-up view of the distance
measured onto the structure of integrin amP3 TMD in cartoon drawing (PDB ID 2K9J), with K716 in in
ball and sticks representation and the phospholipids head groups shown as spheres. Residues are labeled.
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Biased simulations of integrin aump3, 0vf3, and asB1

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 o and B 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™! larger in ouPs TMD, thus confirming a more pronounced tendency to
associate for this system. In contrast, integrin asp1 shows the smallest free energy differences
between the associated and dissociated state. In addition, from the PMF profiles, I computed
the association free energies, AG. Results confirm that aunB3 TMD is the most stable system,
with a AG = -3.8 kcal mol™!, followed by oyf3 and osBi TMDs (AG = -0.8 kcal mol™! and AG =
0.5 kcal mol’!, respectively) (Table 4).

Table 4 Thermodynamic quantities for integrin a3, avps, and asp TMDs.

System ampfps TMD avfs TMD asp1 TMD
|||t 0.07 0.05 0.1
AG™M -3.8 -0.8 -0.5

&l Tn radians.

] Tn kcal mol™.

Thus far, findings from the biased simulations were found to be in good agreement with the
results described from the unbiased MD simulations, showing o33 as the most stable system,

followed by o3 and asfi.

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-111

from the PMF profiles to compute the OMC/IMC distances. Interestingly, we noticed that the
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IMC interface remains conserved longer than that of the OMC, thus suggesting a temporal order

in the process of clasping/unclasping of the two helices (Figure 25).
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6.3 Conclusion and significance
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Figure 25 Changes at the
OMC/IMC interface with
increasing dcom-com. (A) Histograms
of the averaged domc and dimc (B)
calculated from the umbrella
sampling windows linked to the free
energy minima observed in the PMF
profiles of integrin amPs, onf3 and
asp1 TMDs (in blue, grey and orange
color, respectively).

In this study, we carried out a comparative analysis of the TMD of three integrin isoforms (onf3s,

avB3 and asP1), which are known to have different basal activity, by means of all-atom MD

simulations and free energy calculations.

In detail:

e Results from equilibrium MD simulations agree in indicating o33 TMD as the most

stable system followed by avfs and aspi TMDs.

e Association free energy extracted from the PMFs are in good agreement with the

experimental data, thus giving further strength to the quality and validity of our

analyses. Moreover, the order of association found here (oumPs < owPs < asPi)

corresponds with the reported basal activity for the analyzed systems (oumP3 < owfPs <

aspPi).
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e 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
amP3 TMD as the most stable system and aspi 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 ouwPs 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
amp3, to the progression of Alzheimer’s disease. To improve our understanding of the
underlying mechanism of APB4o RHD binding to integrin a3 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 AB4o and the structural consequences on integrin omP3. However, in the study presented in
section 4, only a shortened version A4 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

AP4o binding to integrin a3 using the complete Ao peptide.

Integrin ouwP3 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 oypP3 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 a3 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 ouwP3 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 aipP3. 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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RESEARGCH ARTICLE

PHYSIOLOGY

Platelets contribute to amyloid-g aggregation in
cerebral vessels through integrin oy,Bs—induced
outside-in signaling and clusterin release

Lili Donner,' Knut Filker,2 Lothar Gremer,®* Stefan Klinker,? Giulia Pagani,®
Liza U. Ljungberg,? Kimberley Lothmann,® Federica Rizzi,®"*® Martin Schaller,®
Holger Gohlke,® Dieter Willbold,** Magnus Grenegard,” Margitta Elvers'*

Cerebral amyloid angiopathy (CAA) is a vascular dysfunction disorder characterized by deposits of
amyloid-p (Ap) in the walls of cerebral vessels. CAA and Ap deposition in the brain parenchyma contribute
to dementia and Alzheimer’s disease (AD). We investigated the contribution of platelets, which accumulate
at vascular Ap deposits, to CAA. We found that synthetic monomeric Ap40 bound through its RHDS (Arg-
His-Asp-Ser) sequence to integrin a,,p3, which is the receptor for the extracellular matrix protein fibrino-
gen, and stimulated the secretion of adenosine diphosphate (ADP) and the chaperone protein clusterin
from platelets. Clusterin promoted the formation of fibrillar Ap aggregates, and ADP acted through its
receptors P2Y, and P2Y on platelets to enhance integrin a,,p; activation, further increasing the secretion
of clusterin and Ap40 binding to platelets. Platelets from patients with Glanzmann’s thrombasthenia, a
bleeding disorder in which platelets have little or dysfunctional oy, indicated that the abundance of this
integrin dictated Ap-induced clusterin release and platelet-induced Ap aggregation. The antiplatelet agent
clopidogrel, which irreversibly inhibits P2Y,,, inhibited Ap aggregation in platelet cultures; in transgenic
AD model mice, this drug reduced the amount of clusterin in the circulation and the incidence of CAA. Our
findings indicate that activated platelets directly contribute to CAA by promoting the formation of Ap aggre-
gates and that AB, in turn, activates platelets, creating a feed-forward loop. Thus, antiplatelet therapy
may alleviate fibril formation in cerebral vessels of AD patients.

INTRODUCTION

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder that
is the most common form of senile dementia and is characterized by de-
posits of amyloid-B (AB) in the brain (/-6). About 35 million people
worldwide are affected by this progressive cognitive decline, and by
2050, the number of AD patients is predicted to increase to >115 million
people or 1% of the total population (7). AB misfolding, oligomerization,
and aggregation are crucial events in the pathogenesis of AD (5, &§) leading
to the formation of extracellular plaques containing mostly self-aggregating
40— to 43-amino acid residue peptides of AR and intracellular neurofibrillary
tangles (9—117). The AP peptides are generated from amyloid precursor
protein (APP), which belongs to an evolutionarily conserved family of
type 1 transmembrane glycoproteins (/2, 13). APP can undergo amyloi-
dogenic processing, which occurs mainly on the surface of cells to induce
AP generation, and nonamyloidogenic processing in intracellular compart-
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ments (/4-17). AP is ubiquitously present, but clinically relevant AB dep-
osition occurs only in the brain, The factors that promote Ap deposition or
inhibit its clearance in the brain are still uncertain. Several studies provide
evidence that AD is a more intriguing disorder than was previously appre-
ciated and is related to vascular diseases such as stroke (I8, 19), athero-
sclerosis (2, 20, 21), and hypertension (22). Vascular risk factors are
predicted to increase the risk for AD (/9), and cerebrovascular dysfunction
with impaired blood flow develops in AD patients (23-26). Formation of
AP deposits in AD patients occurs not only in brain parenchyma but also
in blood vessels in the brain in a condition called cerebral amyloid angiop-
athy (CAA) (27). CAA is characterized by the deposition of AR peptides,
mainly AB(1-40) in the tunica media, smooth muscle cells (SMCs), and
adventitia of cortical and leptomeningeal arteries, causing the destruction of
the vessel wall and contributes to the severity of AD pathology (10, 27-29).
The incidence of CAA increases with age and develops sporadically or as
a result of mutations in the genes encoding APP, presenilin 1 (PS1) or
PS2, or possession of the epsilon 4 allele of apolipoprotein E (APOE-€4).
APOE-g4 is a member of apolipoproteins involved in the lipid metabolism
in atherosclerosis and is the major known genetic risk factor for AD
(27, 30). Cerebral vessels show loss of SMCs, luminal narrowing, vessel
wall thickening, microaneurysm formation, and intracerebral microhemor-
rhage (31, 32). More than 95% of AD patients develop CAA that may
contribute to neurodegeneration and thus to cognitive decline (33).
Platelets are essential mediators of hemostasis but also play a dominant
role in the development of arterial thrombosis (34, 35). Platelets are also
recognized to play a role in the pathology of neurodegenerative diseases,
such as Parkinson’s disease (36), schizophrenia (37), and AD (2). Platelets
contain high amounts of APP and display the complete enzymatic machin-
ery to process APP proteins into AP peptides (2). Platelets are thus a
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Fig. 1. Amyloid aggregate formation is
modulated by platelet CLU release in
culture. (A) Congo red staining of amyloid
fibrils (top left; scale bar, 20 pm), immuno-
fluorescence staining with the AB antibody
BE10 (top right; scale bar, 10 pm), and
transmission electron microscopy (middle
and rotated zoom below; scale bars, 1 um)
in different cultures of human platelets be-
fore (-) or after incubation with soluble,
synthetic A40 for 3 days. (B) Western blot

Ap(4.3KD)

analysis of supernatants from human
platelet cultures incubated with Ap40 for
the indicated time. (C) Congo red staining
of human platelets cultured in the presence
of amitriptyline (amitr.). Scale bar, 50 pm.
(D and E) Images (D) and quantification
(E) of Western blotting of supernatants (s/n)
and lysates of amitriptyline-treated plate-
lets after stimulation with Ap40. a-tubulin,
loading control. a.u., arbitrary unit. (F) Congo
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major source of AP in the blood stream, which might contribute to the
accumulation of AP in the brain and cerebral vessels (38—0). Ap activates
platelets and enhances platelet aggregation in vitro (41, 42). Moreover, the
adhesion of platelets to immobilized A was observed under both static and
flow conditions (41, 43). In AD patients, platelet activation is enhanced
(44), and in mice with carotid artery injury, the injection of AB enhances
platelet adhesion to the injured vessel (47). Analysis of platelet function in
the APP transgenic mouse strain APP23 revealed that these mice have an
increased risk for arterial thrombosis (45), exhibit platelet accumulation at

AP deposits in cerebral vessels (41, 45), and develop CAA (46). Thus,
platelets appear to have an important contribution to AD, Here, we inves-

+AR40/fibrinagen

Averaga size

[% of control]

+Platelats.

red staining in cultures of platelets from
Clu* and Clui*** mice after stimulation with
APp40in the absence (-) or presence of recom-
binant human CLU (+rhCLU) (200 ng/ml).
(G) Congo red staining of human platelets
cultured in the presence of rhCLU. (Hand I)
Images (H) and quantification (1) of Congo
red staining in human platelet cultures incu-
bated with fibrinogen. Scale bar, 50 pm.
Data are means + SEM of three (E) or four
(I) experiments. **P < 0.01, **P < 0.001,
Student's t test. Images and blots in (A) to
(C) and (F) and (G) are representative of
three experiments.

Apd0

tigated the molecular mechanisms mediated by platelets in the development
of CAA and its implication for the progression of AD.

RESULTS

Ap aggregate formation is stimulated by clusterin release
from platelets

Platelets modulate soluble A peptides into fibrillar AP structures and in-
duce fibrillar AP aggregate formation in culture (/). To identify the mo-
lecular mechanisms behind this effect, we cultured human platelets with
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soluble, synthetic AB40 for 3 days and analyzed the modulation of Ap by
Congo red staining and differential interference contrast microscopy
(Fig. 1A, upper left panel). The presence of Congo red—positive AP deposits

in platelet cell culture was confirmed by staining for fibrillar

A aggregates

using an AP antibody (Fig. 1A, upper right panel). A fibrils were de-

A

Mause plalelats Human platelets

“ ' Chustarin . — -

= + - + Ap40 - + - +

- - ' +  ayyBy blocking Ab — - + v

Integrin alibp3 AR40

Clusterin
=1au)
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tected on the surface of human platelets incubated with soluble, synthetic
AP40 (Fig. 1A). The supernatant of AB-stimulated platelets alone was not
sufficient to induce fibrillar AR aggregate formation (fig. S1A), suggest-
ing that AP binding to platelets is a prerequisite for the formation of Ap
fibrils in platelet cell culture. To characterize the formation of Ap deposits
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Fig. 2. A binds to integrin a,B5 to induce
CLU release and amyloid aggregate forma-
tion. (A) Representative Western blots of
supernatants of human and mouse platelets
treated with integrin-blocking antibody (Ab),
ReoPro, or Leo.H4, respectively. (B) Quan-
tification of human CLU Westem blots (n = 4).
(C and D) Immunofiucrescence staining (C) of
integrin oy,fs (red) and Ap40 (green) shows
colocalization (yellow). Line scan (D) was
recorded along the white line in (C). (E) Hu-
man platelets were stimulated with Ap40 and
ADP (adenosine diphosphate) as indicated
and immunoprecipitated with anti-B5 integrin
antibody. Immunoprecipitates were blotted
with antiphosphotyrosine (p-tyrosine) and
anti-Ap antibody, respectively. (F) Immunos-
taining of P2Y . (red) and AB40 (green)in hu-
man and mouse platelets. Scale bars, 5 pm.
(G) Right panel: BLI revealed direct binding
of AB40 to integrin ay,fz. Values are means of
four independent BLI experiments. Dashed
lines represent global fitting curves using a
1:1 binding model. Left panel: purity of integrin
Pz preparation used for BLI is shown after
SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie brilliant blue
staining. (H) Representative Congo red stain-
ings of amyloid aggregate formation in the
presence of ReoPro and tirofiban, respective-
ly, in human cell culture. (1) AR aggregation in
murine platelet cell culture in the presence of
blocking antibodies (integrin a,,ps antibody,
Leo.H4, or GPIb antibody as a control). Scale
bar, 50 um
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in more detail, we analyzed fibrillar AP aggregates with thioflavin staining
(fig. S1B) and electron microscopy (Fig. 1A, middle and lower panels)
and performed Western blot analysis to determine the remaining soluble
AP40 in culture over time. We found that the amount of soluble AB40 de-
creased after 6 hours and was hardly detectable after 10 days (Fig. 1B). In
line with this result, Ap aggregate formation in these cultures was ob-
served by 6 hours and increased over time (fig. S1C).

Treatment of platelets with the acid sphingomyelinase (ASM) inhibitor
amitriptyline, which impairs the secretion of adenosine triphosphate (ATP)
and P-selectin from platelets (47), significantly reduced AP aggregate for-
mation (Fig. 1C and fig. SID). Clusterin (CLU), a chaperone glyco-
protein, is associated with the severity and risk of AD (48). The
amount of CLU that platelets secreted increased in response to AB40,
as measured by enzyme-linked immunosorbent assay (ELISA) (fig.
SIE). To investigate whether CLU plays a role in platelet-mediated forma-
tion of fibrillar AP aggregates, we performed Western blot analysis and
confirmed CLU release from platelets upon AB and thrombin stimulation
(fig. S1F), whereas amitriptyline treatment markedly reduced CLU release
(Fig. 1, D and E). Cultures of platelets from CLU knockout mice (Clu ")
displayed markedly reduced AP aggregate formation (Fig. 1F) but un-
altered integrin oyy,P3 abundance and activation upon AB40 stimulation
(fig. S2, A and B). Platelet activation as measured by P-selectin exposure,
a marker for degranulation of o-granules and integrin oyy,B; activation
upon stimulation with standard agonists such as collagen-related peptide
(CRP) and thrombin, was not substantially different between wild-type
(Che™yand Ch™ platelets (fig. S2, C and D). In addition, Western blot
analysis revealed a greater amount of remaining soluble AB40 in super-
natants from CLU-deficient platelets cultured with AB40 than in those
from controls (fig. S2E).

To further explore the effects of CLU, we performed cell culture
experiments with thCLU (Fig. 1G). Control experiments without platelets
confirmed that CLU alone did not induce A aggregate formation in so-
lution in vitro (fig. S2F). High amounts of thCLU were not toxic to
cultured platelets (fig. S2G). Addition of thCLU increased AP aggregate
formation in Clu'"* and Clu "~ platelets (Fig. 1F). AP aggregate formation
was also enhanced in human platelets treated with thCLU (Fig. 1G) or
amitriptyline (fig. S2H). High amounts of thCLU (6600 ng/ml), however,
abolished fibrillar A aggregate formation (Fig. 1G and fig. S2H). These
data suggested that CLU promotes platelet-mediated AP aggregation.

Ap40 binds to integrin B3 to induce CLU release and
fibrillar Ag aggregate formation

Previous studies indicate that fibrinogen may contribute to AD pathology
(49). When platelets were preincubated with human fibrinogen, subse-
quent AP aggregate formation was reduced (Fig. 1, H and I), suggesting
that fibrinogen binding, presumably to its physiological receptor (integrin
ogpPa), might prohibit AB binding to platelets and subsequently the for-
mation of A fibrils. To investigate whether integrin oy, is involved, we
blocked the fibrinogen binding site in integrin oyB; using antibodies.
Treating mouse platelets with Leo.H4 (a monoclonal antibody against
mouse integrin oy,B3) or incubating human platelets with ReoPro [also
known as abciximab, which binds integrin om,ps (also known as glyco-
protein 1Ib/I11a) as well as a,B;] markedly impaired the release of CLU
from platelets cultured with AB (Fig. 2, A and B), suggesting that integrin
omPs promotes the release of CLU from platelets in response to AB. To
investigate this further, we cultured platelets with AB40 for 1 hour and
found that AP colocalized with integrin oy,Bs, as analyzed by confocal
microscopy (Fig. 2, C and D). Moreover, immunoprecipitation of the f;
subunit from platelets revealed phosphorylation (activation) of the B3
subunit and pulldown of Ap when platelets were incubated with AB40

(Fig. 2E), suggesting a functional interaction between A and the B; sub-
unit (Fig. 2E), supporting our confocal microscopy data. After a period
of incubation, flow cytometry analysis detected fluorescent-tagged AB40
bound to the surface of platelets that express cy,p; integrin (fig. 83, A
and B). Tirofiban, the small synthetic nonpeptide blocker of glyco-
protein IIb/Illa (integrin aypPs), significantly reduced platelet binding
by AP and, as a control, fibrinogen (fig. S3B). Subsequent kinetic anal-
ysis by bio-layer interferometry (BLI) confirmed direct binding of
monomeric AB40 to purified integrin opuPBs with nanomolar affinity
[dissociation constant (K) of 43.8 + 18.8 nM; association rate constant
(kon) 0F 9.05 = 10° M™! §71 £2.22 x 10° M™' 57", dissociation rate con-
stant (ko) 0f 3.86 x 10 s ' +1.09 x 10 * s '] (Fig. 2G). The formation
of AP fibrils was inhibited by ReoPro or tirofiban in cultures of human
platelets (Fig. 2H) and by Leo.H4 in cultures of murine platelets (Fig. 2I),
together suggesting a prominent role for integrin oy;,p; in platelet-
mediated modulation of AP peptides. In contrast, a blocking antibody to
glycoprotein Ib (GPIb), a subunit of the von Willebrand factor (VWF) re-
ceptor on platelets, did not alter AP aggregate formation in murine platelet
cultures (Fig. 2I), suggesting that this receptor does not play a role.

Platelets from Glanzmann’s thrombasthenia patients
display reduced or no ability to modulate Ap in a manner
correlated with the abundance of integrin oy,p3

To further investigate the impact of integrin oy in the formation of fi-
brillar AB aggregates, we used platelets from patients with Glanzmann’s
thrombasthenia (GT). GT platelets have either dysfunctional integrin
anpPs or low amounts of the protein. As a result, platelet aggregation
via fibrinogen bridging of platelets to other platelets cannot occur or is
not adequate, respectively, resulting in significantly prolonged bleeding
time. Clinical characteristics and flow cytometry analysis of all GT pa-
tients are shown in Table 1. GT is classified into three subtypes according
to the abundance of integrin oyy,B; on platelets (50). To determine the
subtype of the patients from whom platelets were isolated, we measured
appPs abundance by flow cytometry (Fig. 3A and Table 1) as well as
binding of the antibody PACI, which detects only active integrin, to de-
termine the platelets’ qualitative defects. In cultures of platelets from a
patient with GT subtype L, in which integrin op,p; abundance was <5%
that of control platelets (Fig. 3B), almost no A fibrils were detectable
after 3 days in culture with AB40 (Fig. 3D). In contrast, on platelets from
a patient with GT subtype I, in which oy,p; abundance was 5 to 25% that
of controls, and from patients with GT subtype III, in which a5 abun-
dance was >25% that of controls, AP fibril formation was observed (Fig.
3D) despite no detectable integrin activation based on PACI binding (Fig.
3B). Together, these data indicate that the abundance of integrin oyy,ps
determines the ability of these platelets to modulate soluble AP because
all patients who were analyzed in this study showed qualitative defects (no
PAC1 binding). In controls and types IT and III GT platelets, pretreatment
with ReoPro prevented aggregation of AB40 (Fig. 3D), indicating that AR
aggregation was dependent on the fibrinogen receptor in these cells. The
reduced formation of AP aggregates in GT platelet cultures was paralleled
by absent (GT type I) or almost normal (GT type I1I) CLU abundance in
the respective supernatants (Fig. 3E), meaning that CLU is a major deter-
minant in platelet-induced A aggregation.

ADP promotes Ap aggregate formation

In contrast to our results for integrin om,ps, immunofluorescence of
cultured human and murine platelets indicated no colocalization of
AP with the ADP receptor P2Y, (Fig. 2F). However, A binding to
platelets was enhanced by the addition of ADP (fig. S3A), suggesting
that although the ADP receptor was not the interacting partner for Ap,
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Table 1. Characteristics of Glanzman thrombasthenia (GT) patients. Clinical characteristics and flow cytometry analysis in GT patients.
p, protein; dup, duplication; 558C=>A, substitution. Nomenclature according to the Human Genome Variation Society version 2.121101.

Patient (year of birth) Bleeding severity CD61 anti-B3, % CD42a, anti-GPIbIX, % Mutation
No.1: Adult female (1969) Bleeding tendency 35 211 ITGA2B
(moderate) Bruising 3012dup9; p.(val®”'_val®”3dup)
homozygous
No. 2: Adult male (1983) Bleeding tendency 45 255 ITGA2B 558C=>A, p.(Tyr't%*)
(moderate) 558>A, (Y155X)
No. 3: Adult female (1981) No bleeding 29 70 ITGA2B
tendency Bruising 3004_3012dup9; p.(Val®'_Vval®dup)
homozygous
No. 4: Adult female (1982) Repeated epistaxis 75 187 Not known
No. 5: Adult male (1945) Bleeding tendency 8 123 Not known

(moderate) Bruising

ADP may contribute to the interaction. Administering the ADP scavenger
apyrase, which is an ADPase, and clopidogrel, which antagonizes the
ADP receptor P2Y,, before AP stimulation dose-dependently reduced
the formation of fibrillar Ap aggregates that was induced by platelets from
healthy volunteers (Fig. 3, F and H), whereas addition of ASA, an anti-
thrombotic, did not appear to inhibit Ap aggregation (Fig. 3F). According-
ly, Ap-stimulated CLU release was substantially reduced after platelets
were treated with apyrase or clopidogrel (Fig. 3G and fig. S4D) but not
with ASA (Fig. 3G). When platelets were preincubated with both ASA
and either apyrase or clopidogrel to prevent the release of the second wave
mediators thromboxane A2 and ADP, the formation of AP fibrils was
markedly diminished (fig. S4, A to C). Accordingly, CLU release was
substantially reduced (fig. S4D). In line with these results, the addition
of ADP to Af-stimulated platelets enhanced CLU release that appeared
to be prevented by pretreatment with ReoPro (Fig. 31). These data suggest
that ADP plays an essential role in platelet-mediated AP aggregation.

Ap40 binding to integrin a,,p; induces platelet adhesion
and outside-in signaling

AP stimulation neither induced up-regulation nor enhanced ADP-
mediated induction of integrin oy,B; abundance on the platelet surface
(Fig. 4A). However, PAC1 binding was increased by treating platelets with
AP in combination with ADP compared to ADP alone (Fig. 3B). Studies
have shown that platelets adhere to immobilized AP under both static and
dynamic flow conditions (47, 43). To investigate whether integrin ay,p; is
involved in platelet adhesion to AP, platelets were incubated with Ap40
and increasing amounts of ReoPro in a static solution. Platelet adhesion
was dose-dependently inhibited by ReoPro as observed in control
experiments using collagen and fibrinogen (Fig. 4B).

Integrin oyyfBs;—mediated cell adhesion to the extracellular matrix
transmits signals within the cell that stimulates cell spreading, retraction,
migration, and proliferation. The binding of different ligands, such as fi-
brinogen, to integrin o, induces a signaling cascade into the cell (called
“outside-in signaling™) leading to the phosphorylation and activation of
various signaling molecules, including the kinase SYK or PLCy2. Western
blot analysis revealed that upon platelet stimulation with AP, prominent
phosphorylation of SYK and PLCy2 was detected with a maximum abun-
dance at 120 s of incubation (Fig. 4, C to E). PLCy2 phosphorylation was
dependent on the kinase SRC as well as SYK (Fig. 4F). Furthermore, Ap-
induced platelet aggregation and calcium (Ca®>") mobilization in platelets
were dependent on SYK (Fig. 4G and fig. S5A). Further, tirofiban signif-
icantly reduced AB-induced platelet aggregation, as did the control colla-
gen (Fig. 4H). In contrast to CLU release (Fig. 31) and AP binding to

platelets (fig. S3A), ADP did not enhance platelet aggregation, ATP re-
lease, or PLCy2 phosphorylation in response to AB (fig. S5, A to C). The
phosphorylation of SYK and PLCy2 was markedly reduced in the pres-
ence of tirofiban or ReoPro, respectively (Fig. 41). Reduced phosphoryl-
ation of SYK and PLCy2 was also observed after AP stimulation of
platelets from GT patients (Fig. 4J). The abundance of phosphorylated
SYK and PLCy2 appeared to be relatively greater in platelets from GT
type III than GT type I patients (Fig. 4J), which reflects low integrin abun-
dance, CLU release, and extent of AP aggregation (Fig. 3, A to E).

Fibrinogen binds to platelet-bound Ap40

Thus far, we have found that AP binds to integrin oyy,f; and induces plate-
let aggregation. Therefore, we asked whether fibrinogen can bridge plate-
lets by analyzing fibrinogen binding to platelet-bound Ap. Increasing
concentrations of AB40 induced the binding of fibrinogen, as measured
by flow cytometry (Fig. SA). ADP did not enhance AB-induced fibrinogen
binding, whereas ReoPro induced a significant reduction (Fig. 5B). Sub-
sequent kinetic analysis confirmed binding of monomeric AB40 to fibrin-
ogen with a K of 15 nM and of 5-hour-oligomerized AB40 with a Ky of
27 nM (Fig. 5C). Monomeric Ap42 showed a K of 104 nM, and 2.5-
hour-oligomerized AB42 showed a K; of 265 nM (Fig. 5C); these were
used as a positive control (57). In contrast to the above experiments (Fig.
LH), preincubation of platelets with fibrinogen for 30 min did not reduce
binding of fluorescent-tagged AB40 as measured by flow cytometry (Fig.
5D), suggesting that AB can bind to the fibrinogen-integrin complex.

AB40 binds with its RHDS sequence to integrin oy,p3 to
induce outside-in signaling

APP and its derivative proteolytic fragment peptides contain an RHDS
sequence at the amino acid residues 5 to 8 of the AP domain (52). To
investigate whether AP binds with its RHDS sequence to the RGDS
binding domain of integrin oyy,B3, as does fibrinogen (53), we used mu-
tated AB40 peptides that had either an inverted (SDHR) or a scrambled
(HRSD) motif, respectively. Neither AB40;,,ereq NOT AP40scrambiea induced
PLCy2 phosphorylation, Ca>* mobilization, or platelet aggregation (Fig.
6, A to C). Moreover, CLU release was strongly reduced (Fig. 6D). Ac-
cordingly, platelets cultured with mutated AB peptides failed to induce the
formation of AP fibrils (Fig. 6E).

To investigate the structural consequences of AB40 binding to integrin
appPs at an atomistic level, we performed all-atom molecular dynamics
(MD) simulations of a complex of the propeller, BA, and hybrid domains
of integrin oy,P; bound to the first 14 residues of AB40, AB40;, crea OF
AP40yampiea (Fig. 6, F and G) of 500-ns length each. The simulations

www.SCIENCESIGNALING.org 24 May 2016 Vol 9 Issue 429 ra52 5

810z ‘sz Aepy uo /Bio Bewaousios eyis/:dny wolj pepeojumoq

74



Publication 1

RESEARGCH ARTICLE

-
W

WFI [CDB1-FITC, % of control]
Number of adhesive platelets
8

= PMA ADP Apau ADP = . =

Fig. 4. Ap binding to integrin a3 induces
platelet adhesion and outside-in signaling.
(A) aupps abundance assessed by flow
cytometry [mean fluorescence intensity
(MFI) CDB1-FITC (fluorescein isothio-
cyanate)] in platelets stimulated with
PMA (phorbol 12-myristate 13-acetate),
N ADP, Ap40, or ADP and Ap40 (n =6

- 005 05 1 10

A0 Collagen  Fibiinogen

(2]
o

- P-SYK Tyremom

cCeoeceoeeee®

o —— — p-PLC2 Ty

“- [EE—— —_ PLCy

15 15 30 45 B0 90 120 180 300 300 Time[s] 15 146 30 45
Aa0 -

Phospho-Syk Tyr50
Control=1a.u
»

- T *

]

Phospho-PLC2 Ty’

Contral 155 =1 au.
@
Phospho-PLC/2 Tyr'™

Conwol=1au.
a

Time [seo] 15 16 30 45 60 90 120 180 300 300
Apao - . . ' + o+ + v =

a0 o ® 03 -
025
02

= 015

Light Fansmissionin %
Fluorescencefalio
(340/380m)
Light ransmissionin %

0 o
BAY&1-3608 [10 M) - + =
AB40 [10 uM] .

| J

GTiypel

-SYK Tyrsessze -
F L4 (Tyrszssen)

— — —— —— — - SYK
p-PLC2

S5 e == - & PRI _— (Tyi™) -

N —— — — — — —
AB4D - 300 60

= = + - Tirofiban -
= = - + ReaPro = + = - -

PLCr2
Time [s]

ABdD
GRP

= + . + 120 180

region of the center of helix a1 and the N terminus of helix a7: the AB40
complex shows tighter hydrophobic interactions (*“T-junction formation™)
(54, 55) than the complexes of AB40ivered and AP40srmblea (Fig. 61).
Furthermore, the AB40 complex showed a significantly more pronounced
shift of the BA domain relative to the propeller domain (Fig. 6H). Tjunction
formation (54, 55) and a shift of the PA domain (56, 57) have been sug-
gested previously to lead to a change in the interdomain BA/hybrid domain
hinge angle (Fig. 6G) (58), which is considered to result in integrin acti-

(o) experiments). (B) Platelet adhesion to im-
mobilized Ap40 under static conditions in
the presence or absence of ReoPro. Cov-
erslips with collagen and fibrinogen
served as positive controls (n = 3 to 4
experiments). (C to E) Representative
Western blots (C) and quantification (D
and E) for phosphorylated spleen tyrosine
kinase (SYK) and phospholipase Cy2
(PLCy2) in platelets stimulated with Ap40
(n = 4 experiments). (F) Western blotting
assessing the effects of inhibitors of SRC
(PP2) or SYK (BAY61-3606) on A4C-induced
phosphorylation of PLCy2 Tyr’™®® (n = 4
experiments). (G) Effects of BAY61-3606
on platelet aggregation (left) and Ca®* mo-
bilization (right) (n = 3 to 4 experiments).
(H) Platelet aggregation of human platelets
in response to collagen (control) and Ap40
(n = 3 experiments). (1) Representative
Western blots of phosphorylated SYK
and PLCy2. PLCy2 and SYK were used
as loading control (n = 3 experiments).
(J) Western blot analysis of phospho-SYK
and phospho-PLCy2 in platelets from GT
patients after stimulation with CRP or Ap40
(n=1 patientof GT types | and Il, n=3
patients of GT type lll). Data are means
+ SEM. *P < 0.05, ***P < 0.001, ttest; ns,
not significant.
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vation (Fig. 6F) (59). Together, the MD simulations reveal that AB40
bound via its RHDS motif leads to conformational changes in the
headpiece of oyB; that have been linked to integrin activation.

Antiplatelet therapy reduces vascular A plaques (CAA)
in cerebral vessels of APP23 transgenic mice

To explore the effects of platelets on AP fibril formation in vivo, we treated
APP23 transgenic mice, which develop CAA (60), with an antiplatelet
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Fig. 3. Platelets from GT patients failed to
modulate Ap or display reduced Ap
aggregate formation. (A and B) Flow cy-
tometry analysis of platelets from GT pa-
tients to examine (A) expression and (B)
activation of integrin o Pz upon Ap stim-
ulation. (C and D) Quantification of fibrillar
AP aggregates (C) and representative
images of Congo red staining (D) in plate-
lets from patients with different subtypes of
GT incubated with Ap40 for 3 days in the
absence or presence of ReoPro. Scale
bar, 50 um. (E) Western blot analysis for
CLU in supernatants and lysates of plate-
lets from GT patients (n = 1 patient of GT
types | and Il, n = 3 patients of GT type IlI;
controls n = 6). (F) Platelet-induced amy-
loid aggregate formation in the presence
of acetylsalicylic acid (ASA) or apyrase in
platelets from healthy volunteers (n = 3
experiments). Scale bar, 50 um. (G) West-
ern blots of supernatants from human plate-
lets treated with apyrase or ASA before
stimulation with Ap40 (n = 3 experiments).
(H) Amyloid aggregate formation in the
presence of clopidogrel (n = 3 experiments).
Scale bar, 50 um. (1) Representative Westem
blots of CLU in supematants of human plate-
lets in the presence and absence of ReoPro
(n = 3 experiments). Data are means + SEM.
*P < 0.05, *™P < 0.01, Student’s ¢ test.
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revealed overall minor structural differences when considering the integrin
domains separately [root mean square deviation (RMSD) over all C,
atoms <3.5 A; fig. $6], indicating stable simulations. The AB40 variants
remained in the binding region between the propeller and A domains

(RMSD, <2 A), with AB40;veried and AB40yrambiea showing larger struc-
tural differences than AB40 (figs. S7 and S8). Significant structural
variations were found between the BA domain of the AB40 complex
and the AP40;,yened and AP40,.ampbiea cOmplexes, respectively, in the
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Immunochistochemistry of clopidogrel-treated
and untreated APP23 mice revealed the
appearance of senile and diffuse AP plaques
inthe hippocampus and cortex of both groups.
Plaque size in the cortex of clopidogrel-treated
APP23 mice was comparable to mice that
did not receive therapy (Fig. 7, A and B).
However, we did see reduced AB deposits
in the hippocampus of clopidogrel-treated
mice, although this did not reach statistical
significance (Fig. 7, A and B).

Analysis of CAA was performed by
confocal microscopy and A staining with
appropriate antibodies to visualize Ap
plaque formation in cerebral vessels (Fig.
7C), as well as Congo red staining (Fig.
7D) to identify AP-positive vessels. The
6E10 antibody used in this study is an
amyloid-specific pan-Af antibody detecting
both AB40 and AP42 (63) that has been
utilized in different in vitro and in vivo stu-
dies (64-66). The number of cerebral ves-
sels that were affected by CAA, the total

0 200 400 600 800

Tima [s]

03 04 20 < area of CAA, and the number of affected
g ” 5 10 vessels were significantly reduced in mice
£ & i treated with clopidogrel (Fig. 7, C to E).
e o 05 = Reduced CAA in clopidogrel-treated

o0 4 il 00 . : . 1 S APP23 transgenic mice was coincident

¢ 2 4 & 8 0 0 2 4 B B W0 0 2 4 & B W 0 2 4 8 B W with strongly reduced platelet activation
Fomagen g Fhinogan{yM] Fhinogon{yM] Fidnogan{yM] (Fig. 7G) and significantly reduced plasma
T CLU levels (Fig. 7F). Together, the inhibi-
of fbxinogen — 10pM ——2.5pM —— 0.63 M —— D.18 pM—— 004 pM —— 0.01 M —— 0.003pM — 10y ——29uM —— 0.82M—— 023 M tion Df p!ate]et activation reduccd Aﬁ
e SR SR plaque formation in cerebral vessels of
D y APP23 mice.
Fig. 5. Fibrinogen binding to platelet-bound Ap. (A and B)
- Platelets were pretreated with soluble Ap40 and incubated ~ DISCUSSION
H with fibrinogen-Alexa Fluor 488 to measure fibrinogen The present study discloses an important
g" binding by flow cytometry (n = 3 experiments). (B) Deter- role of platelets in the development of vas-
5: mination of fibrinogen binding to Ap40 in the presence of cular AB deposits (CAA). According to
L ReoPro (n = 3 experiments). (C) Ky of the Ap-fibrinogen in- 3 :
H : . : : the present observations, AB40 bound with
teraction by BLI. Each of the eight tips was loaded with . : ;
- : : its RHDS sequence to platelet integrin
monomeric AB40, 5-hour-oligomerized Ap40, monomeric :
AB40[10 pgimi] + + . + A " ; oypBs and induced the release of CLU re-
ADP 5 M) . - " Ap42, and 2.5-hour-oligomerized Ap42, each at 1.2 uM final sulting in AP fibril formation, a key event
Fiosogen50 pginl = P ' concentration, and the interaction with fibrinogen concentra- ;

tions were determined. The K4 was determined (n = 3

experiments). (D) Platelets were preincubated with fibrinogen followed by incubation with Ap40-Alexa
Fluor 488. Ap40 binding to platelets was measured by flow cytometry (n = 3 experiments). Data are means +

SEM. *P < 0.05, **P < 0.01, Student’s ¢ test.

therapy. Because treatment of mice with ReoPro is not feasible (67), we
used tirofiban injections to inhibit platelet activation. However, tirofiban
was not satisfying because platelet inhibition in mice was only temporary
and returned to normal levels within 2 hours (fig. $9). Thus, we decided to
treat APP23 mice with clopidogrel, which was previously shown to
effectively inhibit platelet activation (62) for a period of 3 months. We then
assessed AP deposition by immunohistochemistry. It is well known that a
robust increase in brain AB40 begins at the age of 8 months in the frontal
cortex. At 12 months of age and later, there is a progressive increase in
plaque number and size in different brain regions of APP23 mice (29).

in the development of CAA. CLU is a
chaperone protein involved in rapid pro-
gression of AD because CLU influences
the structure and toxicity of AP peptides
and AP deposition. Af-induced outside-in
signaling of platelet integrin am,Ps resulted
in ADP release that played an important role in CLU-mediated AR
aggregate formation because treatment with clopidogrel prevented platelet-
induced formation of AP aggregates in culture and reduced CAA in APP23
transgenic mice in vivo. The analysis of platelets from GT patients confirmed
the relevance of integrin ayp,Bs for platelet-mediated Ap fibril formation and
CLU release. Besides, AB40 binding to integrin oyp,f; induced platelet
adhesion and platelet aggregation via fibrinogen binding that might play
an important role in the occlusion of CAA-affected cerebral vessels. Ap-
induced signaling in platelets and functional consequences were summar-
ized in a schematic illustration (Fig. TH).
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of fibrinogen, which competed for
integrin binding with AP, reduced fi-
bril formation, suggesting that plate-
let degranulation and integrin ouyp,ps
played a pivotal role in platelet-
mediated AP oligomerization. The
crucial role of integrin oy,P; was
supported by inhibitory experiments
with ReoPro, tirofiban (human plate-
lets), and Leo.H4 (murine platelets).
Cell culture experiments using plate-
lets from GT patients confirmed the
results with integrin-inhibiting anti-
bodies and demonstrated that integ-
rin expression level determined the
ability of platelets to induce Ap fibril
formation. Platelets from GT type T
did not induce AP oligomerization
and displayed no CLU release,
whereas platelets from GT types II
and IIT induced moderate AP ag-
gregate formation and CLU release.
Because platelets from GT types I
and Il showed almost no PAC1
binding, it is tempting to speculate
that AP binds to activated and non-
activated integrin oyp,f5. This is in
line with the results of our all-atom
MD simulations suggesting that A
binds to nonactivated integrin. In
contrast, flow cytometric analysis
revealed that AB40-Alexa Fluor
488 does not bind to nonactivated
integrin with a similar binding prop-
erty as fibrinogen. Moreover, plate-
lets became activated in the platelet
culture model used in this study
probably because the surface of the
chamber has adhesive properties for
platelets that might lead to integrin
activation. However, according to
our data, it is not entirely clear if AR
is able to bind to nonactivated integ-
rins or if a conformational change of
integrins is necessary. This issue still
needs further investigation and will
be of major interest because AB40
would bind to integrins on circulat-
ing platelets in an arbitrary manner
if no conformational change of in-
tegrin oyPs is necessary for AP
binding to platelets.

Our data revealed that AB40
interacts with integrin oyy,ps with
high affinity because we determined
a Ky of AP40 that is near the
(patho-)physiological concentration

AP fibril formation in cell culture occurs at sites of activated plate-  of AB40 in plasma. Furthermore we provided evidence that AB40 binding
lets and results from platelet-mediated modulation of soluble AB (4/).  to integrin op,P; is mediated via its RHDS sequence. Earlier, it has been
Reduced platelet secretion upon inhibition of ASM as well as addition  reported that the sequence RHDS (amino acids 5 to 8 of A) is responsible
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for an adhesion-promoting activity of AB (67) that might involve platelet
membrane integrin receptors (68). Besides integrin o3, platelets contain
ovPs and asP; integrins, which engage extracellular matrix ligands that con-
tain the canonical Arg-Gly-Asp (RGD) motif (69, 70). Thus, these integrins
might also act as receptors for AP representing an alternative mechanism.
Future work is needed to address whether AB is able to bind to other integ-
rins via the RGD motif and whether that results in related cellular
consequences.

]

Plaque area

mAPPZI
BAPPZ3 4+ Ciop.

Fig. 7. Antiplatelet therapy reduces vascular Ap
plaque formation (CAA) in APP23 transgenic
mice. APP23 and wild-type (C57BL/6J) mice
were fed daily with clopidogrel for 12 weeks.
(A) AB immunostaining in coronal brain sec-
tions shows Af deposits in the cortex and in
the hippocampus. Scale bars, 500 pm (first
row), 100 um (second and third rows, left),
50 um (second and third rows, right). (B) Quan-
tification of plague area in the hippocampus
and in the cortex of APP23 mice. (C) Immu-
nohistochemical analysis of Ap deposition
(6E10, red) in cerebral vessels using confocal
microscopy. Adherent platelets were visual-
ized with a platelet-specific marker (GPlb,
green). Cell nuclei were stained with DAPI
(4' 6-diamidino-2-phenylindole; blue). Scale
bar, 50pm. (D) CAA was determined by Congo
red staining. (E) Number of affected amyloid-
positive cerebral vessels and the total area
of CAA in APP23 mice. (F) Level of plasma
CLU after treatment of mice with clopidogrel.
(G) Integrin activation of platelets isolated from
mice treated or untreated with clopidogrel
using flow cytometry. (H) Tentative schematic
illustration of Ap binding to platelet integrin
aypPz and functional consequences [modi-
fied according to Nieswandt et al. (70)]. All
data are means + SEM of five mice per group.
*P < 0.05,*P < 0.01, Student's ¢ test.
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Qur all-atom MD simulations confirmed AB40 binding to the head
region of integrin ayy,Ps to introduce an allosteric conformational change
that has been linked to integrin activation before (54, 55). The C-terminal
domain of AB protruded from the Ap/integrin complex, which might al-
low further binding of AB40 molecules to induce AP oligomerization and
AP fibril formation at the surface of platelets. Recent studies propose that
the main aggregation seems to happen via the C terminus of AB40 and
that fibril formation is known to take place at residues 16 to 20 (71, 72).
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CLU is associated with the severity, pathology, and progression of AD
and can influence the structure and toxicity of AB. Various clinical trials
show that increased concentrations of plasma CLU correlate with the rate
of clinical progression in AD (48, 73, 74). CLU has an ambivalent role in
AD because it displays anti- and pro-AD properties. Cell culture
experiments suggest that CLU-mediated effects are determined by the con-
centration of the protein (73). The fact that increased CLU levels in APP23
transgenic mice were reduced to normal levels by antiplatelet therapy sug-
gests that platelets may be the major source of plasma CLU and not astro-
cytes (73) and emphasizes the crucial role of platelet-derived CLU in CAA.
Knockout of CLU reduced but does not prevent AB plaques in the brain of
PDAPP mice (75). In line with previous reported results, AB stimulation of
CLU-deficient platelets resulted in significantly reduced but not absent
platelet-mediated Ap fibril formation, suggesting an important but not essen-
tial role for CLU in platelet-induced AP fibril formation.

Absent colocalization of AB and the ADP receptor P2Y;; proposed
that not AB binding to the ADP receptor but ADP itself plays a pivotal
role in platelet-mediated AP fibril formation. Both the ADP scavenger
apyrase and the P2Y, inhibitor clopidogrel reduced CLU release and
prevented AP aggregate formation in vitro, and clopidogrel decreased
CAA in APP23 transgenic mice in vivo. Moreover, ADP increased
binding of AB40 to platelets and amplified the release of CLU upon stim-
ulation of platelets with AB. ApB-induced platelet activation and aggrega-
tion are already shown in different studies (4/—44, 68, 76). We observed
no priming of Ap-induced effects on platelet activation by ADP. However,
AB40 enhanced PAC! binding upon ADP stimulation of platelets. Fibrin-
ogen binding to AP might explain the ability of Ap to induce platelet ag-
gregation and suggests that fibrinogen bridges AP/integrin opmPs
complexes of platelets. Here, we determined the binding affinity of fibrin-
ogen and AP40 and found slightly lower K values for monomeric com-
pared to oligomeric AB40. Recent studies show that depletion of
fibrinogen is successful to reduce CAA in AD mice (49). The authors
provide evidence for Ap mediated oligomerization of fibrinogen playing
a critical role in AD (57). According to the present observations, we as-
sume that AB-induced platelet aggregation and fibrinogen binding play a
critical role in CAA because increased platelet activation in APP23 mice
(45) may lead to enhanced fibrinogen binding that is critically involved in
the occlusion of cerebral vessels. We previously observed occlusion of ce-
rebral vessels in AD transgenic mice (47).

To date, the reason for the increase of AP within the cerebral vessel is
unclear. Increased production or altered clearance of AP might cause
CAA. Moreover, SMCs in the media support the deposition of AP in
the vessel wall (77), but the onset of AP deposition occurs at the outer
basement membrane (27). According to our data, we suggest that platelets
are responsible to induce the onset of CAA. This idea is supported by
antiplatelet therapy of APP23 mice leading to inhibited platelet activation,
reduced CLU release, and significantly reduced CAA with less adherent
platelets at AR deposits. Most noteworthy, GT patients are described to not
suffer from neurodegenerative diseases, strongly suggesting that platelets
and integrin ompPs are markedly involved in the pathology of AD (78).
Here, we did not observe alterations in AP deposition in brain parenchy-
ma, although a reduction of Ap plaques was observed in the hippocampus
without reaching statistical significance. This might be due to the short
period (for 3 months) or late start of clopidogrel treatment of APP23 mice.
Here, mice were treated from 13 months of age because the onset of
CAA is around 12 months of age. However, parenchymal Ap deposition
at this time point is already prominent (29, 46). Thus, our in vivo find-
ings support the mechanism suggested by cell culture and other in vitro
experiments and suggest that antiplatelet therapy may alleviate fibril forma-
tion, However, testing a long-term antiplatelet therapy in future experiments

will be important to clarify whether this represents a new therapeutic ap-
proach to prevent fibril formation and CAA in mice and humans.

Together, our data revealed a critical and direct contribution of plate-
lets in the development of CAA through an interaction with and aggre-
gating effect on AP, and we propose that this contributes to the
progression of AD.

MATERIALS AND METHODS

Chemicals and antibodies

Soluble AP(1-40) (American Peptide, cat. no. 62-0-78A) sequence
(single-letter code), DAEFRHDSGYEVHHQKLVFFAEDVGSNK-
GAIIGLMVGGVYV. Synthetic mutated AB(1-40) (Innovative Peptide
Solutions): AB(1-40) scrambled RHDS-Sequence, DAEFHRSDGYE-
VHHQKLVFFAEDVGSNKG AIIGLMVGGVV (Arg-His-Asp-Ser—
His-Arg-Ser-Asp, RHDS—HRSD). AB(1-40) inverted RHDS-Sequence,
DAEFSDHRGYEVHHQKLVFFAEDV GSNKGAIGLMVGGVV (Arg-
His-Asp-Ser— Ser-Asp-His-Arg, RHDS—SDHR). Stock solutions with a
concentration of 1 mg/ml were solved in a sterile tris buffer and stored at
—20°C. Before application, peptides were tested for correct sequence and
purity by mass spectroscopy (matrix-assisted laser desorption/ionization)
and reversed-phase high-performance liquid chromatography analysis.
Apyrase (grade 111, from potato), fura-2/AM (fura-2 acetoxymethylester),
and BAY61-3606 (2-[[7-(3,4-dimethoxyphenyl)-imidazo[1,2-c]pyrimidin-
SylJamino]pyridine-3-carboxamide hydrochloride) were from Sigma. PP2
(3-(4-chlorophenyl) 1-(1,1-dimethylethyl)-1H-pyrazolo|[3.4-d]pyrimidin-
4-amine) and PP3 (1-phenyl-1H-pyrazolo[3.4-d]pyrimidin-4-amine) were
from Tocris Bioscience. The phospho-SYK (Tyr’>>*2%) antibody (#3584),
phospho-PLCY2 (Tyr™*) (#3874), and unmodified PLCy2 (#2711) antibo-
dies, as well as the horseradish peroxidase (HRP)-conjugated secondary
antibodies (#7074 and #7076), were from Cell Signaling Technology. The
B-tubulin antibody (clone AA2) (#05-661) was from Upstate/Millipore.
All other reagents were of analytical grade.

GT patients

Five patients belonging to unrelated families with a diagnosis of GT were
analyzed. Diagnosis of GT was done on the basis of clinical and hemato-
logic parameters. Bleeding characteristics were evaluated by examining
available hospital records. CD61 and CD42a expression was performed
by flow cytometry. Integrin o activation (PACI binding) upon AP
stimulation was determined using PAC1 antibody that specifically recog-
nizes the active form of the integrin. The MFI for each measurement was
determined by flow cytometry. The Ethics Committee of the Heinrich Hei-
ne University approved the collection of blood samples based on the pa-
tients’ consent.

Animals

APP23 mice were provided by Novartis Pharma AG. APP23 mice are
intensively characterized for their AD phenotype and formation of A
plaques in cerebral vessels and brain parenchyma (60, 64—66). APP23
mice first develop individual AP plaques in the neocortex at 6 months
of age. The onset of CAA is at 12 months of age (46). For experiments,
13-month-old male or female APP23 transgenic mice (6(?) and age-matched
C57BL/6J were used, and antiplatelet therapy with clopidogrel (active
enantiomer) for 12 weeks was performed. The mice (five per group) were
fed once daily with 2 mg of clopidogrel (Actavis) or vehicle as control. At
the age of 16 months, APP23 mice were sacrificed, and brains were
removed and analyzed for amyloid plaque formation (CAA). Male and
female CLU-deficient mice (Clu ) were backcrossed to the C57BL/6
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strain, and genotype was assessed by polymerase chain reaction as de-
scribed (79). All animal experiments were conducted according to the
Declaration of Helsinki and German law for the welfare of animals. The
protocol was approved by the Heinrich Heine University Animal Care
Committee and by the district government of North Rhine-Westphalia
(LANUV, NRW; permit number: 84-02.05.20.12.284; O 86/12; 84-
02.04.2012.A405).

Histology

Brains were removed and immersion-fixed for 24 hours in 4% para-
formaldehyde and then cryoprotected in 30% sucrose for an additional
24 hours. After freezing in nitrogen-cooled propane, thick coronal sections
were cut through the brains using a cryostat. The 25-um-thick sections were
collected in 0.1 M tris-buffered saline and stained immunohistochemically.
The antibody 6E10 (1:1000, BioLegend) was used for immunostaining of
AP, and antibody CD42b (1:100, Xia.G7, emfret ANALYTICS) was used
for immunostaining of the platelet-specific GPIb. The 14-pum-thick sections
were stained with Congo red according to standard protocols.

Murine platelet preparation

Murine blood from retro-orbital plexus was collected and centrifuged
at 250g for 5 min at room temperature (RT). To obtain platelet-rich
plasma (PRP), the supernatant was centrifuged at 50g for 6 min.
PRP was washed twice at 650g for 5 min at RT, and pellet was resus-
pended in Tyrode’s buffer [136 mM NaCl, 0.4 mM Na,HPQ,, 2.7 mM
KCl, 12 mM NaHCOs, 0.1% glucose, 0.35% bovine serum albumin
(BSA) (pH 7.4)] supplemented with prostacyclin (0.5 uM) and apyrase
(0.02 U/ml). Before use, platelets were resuspended in the same buffer
and incubated at 37°C for 30 min.

Human platelet preparation

Fresh acid citrate dextrose anticoagulated blood was obtained from healthy
volunteers between the ages of 18 and 50 years. The blood was centri-
fuged at 200g for 10 min. PRP was separated and added to phosphate-
buffered saline (PBS) [pH 6.5, apyrase (2.5 U/ml) (Sigma), 1 uM PGI]
in 1:1 volumetric ratio and centrifuged at 1000g for 6 min. The platelet
pellet was resuspended in Tyrode’s buffer [140 mM NaCl, 2.8 mM KCI,
12 mM NaHCOs, 0.5 mM Na,HPO,, 5.5 mM glucose, 0.1% HIBSA (pH
7.4)]. The platelet count was adjusted as required for the applied function-
al assay.

Human and murine platelet culture

Human or murine platelets were prepared and incubated for 15 min with
2 ug/10° platelets anti-mouse integrin ay,Bs antibody [Leo.H4/Rat, im-
munoglobulin G2b (IgG2b), emfret ANALYTICS]; 2 pg/ 10° platelets
anti-mouse GPIbo (Xia.B2/Rat, [gG2a, emfret ANALYTICS); 5 pg/ 10°
platelets ReoPro (Lilly), 0.05/10° or 0.5 pug/10° tirofiban (Correvio),
10, 25, 50, and 100 uM clopidogrel hydrogen sulfate (active enantio-
mer, Tocris Bioscience), and apyrase (2 and 10 U/ml)/100 uM ASA,
and then adjusted to a final concentration of 2 = 10° platelets per 150 ul of
medium (Dulbecco’s modified Eagle’s medium). Amitriptyline (7 puM)
(Sigma), human fibrinogen (250 pg/ml), and thCLU (100, 200, 500, or
6600 ng/ml) (R&D Systems) were added to the platelet culture. Platelets
were stimulated with 5 uM AB40 for 3 days. After incubation, unbound
platelets were removed by rinsing with PBS, whereas adherent platelets
were fixed with 2% paraformaldehyde and stained for fibrillar AP aggre-
gates with Congo red according to the manufacturer’s protocol (Merck).
Thioflavin T staining: fixed platelets were rinsed with distilled water and
applied to 1% thioflavin (AppliChem) for 3 min, followed by 1% acetic
acid for 10 min, and embedded in glyceringelatine.

Quantitative analysis of fibrillar Ap aggregates in brain
and platelet cell culture

For quantification of plaque load in the brain of APP23 mice, images were
captured by an Axiocam 105 color (Zeiss) camera at a magnification of
%2.5 to visualize the entire hippocampus/entorhinal cortex in a single
frame as well as by 10x, 20x, or 40x objectives using a Zeiss Axio Ob-
server. Five optical sections from each field of the specimen were recorded
with the AxioVision software (Zeiss) and analyzed. Plaque load was
calculated blinded to the conditions by determining the area of A plaques
(a combination of senile and diffuse plaques) in the parenchyma of the
hippocampus and cortex and shown as a percentage of the total area
examined. To determine vascular AP deposits, Congo red staining was
performed, and CAA positive vessels in the cortex and hippocampus were
counted. Size of vascular AP plaques was calculated using the ZEN
software (blue edition, 2012, Zeiss).

Phase-contrast images of fibrillar AP aggregates in the platelet cell
culture were stained with Congo red according to the manufacturer’s
protocol (Merck) and recorded with the AxioVision software (Zeiss).
Images from different fields of each sample were imported into the Image]
program (National Institutes of Health). Conversion to grayscale was
performed to distinguish between areas of immunoreactivity and back-
ground. Total area of immunoreactivity was determined using a standar-
dized histogram-based threshold technique and then subjected to particle
analysis.

Cell lysis and immunoblotting for CLU

Platelets (60 * 10% [when indicated, pretreated with anti-mouse integrin
ampPs antibody (Leo.H4) or ReoPro for 15 min; apyrase (10 U/ml) or
100 uM ASA for 10 min] were stimulated with 5 pM native Ap40, 5 uM
inverted AP40, 5 uM scrambled AB40, thrombin (0.5 U/ml), and 5 uM
ADP in Tyrode’s buffer (pH 7.4) for 30 min at 37°C. After incubation, the
platelets were centrifuged at 540g and then separated in supernatant and
pellet. Stimulated platelets were lysed for 15 min on ice with lysis buffer
[for human platelets:145 mM NaCl, 20 mM tris-HCI, 5 mM EDTA, 0.5%
sodium deoxycholat, 1% Triton X-100, and complete protease inhibitor
cocktail (PI); for murine platelets: 15 mM tris-HCl, 155 mM NaCl,
1 mM EDTA (pH 8.05), 0.005% NaN3, 1% IGPAL and PI]. Platelet ly-
sates and supernatants were prepared with reducing sample buffer
(Laemmli buffer) and denatured at 95°C for 5 min, separated on SDS—
polyacrylamide gel, and transferred onto nitrocellulose blotting membrane
(GE Healthcare Life Sciences). Subsequently, the membrane was blocked
using 5% BSA in PBST (PBS with 0.1% Tween 20) and probed with the
appropriate antibody. Anti-CLU antibody (for human platelets) (IgG, Pro-
teintech, 1:500) and anti-mouse CLU (for murine platelets) (rabbit, IgG,
Sino Biological Solution Inc., 1:500) were used, followed by incubation of
membranes with peroxidase-conjugated goat anti-rabbit IgGs (1:2500).
Protein bands were visualized by the use of Immobilon Western Chemi-
luminescent HRP Substrate solution (Bio-Rad).

Immunoblotting of Ap from cell culture supernatants
Supernatants (12 pl) from the cell culture were prepared with reducing sam-
ple buffer (Laemmli buffer) and denatured at 95°C for 5 min, separated on
15 % SDS—polyacrylamide gel, and transferred onto nitrocellulose blotting
membrane. Membranes were blocked in 5% nonfat dry milk in tris-buffered
saline containing 0.05 % Tween 20 (TBST) and then incubated with 6E10
antibody (Covance, SIG-39320; diluted 1:2,000) followed by goat anti-
mouse-horseradish peroxidase (HRP) (Dianova, 115-035-003; diluted
1:5,000). Band intensities were quantified with the Image Lab software
(Bio-Rad) relative to a dilution series of AP40 present in a mixture of
AP standard peptides.
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Platelet adhesion on immobilized Ap

Synthetic AB40 (200 pg/ml), collagen (200 pg/ml), and fibrinogen
(100 pg/ml) were immobilized on a 96-well plate overnight and then
blocked with 300 pl of 1% BSA solution for at least 60 min. Humane
platelets were prepared, and platelet count was adjusted to 10 x 10° plate-
lets/ml and incubated for 15 min with ReoPro. Platelet adhesion was ana-
lyzed under static condition.

Immunoprecipitation

Resting and AP40- or ADP-stimulated platelets (400 x 10° platelet/ml)
were lysed, and samples were incubated with B; integrin antibody
(Luc.HI1, emfret ANALYTICS). Protein G—Sepharose was washed,
and samples were incubated with G-Sepharose overnight at 4°C. The
Sepharose pellet was washed before addition of Laemmli sample
buffer. Immunoblotting was performed as indicated. Antibody 4G10
(Millipore) was used to analyze tyrosine phosphorylation of the B; in-
tegrin subunit upon stimulation of platelets with Ap40 or ADP.

CLU quantification

CLU levels in the plasma of mice were determined using ELISA
(mouse CLU ELISA; MCLUO00, R&D Systems). For determination
of total amount of CLU released by platelets upon stimulation, platelets
(2 % 10° platelet per 150 pul of medium) were stimulated with 5 uM
AP40 for | min at RT. The reaction was stopped by the addition of
apyrase (2 U/ml) and centrifuged at 650g for 5 min. CLU levels were
determined using ELISA (human CLU ELISA, DCLU00, R&D
Systems).

Flow cytometry

Flow cytometry analysis of murine platelet activation was performed using
fluorophore-labeled antibodies for P-selectin (CD62, M130-1, emfret
ANALYTICS) expression, the active form of oyy,B; mtegrin (JON/A-PE,
M023-2, emfret ANALYTICS), and for integrin By (CD61, Luc.HI 1, em-
fret ANALYTICS) expression. Blood was diluted in Tyrode’s buffer and
washed twice. Blood samples were mixed with antibodies stimulated with
ADP for 15 min at RT. For analysis, washed platelets were diluted in
Tyrode’s buffer incubated with ADP fluorophore-labeled peptides HiLyte
Fluor 488-Ap(1-40) (AnaSpec) or Alexa Fluor 488—fibrinogen (Life
Technologies) for 15 min at RT. The reaction was stopped by the addition
of PBS, and samples were immediately analyzed on a FACSCalibur flow
cytometer (BD Biosciences). Where indicated, platelets were pretreated
with the ReoPro, tirofiban, soluble fibrinogen, or soluble AB40.

Electron microscopy of platelet culture with Ap40
Platelets (2 = 106) were stimulated with 5 uM AB40 for 3 days and then
was fixed with Kamovsky’s fixative [3% formaldehyde, 2.5% glutar-
aldehyde, 0.1 M phosphate buffer (pH 7.4)] for 10 min at 37°C and stored
at 4°C. Postfixation was based on 1.0 % osmium tetroxide containing 1.5 %
K-ferrocyanide in 0.1 M cacodylate buffer for 2 hours. After following the
standard methods, blocks were embedded in glycide ether and cut using an
ultramicrotome (Ultracut, Reichert). Ultra-thin sections (30 nm) were
mounted on copper grids and analyzed using a Zeiss LIBRA 120 transmmis-
sion electron microscope (Carl Zeiss) operating at 120 kV (80).

Immunostaining

Murine or human platelets were prepared and incubated with 5 uM
AB40 or without AB40 for 3 days. After incubation, adherent platelets were
fixed with PHEM buffer (100 mM PIPES, 5.25 mM HEPES, 10 mM EGTA,
20 mM MgCl,, pH 6.8) for 10 min and then blocked with 5% BSA for 1 hour
at RT. After washing with PBS, the slides were incubated with anti-mouse

integrin ayBs (2 pg/10° platelets, Leo.F2, emfret ANALYTICS) and anti-
mouse/human P2Y, receptor (TA328648, OriGene) and then stained using
the indicated fluorochrome-conjugated secondary antibody (Alexa Fluor
568 goat anti-rat, Invitrogen, Alexa Fluor 555 donkey anti-rabbit) and
fluorochrome-conjugated anti-Ap, 1-16 antibody (6E10, BioLegend) or
FITC-B-Ala-AB(1-40) (H-6326, Bachem). After washing with PBS, cover-
slips were mounted with fluorescent mounting medium (Sigma), and fluo-
rescence was detected using a Zeiss Elyra PS microscope with 63 objective.

Bio-layer interferometry

Nonbiotinylated AB40 and AB42 or N-terminally biotinylated Ap40
(Bachem) were dissolved in hexafluoroisopropanol (HFIP) for mono-
merization purpose overnight at RT then aliquoted into Eppendorf low-
binding 1.5-ml tubes into the desired amount, typically 50 to 80 ug per
tube. The solution was frozen in liquid nitrogen, and afterward, the
HFIP was removed in a centrifugal vacuum concentrator. The resulting
powder was stored at RT. For interaction studies of Ap with fibrinogen,
nonbiotinylated AB40 or AB42 was freshly dissolved in PBS [10 mM
sodium phosphate buffer, 154 mM NaCl (pH 7.4); PBS] in respective con-
centrations before use. Fibrinogen from human plasma was purchased
from Sigma-Aldrich as 50 to 70% pure powder. It was stored frozen
and dry until the intended use. For BLI measurements, fibrinogen was
dissolved in PBS to a concentration of 10 uM and dissolved into the re-
spective concentration for measurement in the range of 10 uM to 3 nM.
An association and dissociation time of each 700 s (i to iii) or of each 400 s
(iv) were chosen. The association phases were fitted with a biexponential-
fit y = y0 + Al*exp(x/tl) + A2*exp(—x/f2) shown as respectively colored
line overlaid to the symbols (upper panel). In the lower panel, the steady-
state value of y0 was plotted against the concentration of the
corresponding sensogram. Black squares show the respective y0 value
for the concentration. The data points were fitted with the Hill equation
y = end*(xn/(K4 + xn*)) shown as line.

For interaction studies of AB40 with integrin om,ps, N-terminally bio-
tinylated Ap40 was freshly dissolved in 50 mM tris-HCI, 1 mM CaCl,,
1 mM MgClL, (pH 7.3). Integrin op,P; was isolated and purified following
published procedures (§/) from outdated platelet concentrates derived
from the blood bank of the University Clinic Diisseldorf. Four
independent purifications from four independent platelet concentrates
were carried out. The purified integrin am,P; derived from the last purifi-
cation step [size exclusion chromatography with 0.2 % (w/v) Triton X-100,
50 mM tris-HCI, 1 mM CaCl,, I mM MgCl, (pH 7.3) as buffer system] was
directly used for interaction analyses.

BLI measurements were performed on an Octet RED96 system (Pall
ForteBio). BLI of Ap/fibrinogen interaction: AB40 or 42 aliquots were
dissolved in PBS buffer to a concentration of 120 uM. For each peptide,
a freshly dissolved monomeric AP aliquot (¢ = 0) and an incubated aliquot
for oligomerization (£ = 5 hours, AB40; t = 2.5 hours, AB42; both without
shaking at RT) were used. After respective treatment, AB proteins were
dissolved to 1.2 pM in 10 mM acetate buffer (pH 4.0) and coupled via
N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(NHS/EDC)—ester to a series of eight AR2G sensors (fortéBIO) each
according to the respective technical note 26 from fortéBIO. The processes
of preparation, coupling, and quenching took about 30 min until the start
of the first measurement. A series of AR2G tips were NHS/EDC-activated
and afterward directly quenched in 1 M ethanolamine (pH 8.5) as
reference. The BLI assay with fibrinogen (typically in dilution series from
to 10 uM to 3 nM) was performed in PBS buffer, and respective sensor-
grams were recorded.

BLI of Ap40/integrin ap,P; interaction: N-terminally biotinylated
AP40 was freshly dissolved to 4 uM in 50 mM tris-HCL, 1 mM CaCl,,
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and | mM MgCl; (pH 7.3) and coupled via its biotinyl group to a series
of eight Super Streptavidin (SSA) sensors (fort¢BIO) to a final level of
2.5 nm. Ligand and reference SSA sensors were quenched with biotin
[2 mM in 50 mM tris-HCL, 1 mM CaCl,, 1 mM MgClL (pH 7.3)].
Washing and equilibration of loaded SSA sensors and subsequent BLI
assay with purified integrin op,Bs (typically in dilution series from 800
to 12.5 nM) were performed with 0.2% (w/v) Triton X-100, 50 mM
tris-HCl, 1 mM CaCl,, 1 mM MgCl, (pH 7.3) as buffer system. Ligand
and reference SSA sensors were regenerated with 50 mM NaOH for 30 s
before used in further BLI cycles. Sensorgrams were double-referenced
using the biotin reference sensors and a buffer control. Date was analyzed
with the fortéBIO data analysis 8.1 kinetics program package. K, and rate
constants k., and kg of the AP40/integrin oyy,B5 interaction were
determined using a 1:1 binding model and global fitting.

Platelet aggregation and ATP release

Measurements were performed using a Chrono-Log dual channel lumi-
aggregometer (model 700) at 37°C with stirring at 900 rpm within a
final volume of 0.3-ml platelet suspension. Aggregation is expressed as
percentage light transmission compared to Tyrode’s buffer alone
(=100%). Extracellular ATP was assessed applying a luciferin/luciferase
bioluminescent assay and calculated using a provided ATP standard (all
Chrono-Log).

Immuno Western blotting

Stimulation of platelets were carried out at 37°C in a total volume of
0.2 ml in 2-ml round-bottom tubes in a thermo shaker rotating at 900 rpm,
and preincubations at 500 rpm. Reactions were stopped by the addition
of 50 pl of 5% SDS sample buffer, and proteins were denaturated at 95°C
for 5 min. From these samples, 25 ul was applied for SDS-PAGE. For the
detection of phosphorylated SYK, proteins were separated on 4 to 12%
NuPAGE Novex Bis-Tris gels with MOPS running buffer; for detecting
phosphorylated PLCy2, proteins were separated on 3 to 8% NuPAGE
Tris-Acetate Gels and Tris-Acetate Running buffer (all Invitrogen). To de-
termine apparent molecular protein masses, MagicMark XP Western Protein
Standard (Invitrogen) was used. Proteins were blotted onto Immobilon-FL
PVDF (polyvinylidene difluoride) membranes (Millipore). For further steps,
TBS-T [10 mM tris-HCI (pH 8.0), 150 mM NaCl, 0.1% (w/v) Tween 20]
was used. Membranes were incubated with the phospho-SYK antibody
(diluted 1:2000) or phospho-PLCy2 (1:500) followed by peroxidase-
conjugated goat anti-rabbit IgGs (1:2000). For reprobing, membranes were
stripped and incubated with either the B-tubulin antibody (1:1000) followed by
peroxidase-coupled horse anti-mouse IgGs (1:2000) or the PLCy2 antibody
(1:1,000) followed by peroxidase-coupled goat anti-rabbit IgGs (1:2000).
Protein bands were visualized by the use of Immobilon Western Chemi-
luminescent HRP Substrate solution (Millipore), and chemiluminescence
was recorded by a LI-COR Odyssey system (LI-COR Biosciences Ltd.).

Measurement of cytosolic Ca®*

Platelets were loaded with fura-2 by incubating PRP with 4 uM fura-2/AM
for 45 min at RT in the dark with gentle agitation and subsequently
isolated as described above. Platelets were treated as indicated at 37°C
with stirring, and fluorescence was recorded using a Hitachi F-7000 spec-
trofluorometer (Hitachi Ltd.) at 510 nm with simultaneous excitation at
340 and 380 nm. Cytosolic calcium [Ca”'] is expressed in fluorescence
ratio (340/380 nm).

Molecular dynamics simulations
Starting structures for MD simulations of integrin ay,Bs in the bent, closed
form representing the inactive state bound to Af40 variants were obtained

from the coordinates of the x-ray structure for the ecotdomain of integrin
oPs [Protein Data Bank (PDB) ID: 3FCS] and the nuclear magnetic
resonance structure for AB40 (PDB ID: 1BA4). Coordinates of a peptidic
RGD motif were taken from the x-ray structure of the integrin oyy,ps
headpiece bound to a chimeric fibrinogen y chain peptide (PDB ID:
2VDQ) and served to place AP40 via its RHD motif into the binding
region between the propeller and BA domains. AP40;,verica and
AP40,ampiea Were generated within the binding region by homology
modeling using AB40 as a structural template. To reduce the computation-
al complexity, only the propeller, BA, and hybrid domains of integrin
omf; and the first 14 residues of AB40 were considered for MD simula-
tions. Truncated structures of the integrin ectodomain have been success-
fully used previously to investigate the influence of solvent (57) and
agonists (56) on integrin activation. See the Supplementary Materials
for details on the generation of the starting structures.

Each starting structure was subjected to three replicates of all-atom
MD simulations of 500-ns length each in explicit solvent. Conformational
changes in the integrin oyP; headpiece induced by the AB40 variants
were assessed after an equilibration phase of 150 ns in terms of the dis-
tance between the center of helix a1 and the N terminus of helix a7 and
the distance between the centers of mass of the propeller and BA domains.
See the Supplementary Materials for details on the protocol of MD simu-
lations and the analyses of the trajectories.

Statistical analysis
Data are provided as arithmetic means + SEM. Statistical analysis was
made by Student’s paired f test where applicable.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/9/429/ra52/DC1

Text

Fig. §1. Characterization of platelet-mediated Ap aggregate formation in culture.

Fig. 2. CLU promotes platelet-mediated Ap aggregate tormation in culture.

Fig. S3. Flow cytometric analysis confirmed A binding to integrin ayupa.

Fig. 54. Congo red staining of Ap aggregate formation.

Fig. S5. Ap-induced aggregation of and ATP release from human platelets.

Fig. S6. Structural stability of domains in integrin cysBs.

Fig. S7. Structural stability of A peptides bound to integrin aiBa.

Fig. S8. Hydrogen bond formation of N, of His® of Ap40 with the carbonyl group of Asn?'5,
Fig. 9. Tirofiban treatment of mice is not sufficient because platelet inhibition is temporary.
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Details of the MD simulations

Generation of the starting structures

For the generation of the starting structures for MD simulations, the crystal structure of the
ectodomain of integrin allbf3 in a bent, closed conformation (PDB ID 3FCS (82)) was used for
the integrin part. To reduce the computational complexity, we only used the headpiece of the
protein: For the allb subunit, only the propeller domain was used (residues 1 to 451); for the B3
subunit, the BA domain (residues 56 to 108) and the hybrid domain (residues 109 to 433) were
used. Integrin sequence numbers are according to Uniprot (83). No further modifications of the
protein structure were required.

Onto this crystal structure, the crystal structure of a chimeric fibrinogen gamma chain peptide
in complex with integrin allbp3 (PDB ID 2VDQ (84)) was overlaid in order to use the
coordinates of the RGD motif of fibrinogen to subsequently orient the AR peptides within the
binding site between the propeller and BA domains. Accordingly, the RHD motif of the NMR
structure of AB40 (PDB ID 1BA4 (85)) was overlaid onto the RGD motif of fibrinogen. The RHD
motif was refined using the Swiss PDB Viewer (86) and selecting the best rotamer for histidine.

For the complex structure of integrin allbp3 headpiece / ApB40, only residues 1 to 14 of PDB ID
1BA4 were used, which contain the RHDS motif. These residues are unstructured in the NMR
structure. This alleviates the need to identify an initial binding position for residues 15 to 40 of
which residues 15 to 36 are alpha-helical.

From this structure, complex structures of integrin allbp3 headpiece / AB40scrambied and integrin
allbB3 headpiece / AP40inverted Were generated by homology modeling using MODELLER (v9.9)
(87).

For the final generation of the starting structures for the MD simulations, the first four residues
of the AB peptides preceding the RHDS sequence and the following seven residues were
refined using the Web server ModLoop (88).

General seftings

MD simulations were performed with the AMBER 14 suite of programs (9), together with the
ffO9SB force field by Cornell et al. (89) considering the modifications by Simmetling ef a/. (90).
Na* counter-ions were added to neutralize the total charge of the system using Leap. The
resulting system of ~300,000 atoms was placed into an octahedral period box of TIP3P water
molecules (91) with a distance of (at least) 8 A between the edges of the water box and the
closest atom of the protein. Before launching the production phase of MD simulations, each
system was minimized by 50 steps of steepest descent minimization followed by 450 steps of
cohjugate gradient minimization. The particle mesh Ewald method (92) was used to treat long-
range electrostatic interactions, and bond lengths involving bonds to hydrogen atoms were
constrained using the SHAKE algorithm (83). The time step for all molecular (MD) dynamics
was 2 fs with a direct space, non-bonded cut-off of 8 A. Applying harmonic restraints with force
constants of 5 kcal mol' A? to all solute atoms, NVT-MD was carried out for 50 ps, during
which the system was heated from 100 to 300 K. Subsequent NPT-MD was used for 150 ps
to adjust the solvent density. Finally, the force constant of the harmonic restraints on solute
atom positions were gradually reduced to zero during 100 ps of NVT-MD. The following 500
ns of NVT-MD at 300 K with a time constant of 10 ps for heat bath coupling were used for
analysis, with conformations extracted every 20 ps.

Three independent MD simulations of 500 ns length were performed for each system, summing
up to a total of 3 x 3 x 500 ns = 4.5 ps of MD simulations for production.
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Analyses

The MD ftrajectories were analyzed using the cpptraj/ptraj tool (94) from the AmberTools suite
of programs (9). Trajectories were combined applying a mass-weighted root mean square
fitting of the coordinates of the Ca atoms of the propeller and BA domains using the starting
structure as reference. The initial 150 ns of each trajectory were considered equilibration phase
and, hence, not used for the analyses.

The root mean square deviations (RMSD) of the Ca atoms with respect to the starting
structures were calculated to evaluate structural deviations over the course of the MD
simulations. For the integrin headpiece simulations, RMSD was computed for all three domains
(propeller, BA, hybrid) separately. For AB, the RMSD of the Ca atoms of the RHDS motif was
computed after superimposing the integrin headpiece.

Changes in the inter-domain interface between the propeller and the BA domains were
quantified by measuring the distance between the centers of mass of each domain. In order to
monitor a potential helix al/a7 T-junction formation (54, 55), the distance between the CB
atoms of Leu138 on helix aland Val332 on helix a7 was measured.

Statistics

Results from three independent simulations are expressed as mean + SEM (standard error of
the mean) calculated over the time. The overall SEM for each system “X” was calculated
accordingly to the law of error propagation:

SEMy = \/SEM? + SEM2 + SEM? (1)
where {1, 2, 3} indicates a single trajectory.

The Student’s t-test was used to evaluate the computational findings, and p < 0.001 was
considered significant. Statistical analysis was performed using the program R.

Figure preparation

The crystal structure of integrin aiups (PDB ID 3FCS) was used to represent the protein,
together with conformations extracted from the MD trajectories. Pymol (The PyMOL Molecular
Graphics System, Version 1.7.4 Schrédinger, LLC) was used to generate figures, and graphs
were prepared using Gnuplot. For the sake of clarity, results are plotted applying a smoothing
representation as implemented in Gnuplot.
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Fig. S1. Characterization of platelet-mediated Ap aggregate formation in culture. (A)
Supernatants of stimulated platelets with AB40 or thrombin were incubated with 5 uM AB40
for 3 days in culture. Scale bar 50 um. (B) Amyloid fibril detection in the platelet cell culture
by Thioflavin-T stain. Scale bar 10 ym. (C) Congo red staining for amyloid fibrils in platelet
cell cultures over time. Scale bar 50 uym. h, hours. (D) Quantification of amyloid aggregates in
platelet cell culture in the presence of amitriptyline (n = 3). (E) The amount of platelet-
released clusterin after stimulation with 5 uM AB40 for 1 min. (F) Representative Western
blots of supernatants (s/n) and lysates of platelets using anti-clusterin antibody after
stimulation with AB40. a-tubulin was used as a loading control. Data are means + SEM from
3 experiments. *P<0.05, **P<0.001, by a student’'s paired t-test. All blots and microscopy
images are representative of 3 independent experiments. Amitr. = amitriptyline.
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Fig. S2. Clusterin promotes platelet-mediated Ap fibril formation in culture. (A-D) Blood
from clusterin knock-out (Clu™) or wild-type (Clu™) mice was washed twice and incubated
with ADP, Ap40, ADP/AB40, CRP cor thrombin as indicated for 15 min in the presence of
antibodies against P-selectin and integrin a,p; (JON/A-PE). Platelets were gated by their
forward and side characteristics. The mean flourescence intensity (MFI)y for each
measurement is shown (n=5-6 mice per group). (E) Western blot analysis for AR (6E10
antibody) in the supernatants of clusterin knock-out (Clu™) and wild-type (Ciu™*) platelet cell
culture after stimulation with AB40 for 3 days. (F) Noting the absence of aggregates after
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incubation of AB40 with rhCLU in a platelet-free solution for 3 days. Scale bar, 50 pm (G)
Visual assessment of morphology indicates that high amounts of human recombinant (rh)
clusterin (rhCLU) are not toxic for platelets after 3 days in cell culture. Scale bar, 50 pm. (H)
Human platelets stimulated with AB40 alone, with amitriptyline, or with amitriptyline and
recombinant human (rh) clusterin (CLU) for 3 days. Representative images of Congo red-
stained Ap fibrils. Scale bar, 500 ym. Data are means + SEM from 3 experiments. *P<0.05by
a student's paired t-test. All blots and microscopy images are representative of 3
independent experiments.
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Fig. $3. Flow cytometric analysis confirmed AB binding to integrin ay,Bs. (A) Platelets
were incubated with AB40-Alexa488 with or without ADP for 15 minutes and analyzed by flow
cytometry (n = 3-5). MFI, mean fluorescence intensity. (B) Platelets were pre-treated with the
antiplatelet, glycoprotein llb/llla inhibitor tirofiban for 15 min and then incubated with AB40-
Alexad488 (left panel). Determination of fibrinogen (fibrinogen-Alexa488) binding to platelets
served as positive control (right panel, n = 3). Data are means + SEM from 3 experiments.
*P<0.05, **P<0.01 by a student’s paired t-test.
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Fig. $4. Congo red staining of Ap aggregate formation. (A-B) Murine platelets (A) and
human platelets (B) were incubated with Ap40 for 3 days in the presence of ASA and
apyrase. (C) Human platelets were incubated with AR40 in the presence of ASA and
increasing concentrations of clopidogrel. (D) Human platelets were treated with ASA/apyrase
or clopidogrel followed by stimulation with AB40, respectively. Vestern blots of supernatants
of human platelets using anti-clusterin antibody. Blots and images are representative of 3
experiments.
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Fig. $5. Ap-induced aggregation of and ATP release from human platelets. (A and B)
Human platelets were incubated with indicated concentrations of AB40 in the absence or
presence of ADP for 120 sec, and platelet aggregation (A) and ATP release (B) was
determined. (C) Effects of “priming” human platelets with ADP (for 120 sec) on AB40-induced
phosphorylation PLCy2 at Tyr"®. Samples were analyzed by Western blot and probed with
antibodies recognizing phosphorylated or total PLCy2. Data are means + SEM of 3
experiments. ns = not significant, by a student’s paired t-test.
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Fig. S6. Structural stability of domains in integrin oy,B;. Time series of the RMSD of Ca
atoms of the propeller (A), BA (B), and hybrid {(C) domains of integrin 35 bound to AR40
with respect to the starting structure. Brown, green, and magenta colors represent the three
independent trajectories. Data are representative of 3 independent experiments.
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Fig. 87. Structural stability of AB peptides bound to integrin o,B;. Time series of the
RMSD of Ca atoms of the RHDS sequence of AR40 (magenta), ARB40.rzmeq (brown), and
AP40eec (green) bound to integrin ay,B; with respect to the starting structure after
superimposing only the integrin part. Shown are representative results from one MD
trajectory each; the two other MD trajectories for each case confim these data. Data are
representative of 3 independent experiments.
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Fig. 8. Hydrogen bond formation of N, of His® of AB40 with the carbonyl group of
Asn?®, (A) Representation of the interaction (dashed line) in the closest-to-average structure
from the last 350 ns of the MD simulations of Ap40 bound to integrin a;pRBs. Metal ions are
represented by spheres (yellow and marine for Mg® and Ca® ions, respectively). (B)
Frequency of occurrence of the hydrogen bond between His® and Asn?'®. Magenta, brown,
and green colors indicate the three AB40 variants. Shown are representative results from one
MD trajectory each; the two other MD trajectories for each case confirm these data.
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Fig. S9. Tirofiban treatment of mice is not sufficient, because platelet inhibition is
temporary. Wild-type (C57BL/6J) mice were injected with tirofiban (1 pg/g body weight) or
0.9 % NacCl (vehicle, “-). Two hours after injection, platelet activation upon stimulation with
collagen-related peptide (CRP) was determined by flow cytometric analysis using
fluorophore-labeled antibody for P-selectin expression. Data are means * SEM of 3
experiments. MFI, mean fluorescence intensity.
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Integrins are heterodimeric cell-adhesion receptors compris-
ing a and B subunits that transmit signals allosterically in both
directions across the membrane by binding to intra- and extra-
cellular components. The human platelet antigen-1 (HPA-1)
polymorphism in ey, B, arises from a Leu — Pro exchange at
residue 33 in the genu of the ; subunit, resulting in Leu®
(HPA-1a) or Pro®* (HPA-1b) isoforms. Although clinical inves-
tigations have provided conflicting results, some studies have
suggested that Pro*® platelets exhibit increased thrombogenic-
ity. Under flow-dynamic conditions, the Pro*? variant displays
prothrombotic properties, characterized by increased platelet
adhesion, aggregate/thrombus formation, and outside-in sig-
naling. However, the molecular events underlying this pro-
thrombotic phenotype have remained elusive. As residue 33 is
located >80 A away from extracellular binding sites or trans-
membrane domains, we hypothesized that the Leu — Pro
exchange allosterically shifts the dynamic conformational equi-
librium of ey, 35 toward an active state. Multiple microsecond-
long, all-atom molecular dynamics simulations of the ectodo-
main of the Leu®* and Pro*? isoforms provided evidence that the
Leu — Pro exchange weakens interdomain interactions at the
genu and alters the structural dynamics of the integrin to a more
unbent and splayed state. Using FRET analysis of fluorescent
proteins fused with B, in transfected HEK293 cells, we
found that the Pro®® variant in its resting state displays a lower
energy transfer than the Leu®? isoform. This finding indicated a
larger spatial separation of the cytoplasmic tails in the Pro®®
variant. Together, our results indicate that the Leu — Pro
exchange allosterically shifts the dynamic conformational equi-
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librium of @, B to a structural state closer to the active one,
promoting the fully active state and fostering the prothrombotic
phenotype of Pro** platelets.

Integrins are heterodimeric cell-adhesion receptors formed
of @ and S subunits. Each subunit is divided into three parts: a
large extracellular domain (ectodomain), a single-pass trans-
membrane domain, and a short cytoplasmic tail connecting the
extracellular to the intracellular environment (1). In addition to
their biomechanical role (2), integrins transmit signals alloster-
ically (3) in both directions across the membrane (termed “out-
side-in” and “inside-out” signaling) by binding to intra- and
extracellular components (4). In the present study, we focused
on o, B; (5-8), which is expressed on the platelet surface and
essential for platelet aggregation (8).

The ectodomain can be divided into two parts (9, 10) (Fig. 1).
The “head” of the receptor is formed by the B-propeller and BA
domains, and the “legs” are formed by the thigh and calf
domains (c,,, subunit) as well as EGF domains together with
the B-tail domain (3, subunit) (4). The genu located between
the thigh and calf-1 domain as well as the EGF-1 and EGF-2
domains in the «,y, and 35 subunits, respectively, forms aregion
of interdomain flexibility (11). Integrin structural dynamics is
characterized by at least three states: a closed, bent, low-affinity
state; a closed, extended, low-affinity state; and an open,
extended, high affinity state (12). Although the magnitude of
conformational changes has remained a matter of discussion (6,
10, 13), the majority of crystal structures of o, 8, (14), oy, B4 (9),
and «,f3, (15) integrins show their ectodomain in a bent con-
formation (14, 16, 17). Here, the head is flexed toward the mem-
brane at an angle of 135° (7) related to the legs, with the genu
being the angle’s vertex.

According to current models, the genu plays a critical role in
conformational transitions between the three structural states
as a straightening in the genu region leads to a separation of the
head from the legs and thus an unbending of the conformation.
This motion is associated with reduced interactions between
the two subunits, resulting in a spatial separation (“splaying”) of
the aand B subunit legs (18). With respect to our study, the role
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active state

inactive state
I |

o subunit

B subunit

Figure 1. Representation of the domain organization of integrin ay,,3;.
On the feft, the open conformation is depicted as a schematic with the «
subunit divided into four different domains and the B subunit divided into
eight domains. Each domain is colored and labeled. The knees of the protein
are highlighted by red dashed lines and lie between the thigh and calf-1
domains and between the PSI and EGF-1/EGF-2 domains of the aand (3 sub-
units, respectively. On the right, the o, 35 ectodomain starting structure (Pro-
tein Data Bank code 3FCS) in the bent conformation is depicted in surface
representation (right) with domains colored as on the left.

of the plexin-semaphorin-integrin (PSI)* domain, which is part
of the 8, genu (5), is of particular interest in integrin activation.
Located >80 A away from the extracellular binding site and
>90 A away from the membrane (estimated from Protein Data
Bank code 3FCS), the domain's involvement in integrin activa-
tion has been demonstrated (19, 20). Specifically, the domain is
believed to have a biomechanical role in the allosteric signal
transmission across the structure (21).

The human platelet antigen-1 (HPA-1) polymorphism of the
B gene of ayy,B; arises from a Leu — Pro exchange at residue
33 of the mature 8, subunit (22, 23), resulting in Leu™ (HPA-
la) or Pro* (HPA-1b) platelets. This amino acid exchange,
located within the PSI domain, leads to an inherited dimor-
phism that can be of clinical relevance (22). For example, the
HPA-1b allele was significantly more frequent among young
patients with acute coronary syndrome than among age-
matched healthy subjects (24). In the Ludwigshafen Risk and
Cardiovascular Health (LURIC) trial, an association study
including more than 4,000 individuals, we documented that
patients with coronary artery disease (CAD), who are carriers of
the HPA-1b allele, experience their myocardial infarction 5
years earlier in life than CAD patients who are HPA-1b-
negative (22, 23). In a prospective study on CAD patients
undergoing saphenous-vein coronary-artery bypass grafting,

4 The abbreviations used are: PSI, plexin-semaphorin-integrin; APB, acceptor
photobleaching; APC, allophycocyanin; CAD, coronary artery disease; CNA,
Constraint Network Analysis; GP, glycoprotein; HPA-1, human platelet
antigen-1; MD, molecular dynamics; NPT, constant number of particles,
pressure, and temperature; NVT, constant number of particles, volume,
and temperature; RMSD, root-mean-square deviation; RMSF, root-mean-

square fluctuation; Rg, radius of gyration; VWF, von Willebrand factor; PC,

principal component; SyMBS, synergistic metal-binding site; MIDAS, metal
ion-dependent adhesion site; ADMIDAS, adjacent to MIDAS.

~ASBMB

we demonstrated that HPA-1b is a hereditary risk factor for
bypass occlusion, myocardial infarction, or death after cor-
onary-artery bypass surgery (25). These results suggest that
the Leu — Pro exchange may modulate functional properties
of a,,,B;, resulting in a prothrombotic integrin variant. Pro-
thrombotic properties are also displayed by Pro* platelets
under flow-dynamic conditions (26). However, the molecu-
lar mechanism underlying the suggested prothrombotic
phenotype of the Pro** (HPA-1b) variant has remained
elusive,

We hypothesized that the Leu — Pro exchange allosterically
shifts the dynamic conformational equilibrium of ;. 3, toward
an active state. This shift, in turn, would facilitate reaching the
fully active state in the presence of integrin ligands. To examine
this hypothesis, we performed multiple microsecond-long all-
atom molecular dynamics (MD) simulations of the ectodomain
and Forster resonance energy transfer (FRET) measurements of
oy, Bs-transfected HEK293 cells expressing either the Leu®
(HPA-1a) or Pro** (HPA-1b) isoform. Our MD simulations
provide evidence that the Leu — Pro exchange weakens
interdomain interactions at the genu and alters the struc-
tural dynamics of the integrin to a more unbent and splayed
state, resulting in overall conformational changes that have
been linked to integrin activation (18, 27). In accord with
these results, FRET analyses of a5 transfectants reveal
that the Pro®® (HPA-1b) variant in the resting state displays
asignificantly lower energy transfer than the Leu™ (HPA-1a)
variant.

Results

Platelet thrombus size in relation to e, B; HPA-1 isoforms
under flow conditions in vitro

Given the prothrombotic phenotype of Pro® platelets, we
initially focused on platelet thrombus formation under arterial
flow conditions comparing Leu™ (HPA-1a) with Pro™ (HPA-
1b) platelets. To study the dynamics of platelet thrombus for-
mation, mepacrine-labeled citrated whole blood from healthy
volunteers genotyped for HPA-1 of ,, B, and «,,C807T of o, B,
(see supporting methods) was perfused at shear rates >500s '
through a flow chamber coated with collagen type I. Image
acquisition was achieved by a series of stacks corresponding to
confocal sections from the bottom to the apex of forming plate-
let thrombi. For quantitation of thrombus formation in vitro,
we applied a voxel-based method for 3D visualization of real
time-resolved volume data using ECCET software (www.
eccet.de)® (28). As depicted in Fig. 24, ECCET allows determi-
nation of the number, bottom area, height, and volume of single
platelet thrombi formed in vitro.

Using these tools, we detected that, upon perfusion over 10
min, platelets homozygous for Pro®® (HPA-1b) formed single
thrombi that were significantly higher than those of platelets
homozygous for Leu® (HPA-1a) (Fig. 2B). This difference in
mean single thrombus volume was due to an increased throm-
bus height, whereas the number and bottom area of thrombi

® Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.

J. Biol. Chem. (2018) 293(13) 48304844 4831
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Figure 2. Dynamics and volumetric analysis of platelet thrombus formation under flow-dynamic conditions. A rectangular flow chamber coated with
collagen type | (3 mg/ml) at the lower surface was perfused with mepacrine-labeled citrated whole blood for 10 min at an initial near-wall shear rate of 5005,
simulating arterial flow conditions. Fluorescence signals were detected by confocal laser scanning microscopy, and digital imaging was processed as described
under “Experimental procedures”. Volumetry of forming platelet thrombi was assessed by real-time 3D visualization. A, a reconstruction of formed platelet
thrombi obtained from a stack of 30 images by confocal laser scanning microscopy and subsequent data processing by ECCET. Band C, initial platelet thrombus
formation and subsequent thrombus growth were recorded in 25-s intervals for each single thrombus. Addition of abciximab (4 pg/ml), an inhibitory antibody
0 oy B33, abrogated any platelet thrombus formation. 8 shows the mean single platelet thrombus volume, and € shows the corresponding thrombus bottom
area. D, schematic illustrating the narrowing of the flow path within the perfusion chamber with a resulting increase in shear rates upon apical thrombus
growth. Blue diamonds, homozygous Leu®* (HPA-1a) platelets (n = B); red squares, homozygous Pro** (HPA-1b) platelets (n = 8); black rectangles, control in the

presence of abciximab (n = 2). Error bars indicate mean * S.E. Asterisks indicate statistical significance (*, p < 0.05).

(Fig. 2C) did not differ between the HPA-1 isoforms. Platelet
adhesion and subsequent aggregate/thrombus formation
under flow were abrogated by the monoclonal antibody LJ-1b1
(a gift from Dr. Z. M. Ruggeri, La Jolla, CA) that completely
inhibits binding of von Willebrand factor (VWF) to the platelet
glycoprotein (GP) Ib-IX-V complex or by the monoclonal anti-
body 5C4 (a gift from Dr. M. Gawaz, Tiibingen, Germany) that
blocks the platelet collagen receptor GPVI (data not shown). As
depicted in the schematic illustration (Fig. 2D), with increasing
time, the flow path of the perfusion chamber becomes nar-
rowed as the thrombi are growing. Consequently, shear rates
gradually increase, and formed platelet thrombi, especially at
their apex, are exposed to higher shear than initially applied.
Thus, the difference in mean single thrombus volumes between
the HPA-1 isoforms can be indicative of a higher thrombus
stability of Pro®® (HPA-1b) than Leu®® (HPA-1a) platelets as
reported before (29).

4832 . Biol Chem. (2018) 293(13) 4830-4844

Structural variability of «,,,3; HPA-1 isoforms in MD
simulations of the integrin ectodomain

To provide an atomistic view on the effect of the Leu — Pro
exchange, the Leu® (HPA-1a) and Pro® (HPA-1b) isoforms
were investigated by all-atom MD simulations using the respec-
tive integrin ectodomains in the bent conformation as starting
structures. The quality of the crystal structure used as a starting
structure for the Leu™ isoform and to model the Pro* isoform
was validated by MolProbity (30), vielding a percentile score of
1.70, equal toa 99th percentile rank, where a Oth percentile rank
indicates the worst and a 100th percentile rank indicates the
best structure among structures with comparable resolution
(~2.55 A in the case of Protein Data Bank code 3FCS). For
generating the Pro™ isoform from the crystal structure, the
Leu® side chain was mutated using the best rotamer of Pro at
this position according to Swiss-PdbViewer (31). For this struc-
ture, the quality of the PSI domain in complex with the EGF-1

SASBMB
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and EGF-2 domains (genu of the B, subunit) was assessed by
MolProbity, yielding a percentile score of 1.30, equal to a 98th
percentile rank.

Three independent MD simulations of 1-us length each were
carried out. The convergence of the MD simulations was tested
by computing the root-mean-square deviation (RMSD) average
correlation as described previously (32) (Fig. S1). The root-
mean-square average correlation is a measure of the time
scales on which structural changes occur in MD simulations.
From the bumps in the curves, we can estimate that observed
structural changes occur within ~50-200ns. For time inter-
vals >200 ns, the curves are smooth, suggesting that no large
structural changes happen during the investigation period.

In addition, we analyzed the overlap of histograms of princi-
pal component (PC) projections obtained in a pairwise manner
from each simulation for a given isoform as a function of time
(Fig. $2). The PC analysis was performed on the whole protein
after a mass-weighted fitting on the PB-propeller and BA
domains. The results reveal that, overall, the Kullback-Leibler
divergence between histograms of the respective first three PCs
becomes small (<0.02) after ~600 ns of simulation time,
whereas values in the first 100 ns can be as high as ~0.1. Hence,
the analyses indicate that, in the given simulation times, rather
similar conformational spaces were sampled by MD simula-
tions of one isoform. However, in some cases, a small increase
in the Kullback-Leibler divergence is observed toward the end
of the simulation time; this behavior is not unexpected because
the MD simulations were started from bent conformations of
the isoforms that can relax to more open conformations (33).
Given that, in the absence of force, the timescale of integrin
activation is on the order of 1072 (34) to 1 s (35), one cannot
expect that the MD simulations are converged with respect to
the bent-open conformational equilibrium of o, B, integrin. In
total, differences in structural parameters between both iso-
forms that we report below relate to differences in the tendency
of the ectodomains to go from a bent to an open state. Unless
stated otherwise, all results of the MD simulations are
expressed as arithmetic means calculated over time, and we
considered only uncorrelated instances for S.E. calculations
(see “Experimental procedures”).

The BA domain contains three metal ion—binding sites (Fig.
S3). To assess their structural integrity during the MD simula-
tions, we monitored the time evolution of distances between
the SyMBS, MIDAS, and ADMIDAS metal ions and the respec-
tive coordinating residues (Table S3 and Fig. S3). The results
reveal that during the production runs the distances remain
almost unchanged with S.E. <0.1 A in almost all cases. Thus,
the local geometry of the metal ion—binding sites is well pre-
served throughout the MD simulations.

The structural similarity of the conformations obtained by
MD simulations with respect to the starting structure was
explored in terms of the RMSD of C* atoms after mass-
weighted superimpositioning. Similar to our previous MD
studies performed on integrin «.p, (18, 27), the simulations
revealed minor structural changes of the single domains as mir-
rored by RMSD values that were largely below 3 A with the
exception of the calf-2 and EGF domains and the 3-tail (RMSD
up to 5 A) (Table S4 and Fig. S4). Although the S-tail has been

ZASBMB

characterized as highly flexible (14), the larger RMSD of the
calf-2 domain, in part, is due to the presence of long flexible
loops (9); furthermore, the larger RMSD may result from sim-
ulating the ectodomain only; i.e. at the C-terminal ends of each
subunit, the transmembrane domains are missing. As to the
EGF domains, visual inspection of the MD trajectories revealed
that the larger RMSD resulted in part from motions of the
domains relative to each other.

In contrast, when aligning only the head region, the mean
RMSD increased up to ~17 A (Table S5 and Fig. S5) with the
highest values found for the calf-2 and S-tail domains of the
legs. Hence, these larger structural changes must arise from
relative movements of the domains (or subunits) with respect
to each other, considering that the single domains were struc-
turally rather invariant. Comparing both isoforms of a8, a
larger mean RMSD (~9.2 + 0.34 A) was found for Pro®® than
Leu® (~6.6 = 0.83 A) (Fig. 3A). In accord with that, the mean
radius of gyration (R,) of the overall structure was larger for the
Pro®? (~40.3 + 0.22 A) than the Leu® isoform (~39.6 + 0.09
A) (Fig. 3A). Taken together, the sampled conformational space
of both a3, isoforms varied significantly with respect to the
difference of the mean values of these structural parameters
(Table S6). To conclude, the Pro™ variant displayed signifi-
cantly larger structural deviations from the bent starting struc-
ture and became less compact than the Leu®® isoform during
MD simulations.

Conformational changes of the ectodomains of a,,,,3; HPA-1
isoforms toward a more open, extended conformation

To further characterize the structural differences between
the a3, isoforms, we monitored geometric parameters along
the MD trajectories that have been linked with conformational
changes of the ectodomain from an inactive to an active state
(18, 27) (Fig. S6 and Table S7). First, we investigated possible
variations in the region of the center of helix @1 and the N
terminus of helix a7 (27, 37). This region was shown to form a
“T-junction” upon activation (21, 27). We computed the kink
angle of helix al (Fig. 3B), which revealed a mean value over
three MD trajectories that is larger by 15" in the Pro™ (~153 =
1.5°) than the Leu® isoform (~138 =+ 2.8°) (Fig. 3B). Hence,
helix a1 straightens more in Pro®* and thus shows a stronger
tendency to form the T-junction than in Leu™, The spread in
the mean values found for Pro* (Table 57) resulted from a
rapid and pronounced increase of the kink angle, which was
initially ~143° (calculated from Protein Data Bank code 3FCS),
within the first 200 ns in two of the three MD simulations
(Fig. S6A).

Second, we evaluated the unbending of the structure in terms
of the separation of the head region and the terminal part of the
legs (calf-2 domain and B-tail) (Fig. 3C). Furthermore, we mon-
itored the spatial separation (splaying) of the integrin’s legs (Fig.
3D). Similar parameters were successfully used previously (18).
The bending angle was ~7° larger in the Pro®* (~49 = 1.8°) than
in the Leu™ isoform (~42 *= 1.4°) (Fig. 3C, Fig. $6B, and Table
S7). The splaying angle was ~3° larger in Pro® (~28 * 0.5°)
than in Leu® (~25 *+ 0.2°) (Fig. 3D, Fig. S6C, and Table S7). In
the latter case, in two MD simulations, the time evolution of the
splaying angle revealed a decrease of ~22° within the last 200 ns
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Figure 3. Conformational changes of the Leu*? and Pro*? isoforms of a,,,,/3; during MD simulations. A, two-dimensional histogram of the RMSD of
C* atoms of the entire ectodomain after mass-weighted fitting on the -propeller and BA domains of the starting structure versus R, for the ectodo-
mains. Bluish colors represent the three MD simulations of the Leu®? isoform, and reddish colors represent those of the Pro®? variant. B-D, histograms of
the kink, bending, and splaying angles averaged over three MD simulations with error bars showing the S.E. and asterisks indicating the statistical
significance (¥, p < 0.05; ***, p < 0.0001). Above the plots, the definitions of the angles are %iven: B, kink angles as black solid line connecting the three
points (center of mass of C* atoms of Lys''? and Ile''®, center of mass of C* atoms of GIn' " and Lys'?*, and center of mass of C* atoms of Leu'?® and
Leu'*?) on both isoforms; C, bending angle as a black solid line connecting the three points (center of mass of the B-propeller and BA domains, center

Leu33 Pro33

of mass of the PSI domain, and center of mass of the calf-2 and B-tail domains); D, splaying angle as a black solid line connecting the three points (center

of mass of C* atoms of Leu”®® and Glzr;%
1

mass of C* atoms of Glu'** and Val'*®" in the B-tail domain).

of the simulation (Fig. S6C). The differences between angles in
the Leu?® and Pro® isoforms were significant in all cases (Table
S7). As additional indicators of structural changes, we evalu-
ated the opening of the structure in terms of changes in internal
distances between the N and C termini of each subunit and
between the C termini of the two subunits (Fig. S6D). All eval-
uated distances were larger in the Pro®? than the Leu® isoform,
and the differences between respective distances were signifi-
cant in all cases (Table S8). To conclude, our results revealed
significant differences in the conformational states of both
a8, isoforms with the ectodomain of Pro®® displaying a
stronger tendency to move toward the extended conformation
with more splayed legs.

Experimental evidence for spatial rearrangements of the
cytoplasmic tails of a,, B, upon Leu — Pro exchange

To investigate a possible influence of the Leu — Pro
exchange on the spatial separation of « and B subunits, we
performed FRET acceptor photobleaching (APB) analyses in
individual cells transfected with a,,,mVenus and S,Leu
mCherry (HPA-1a) (Table S1) or B,Pro*mCherry (HPA-1b)
(Table S2) plasmids, respectively. Using FRET, the spatial sep-
aration of the subunits is inferred from the amount of energy
transferred between the fluorescent proteins mVenus and
mCherry attached to the cytoplasmic tails of the subunits.

By fluorescence microscopy performed 48 h after transfec-
tion, we verified that both subunits were colocalized at the cell

4834 . Biol. Chem.(2018) 293(13) 48304844

in the calf-2 domain, center of mass of the C* atoms of Cys

602 608 .

and Cys™™ in the thigh domain, and center of

membrane (Fig. 44). Concordant with the presence of the
integrin at the plasma membrane, we detected the complete
.35 receptor (recognized by a complex-specific anti-ay;, 3,
antibody, anti-CD41, clone MEM-06) by flow cytometry.
Functional integrity of both integrin isoforms and correct
membrane insertion were documented by intact activation
of a;,,B, in transfected cells upon phorbol 12-myristate
13-acetate—induced stimulation of protein kinase C and spe-
cific binding of Alexa Fluor 647-fibrinogen to ay,,8, upon
inside-out activation (38). Notably, flow cytometry measure-
ments of CD41 expression upon five independent transfec-
tion experiments indicated that the levels of a,,,B; express-
ing either the Leu™ (HPA-1a) or the Pro** (HPA-1b) isoform
did not differ more than 10% from each other (Fig. 4B).
Using these transfectants, photobleaching of mCherry at 561
nm on a defined cellular region (region of interest) encompass-
ing part of the cell membrane led to a complete loss of energy
transfer and, consequently, to an increase in mVenus fluores-
cence intensity (Fig. 4C). For a control, cells were transfected
with a;,mVenus and B,Leu®® or B,Pro® plasmids (without
mCherry), a condition that abrogated any energy transfer
(data not shown). To focus on non-activated oy, 35 transfec-
tants, as evidenced by absence of binding of Alexa Fluor
647-fibrinogen or PACI, an activation-dependent anti-
a3, monoclonal antibody (data not shown), cells were left
resting on chamber slides with culture medium for 24 h prior

~ZASBMB

101

107 ‘91 [udy uo LI0p[assan(] YOPOI[QISApUR] pun -s1aedsIdau 18 /510°0qF mammyyidny woiy papeojumo



Publication 11

Allosteric changes of a,,3; induced by the Pro®? variant

>

£

HPA-1a

Contrast

HPA-1b

Contrast

[l CD41 - HPA-1a
Il CD41 - HPA-1b

180000
I Control

- III I
1 2 3 4 5

Experiment ID

Mean Fluorescence Intensity
2]
=]
f=]
[=3
o

C HPA-1a/HPA-1b

pPre-Bleach Post-Bleach

mCherry
(acceptor)

High

mVenus
(donor)

Low

P<0.0001

O
$

n
(=]
1

FRET efficiency
3

n=91 n=35 n=88
T

T
mVenus
mCherry

T
mVenus mVenus

mCherry

HPA-1a HPA-1b
allbmVenus + + + +
B3Leu33mCherry +
B3Leu33 +
B3Pro33mCherry -+
B3Pro33 +

Figure 4. Transient expression of the complete o, 3, receptor in HEK293 cells. A, phase-contrast and fluorescence microscopy images of a representative
HEK293 cell transfected with o, ,mVenus and S;Leu’*mCherry plasmids (upper panel) and a representative HEK293 cell transfected with a,,mVenus and
B,Pro**mCherry plasmids (lower panel). B, flow cytometric analyses of a8, (CD41), expressing either isoform Leu* (HPA-1a) or Pro* (HPA-1b), performed
48 h after transfection in five independent experiments. Of note, the transfectants displayed less than 10% difference in a3, expression of either Leu®*
(HPA-1a) or Pro*? (HPA-1b) isoform. Values represent mean fluorescence intensity after staining of the transfectants with APC-conjugated CD41 antibody, a
complex-specific anti-a,, 35 antibody. C, FRET-APB measurements in a representative HEK293 cell transfected with a,,;mVenus and B;Leu*’mCherry plasmids.
D, results of FRET efficiency of fused individual Leu® (HPA-1a) or Pro** (HPA-1b) cells and respective donor controls, To determine the efficiency of energy
transfer, the fluorescence of mVenus was measured in a defined region of the membrane (red circled) before and after photobleaching of mCherry at 561 nm
(39, 40). Details are given under “Experimental procedures.” The error bars indicate mean =+ S.E.

to FRET analyses, all of which were subsequently carried out
with minimal manipulation of the cells to prevent any pos-
sible cellular activation.

FRET-APB analyses were performed in a total of 249 single
cells: 91 Leu®® cells, 88 Pro®® cells, 35 Leu®® donor control cells,
and 35 Pro™ donor control cells. FRET-APB efficiency was
computed according to Equation 2 (see “Experimental proce-
dures” and Refs. 39 and 40). Notably, FRET-APB efficiency
between mVenus and mCherry in Leu® cells (mean + S.E.,
18.20 * 0.276) was significantly higher (p < 0.0001) than in
HPA-1b cells (15.74 * 0.395) (Fig. 4D). This difference in
energy transfer upon photobleaching of both «,,8; isoforms
suggested a larger spatial separation in the Pro®® than the in
Leu*? isoform when both isoforms were examined in their bent
conformation. This observation is indicative of a state more
prone to activation as a consequence of the Leu — Pro
exchange at residue 33 in the ectodomain of the 8 subunit of

. B

“ZASBMB

Short- and mid-range structural, dynamics, and stability
changes induced by the Leu — Pro exchange

The two-dimensional (2D) RMSD of C* atoms of the EGF-
1/EGF-2/EGF-3 domains along the MD trajectories was com-
puted after mass-weighted superimposition onto the respective
starting structures of the domains. The 2D RMSD values indi-
cated that the domains showed larger differences from the ini-
tial starting structure in the Pro®® than in the Leu® isoform (see
also Table S4) but also that the two isoforms adopted confor-
mational states that largely deviated from each other (RMSD up
to 8 A) (Fig. 5A). Next, we computed the residue-wise root-
mean-square fluctuations (RMSFs) of the PSI domain, a mea-
sure of atomic mobility, to identify differences in the conforma-
tional variations associated with the Leu — Pro exchange. The
results revealed a marked increase in atomic mobility for resi-
dues Glu**~Pro”” of the loop between strands A and B in the
PSI domain (Fig. 5B) with a ~0.6-A difference found at residue
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Figure 5. Short- and mid-range structural and dynamics changes induced by the Leu — Pro exchange. A, 2D RMSD plot calculated for the C* atoms of the
EGF-1, EGF-2, and EGF-3 domains after superimposing onto the respective domains. All trajectories accounting for an aggregate simulation time of 2 X 3 us
were considered together in the analysis, excluding the first 200 ns of each trajectory and extracting frames at intervals of 100 ns. B, residue-wise mean
backbone RMSF of the PSI domain after a mass-weighted fitting onto the starting structure. Error bars denote S.E. Blue and red curves represent the Leu®® and
Pro® isoforms, respectively; the two black lines delineate the AB loop (residues Glu*-Pro®). C, «y,B; is shown in schematic representation and colored in light
gray (with the exception of the PSI domain (green), EGF-1 domain (firebrick), and EGF-2 domain (marine)). Domains are labeled. The enlargement shows the
location of the Leu — Pro exchange in the PSI domain within the genu interface of the 8, subunit. Black dashed lines indicate distances computed in D with the
distance values of the starting structure reported next to them. Residues Leu*? (PSI domain), Ser*®® (EGF-1 domain), and GIn*®' (EGF-2 domain) are depicted in
ball-and-stick representation. D, mean distances between the C* atoms of Leu®*/Pro** as well as Ser*®® (EGF-1) and GIn*®' (EGF-2) calculated for the Leu*?
isoform (blue boxes) and the Pro* variant (red boxes) and measured in the crystal structure (Protein Data Bank code 3FCS; gray boxes). Error bars indicate mean +
S.E., and asterisks denote a significant difference (*, p < 0.05; ***, p < 0.0001) between the two isoforms of a5

33 (Leu or Pro). Beyond this region, the amino acid exchange Comparing both isoforms of ay,, 85, we found a mean value
did not affect the atomic mobility (Fig. 5B). Likewise, we did not ~ for the Leu/Pro®*~Ser**” distance that is smaller by ~3.7 A in
detect significant differences in the secondary structure pro- Leu™ (~8.1 = 0.40 A) than in Pro™ (~11.8 = 0.79 A). A mean
pensity of the AB loop residues between the Leu®® and Pro®*  value smaller by ~5.8 A in Leu®® (~6.6 = 0.37 A) than in Pro®
isoform except for a small decrease of the a-helix propensityin ~ (~12.4 *+ 1.02 A) was found for the Leu/Pro**GIn**! distance.
the helix C-terminal to the loop (Fig. S7). To conclude, in both  The differences between distances in the Leu™ and Pro™ iso-
isoforms, the PSI domain did not undergo marked changes in  forms were significant in all cases (Fig. 50 and Table 59). The
structure (see also Table S4) as a consequence of the polymor-  pronounced decrease from the initial structure observed in the
phism at residue 33 of the 3, subunit, This was in contrasttothe ~ Leu®? isoform (~9 A) for the Leu®*~GIn**! distance is in line
EGF domains, which revealed marked structural changes in  with the description of a contact area between these two
Pro™®. However, the structural dynamics of the AB loop of the  domains in the closed, low-affinity, bent state (41). This contact
PSI domain increased in the Pro*® variant. is lost in the extended conformation (41). These results indi-
As this loop faces the EGF-1 and EGF-2 domains (41), the cated that the interface between the PSI domain and the EGF-
Leu — Pro exchange may also impact the structure, interac- 1/EGF-2 domains is more tightly packed in the Leu™ than in
tions, and stability of this interface. Therefore, we monitored the Pro™ isoform.
the time evolution of the distance between the C* atoms of In addition, we computed the number of contacts present in
residue Leu®® or Pro®® and Ser®” and GIn*®! to investigate the  the starting structure (“native contacts”) and those formed over
level of compactness of the interface between the PSI domain  the course of the MD simulations (“non-native contacts”). Con-
and the EGF-1/EGF-2 domains (Fig. 5C). In the bent conforma-  tacts were evaluated between the nine residues of the AB loop
tion of ayy, B, the C* atom at residue 33 is separated by 9.4 and  and residues of the adjacent EGF-1 and EGF-2 domains, apply-
15.8 A from the C* atoms of Ser*®® and GIn*®! (calculated from  ing a distance cutoff of 7 A between the side-chain atoms. In all
Protein Data Bank code 3FCS), respectively. three MD simulations of the Pro*® variant, the total number of

4836 | Biol Chem. (2018) 203(13) 48304844 <SASBMB

103

107 ‘91 [udy uo LI0p[assan(] YOPOI[QISApUR] pun -s1aedsIdau 18 /510°0qF mammyyidny woiy papeojumo



Publication 11

Allosteric changes of o, 3; induced by the Pro®’ variant

i S
A B Psi hybrid EGF:
1 1
[
| {
’E |
=
S | +1.5
o ‘ | “I ;
o N ¥ L 4 £
10 = T N&— | J 0 B
J 1‘ - Feog 5 | T 3
z \ 100 i g
3 ‘ o i o 155
& | | ‘ ’ 50/ | ' i
7 oo Y S
0. Jill, | “h‘. ol ? ]| s
200 300 400 200 400 600 800 1000 0 50 100 150 435 485 535
# Native contacts ~ # Non Native contacts Residue
c Aﬁ'-‘ |s°|‘fp EGF-2
|
a‘ﬁ%l.ln. |
o . .
| 1 1] EGF-3
3 H @ !
o
<[ n 7 |-
470 475 480 2
Residue g &
% ol
Residue & gL
/ ( 1 O = f
/ : 45 0 415 Sty iR S
o / -1
—— / Arcy[Keal mol] 520 525 530 535
! 4 Residue

Figure 6. Changes within the PSI/EGF domain interface and in the structural stability between the Leu®® and Pro®® isoforms. A, shown are the active
contacts (/eft) and non-native contacts (right) formed between the AB loop (PSI domain) and all the side chains located within a distance range of 7 A. Mean
values were computed over three MD simulations of the Leu® isoform (blue histograms) and Pro®® variant (red histograms). Asterisks denote a significant
difference (***, p < 0.0001) between the two isoforms of «,,,Bs. B, difference stability map generated by CNA and averaged over three MD simulations showing
the difference in structural stability between both isoforms, focusing on the B, genu region. The color gradient indicates residues with lower structural stability
in the Leu®? (blue) or Pro®® isoform (red). C, enlargements of three areas highlighted within the difference stability map by black boxes (B) and corresponding to
the AB loop (PSI domain), residues Ser*®°-Asp*®* (loop connecting the EGF-1 domain to the EGF-2 domain), and residues Gly®'?-Cys®*® (EGF-3 domain),
exemplifying changes in structural stability due to the Leu — Pro exchange. The results for the latter two regions are also displayed on the structure of the
hybrid (yellow), PSI (green), EGF-1 (firebrick)/EGF-2 (light blue)/EGF-3 (purple) domains of «,, 35 (green sphere, C* atom of residue 33) in terms of lines connecting

residues whose mutual stability has decreased in the Pro® isoform (Arc; > —1.5 keal mol ™ ).

contacts was significantly lower than in the Leu®® isoform (Fig.
64 and Table 510). This difference became even more pro-
nounced when only non-native contacts were considered
(2-fold decrease). The same holds true for specific interactions
(hydrogen bonds and salt bridges) that were conserved in the
Leu®® isoform only (Fig. S8). In the segment connecting the
EGF-1 domain with the EGF-2 domain, GIn*®! is hydrogen-
bonded to Ser*®® with a high occupancy (~70% along the MD
trajectories) and/or with GIn*® (~27%). Additional stable
intradomain hydrogen bond interactions (>60%) were found
within the EGF-2 domain that involve Cys**?, which also forms
adisulfide bridge with Cys*”® of the EGF-1 domain (Fig. $8). To
conclude, the Leu — Pro exchange leads to aless compact inter-
face between the PSI domain and EGF-1/EGF-2 domains.
Moreover, fewer interactions across the interface and within
the EGE-1/EGF-2 domains were found in the Pro® variant
compared with the Leu™ isoform.

Changes in structural stability of the EGF domains occur at
long range from residue 33

To analyze changes in the structural stability of the interface
between the PSI domain and EGF-1/EGF-2 domains resulting
from the Leu — Pro exchange, we performed Constraint Net-

SASBMB

work Analysis (CNA) on the 8, leg (hybrid domain/PSI and
EGF domains) of both a8, isoforms, Leu™ and Pro®*, In CNA
(42), a molecular system is represented as a network of nodes
(atoms) connected by constraints (non-covalent bonds). This
network is analyzed applying rigidity theory (43), revealing rigid
(i.e. structurally stable) clusters and flexible links in between
(44). By rigidity analysis, long-range effects on the stability of
distant structural parts due to a local structural change can be
detected (45). Performing a constraint dilution simulation (46),
a stability map (42), r¢;; (where i and j are residue numbers), is
obtained that reports on the hierarchy of structural stability of
the molecular system. The difference stability map calculated as
re;; (Leu®) — re, (Pro®) then reports on the influence on struc-
tural stability due to the Leu — Pro exchange (blue (red) colors
in Fig. 6, B and C, indicate residues that were less stable in the
Leu® (Pro®®) isoform, respectively). The AB loop showed a
local increase in structural stability, which results from the
overconstrained five-membered ring of Pro*® compared with
the flexible side chain of Leu® (48) (Fig. 6, Band C). By contrast,
the loop connecting the EGF-1 to the EGF-2 domain and point-
ing toward the AB loop (21), which is >15 A apart from residue
33, became less stable in the Pro®® variant (Fig. 6, B and C; the
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segment formed by residues Ser***~GIn**' is highlighted). The
EGF-3 domain, although not directly interacting with the PSI
domain, has been suggested to be important for keeping the
integrin in its bent conformation (20). Residues Gly*'*~Cys**®
of the EGF-3 domain >30 A apart from residue 33 became less
structurally stable in the Pro®® variant. To conclude, the Leu —
Pro exchange leads to long-range decreases in the structural
stability of the EGF domains.

Discussion

In this study, we provide evidence that indicates that the
Pro** variant of a,,,3, allosterically shifts the dynamic confor-
mational equilibrium of the integrin toward a more active state.
This finding can provide an explanation for the prothrombotic
phenotype of Pro™ platelets that has been suggested in several
clinical association studies (22—25) but also in experimental
settings (26, 38, 49).

Both clinical and laboratory data regarding a possible impact
of the HPA-1 polymorphism of ay;,3; on modulating platelet
function have been discussed controversially. Specifically, it has
been debated whether or not the Leu — Pro exchange at residue
33 of the 3, subunit induces an increased thrombogenicity of
Pro®® platelets. We therefore initially studied the dynamics of
platelet thrombus formation using a collagen type I matrix in an
established perfusion system, simulating arterial flow condi-
tions. Quantitation of thrombus growth in vitro demonstrated
that the mean volume of single thrombi formed by Pro®® plate-
lets is significantly higher than that of the Leu® platelets (Fig.
2). The initial adhesion of circulating platelets with a collagen
matrix is complex, involving platelet capture (“tethering”) by
immobilized VWF via GPlba of the platelet GPIb-1X-V com-
plex, subsequent GPIb-1X-V-dependent signaling, and direct
interaction with collagen via a, 8, and GPV], the platelet colla-
gen receptors, inducing platelet activation (50, 51). To block
some of these interactions, we therefore used specific monoclo-
nal antibodies such as L]J-Ibl that completely inhibits VWF
binding to the platelet GPIb-IX-V complex or 5C4 that blocks
the platelet GPVI receptor (data not shown). The expression of
a, 3, on the platelet surface is genetically controlled and mod-
ulated by nucleotide polymorphisms in the «, gene (52). More-
over, because the &,807TT genotype of ., 3, has also been sug-
gested to be a prothrombotic integrin variant (22), volunteers of
this series of experiments were carefully selected by recruiting
only carriers of the «,807CC genotype.

A specific feature of the experiments summarized in Fig. 2 is
that the difference in single thrombus volumes between Pro>*
and Leu™ platelets is due to differences in apical thrombus
growth (Fig. 2B). This is remarkable, especially because apical
thrombus segments become exposed to increasing shear over
time, exceeding an initial near-wall shear rate of 500 s ' (Fig.
2D). Our finding is indicative of a higher thrombus stability of
Pro*® than Leu® platelets as reported before (29). By contrast,
considering the fact that neither the number nor the bottom
area of formed thrombi differs between both isoforms of e, 85,
it appears rather unlikely that the initial adhesive interactions
between the collagen matrix and platelets under flow had a
significant effect on the results.

4838 . Biol. Chem. (2018) 293(13) 48304844

Assuming that the difference in thrombus volumes between
both a3, isoforms is indeed due to increased thrombus sta-
bility in the Pro® variant, it would be an attractive assumption
that the Leu — Pro exchange has an impact on the mechano-
transduction mediated by the integrin. Such a contention is in
line with previous observations documenting a significantly
more stable adhesion of Pro* than of Leu® platelets onto
immobilized fibrinogen at shear rates ranging from 500 to 1,500
s ' (26). Moreover, it has been shown that the Pro** variant
displays increased outside-in signaling (53). These findings sug-
gest that the HPA-1 polymorphism of a8, modulates the
function and activity of the integrin.

However, the molecular nature underlying this modulation
has remained elusive so far. In this context, a marked concern in
the past has been that the point mutation at residue 33 of the 3,
subunit is located >80 A away from relevant functional
domains of ay;, B, such as extracellular binding sites or trans-
membrane domains. Conversely, due to its distant location,
it appears quite appropriate to exclude that the Leu — Pro
exchange would directly influence interactions with ligands at
the extracellular or even intracellular binding sites. It is more
likely that an increased activity of oy, B, results from a change
in the structural dynamics of the integrin. To probe this
assumption, we performed microsecond-long MD simulations
on the ectodomains of both a8, isoforms, Leu®® and Pro™.
The ectodomains of either isoform initially only differed in the
side chains of residue 33.

Ectodomains of integrins have been successfully used by us
(18,27) and others (34, 54) in previous studies as model systems
to explore possible influences of structure and solvent on integ-
rin activation. For the MD simulations, we used established
parameterizations for the solvent (55) and the protein (56, 57),
which we had applied successfully in other integrin simulations
(18, 27, 37), although we note that more recent protein force
fields have become available (58, 59). The impact of force field
deficiencies on our results is expected to be small due to can-
cellation of errors when comparatively assessing the two iso-
forms. Furthermore, we expect the deficiency of the ff99SB
force field (56, 57) to destabilize helical structures (60) to not
have a decisive influence on our results because the mutation
site (residue 33) is located in a loop region. Finally, ff99SB was
also shown to have some issues with side-chain torsions (61). As
Leu™ islocated at the vertex of the AB loop, with the side chain
facing away from the B; subunit, we do not expect imperfect
leucine torsions to impact structural properties markedly
however.

The present simulations were started from the bent confor-
mation with closed legs as present in the crystal structure (62),
representing a low-affinity, inactive state of the integrin (63). As
depicted, our simulation findings reveal that the Pro®* variant
displays significantly larger structural deviations from the bent
starting structure and becomes less compact than the Leu®
isoform (Fig. 3). Furthermore, we evaluated geometric param-
eters within the BA domain (“T-junction formation” between
helices al and «7; Fig. 3B) and variables characterizing the
bending and splaying of the structure (Fig. 3, C and D), which
had been used successfully in related studies to characterize
inactive-to-active transitions (27, 37, 64). The results display
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significant differences in the conformational states of both
isoforms of B, with the ectodomain of the Pro™ variant
showing a stronger tendency to move toward an open,
extended conformation with more splayed legs than the
Leu” isoform. We performed triplicate MD simulations for
both isoforms, which allows probing for the influence of the
starting conditions and determining the significance of the
computed results by statistical testing and rigorous error
estimation. As to the latter, we paid close attention to only
consider uncorrelated instances for the S.E. calculations
(Equations 1 and 2).

The results are consistent across three independent MD sim-
ulations for each isoform. This demonstrates the robustness of
our approach. We are aware that the magnitudes of the changes
of the bending or splaying angles do not correspond to those
described for a fully open, extended ectodomain conformation
(8). However, in consideration of the simulation times used
here, this finding is in complete accord with the timescale of
integrin activation in the absence of biomechanical forces,
ranging from microseconds to seconds (34, 35).

As an independent approach to explore the impact of the
Leu — Pro exchange on the structural dynamics of full-length
a,B; integrin, FRET measurements on a;,mVenus and
BiLeu*’mCherry or B,Pro**-mCherry transiently cotrans-
fected in HEK293 cells were performed (Fig. 4, A-C). HEK293
cells have previously been shown to be a suitable cellular model
for functional studies involving a8, (65, 66). The transfec-
tants display a significantly higher efficiency of energy transfer
between the « and B subunits in the Leu®® than in the Pro®?
isoform. This difference is indicative of a smaller spatial sepa-
ration between the cytoplasmic tails of the Leu® isoform in its
resting state. Conversely, the lower energy transfer obtained in
the Pro™ variant reflects a larger spatial separation of its
cytoplasmic domains that is already present in the resting
state (Fig. 4D). A limitation of the FRET method is that it
furnishes indirect information. However, the level of evi-
dence is consistent, and the observation is in good agree-
ment with the findings of the MD simulations. A direct study
comparing activity and stability of both receptor isoforms
using purified protein would provide complementary infor-
mation about receptor conformations but was beyond the
scope of the present work.

Taken together, both the MD simulations and FRET experi-
ments reveal structural changes in the ectodomain of a;,, 85 or
the full-length integrin for the Pro*® variant that relate to a
conformational change from a closed, bent structural state with
closed legs to a more open, extended state with splayed legs.
According to current models (14, 16, 33), such a conforma-
tional change is required for integrin activation. Considering
that in both the MD simulations and FRET measurements the
integrin has been examined in the resting state, our results pro-
vide evidence that the Leu — Pro exchange can shift the
dynamic conformational equilibrium of oy, B; in such a way
that a structural state more similar to the active conformation is
present.

The effect of the Leu — Pro exchange appears to have some
similarity to stimulatory monoclonal antibodies, which have
been suggested to shift the dynamic conformational equilib-
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rium in favor of those forms that lead to an increase in the
proportion of a high-affinity integrin (62). As the effect induced
by the amino acid substitution manifests in regions far away
from the mutation site, the influence of the Leu — Pro
exchange must be allosteric. Our results clearly go beyond a
previous study (67) that used MD simulations of the 8, subunit
only to investigate possible effects of the HPA-1 polymorphism
on the structure of the 3; subunit.

To explore a possible mechanism of how the Leu — Pro
exchange exerts an allosteric effect, applying MD simulations
and rigidity analyses, we examined short- and mid-range struc-
tural, dynamics, and stability changes in the PSI domain and
neighboring domains. Although the overall architecture of the
PSI domain remains largely unchanged by the amino acid sub-
stitution, particularly the EGF domains show marked structural
alterations in the Pro®® variant (Fig. 5). The EGF-1 and EGF-2
domains, although sequentially distant from the mutation
located at residue 33, are spatially close to the AB loop of the PSI
domain in the bent state, which carries the HPA-1 polymor-
phism (5, 19, 21). Parts of the AB loop are markedly more
mobile in the Pro* variant (Fig. 5B). Related to these changes,
our analyses reveal that the Leu — Pro exchange leads to a less
compact interface between the PSI domain and EGF-1/EGF-2
domains (Fig. 5, C and D). Specifically, fewer native and non-
native contacts are formed across the interface and within the
EGF-1/EGF-2 domains in the Pro™ variant than in the Leu™
isoform (Fig. 64). These conformational and dynamic altera-
tions are related to a change in the structural stability of the
EGF-1 and EGF-2 domains that percolates from the interface
region through these domains (Fig. 6, B and C).

Notably, similar changes in these regions have been related
to integrin activation before. For example, the displacement of
the PSI domain of about 70 A, described to act as a mechanical
lever upon outside-in signaling (21), alters the interface formed
with the EGF-1 and EGF-2 domains (68). Furthermore, activat-
ing mutations have been identified in the N-terminal part of the
PSI domain, the EGF-2 domain, and parts of the EGF-3 domain
of a 3, integrin (20). These regions are thought to form the
area of contact between « and B subunits in the bent confor-
mation. Finally, when generating an integrin chimera by com-
bining « and 8 subunits from different species, direct interac-
tions between the subunits could not be formed, and the
integrin no longer appeared locked in the closed conformation
(20).

The results of this study provide an explanation for the pro-
thrombotic phenotype of the Pro® variant of ay,,B,. Specifi-
cally, the shift of the dynamic conformational equilibrium of
the Pro™ variant toward an active state may promote a fully
active state in the presence of immobilized adhesive ligands
such as fibrinogen or VWF and, consequently, favor outside-in
signaling. This, in turn, may facilitate and accelerate platelet
aggregation and subsequent formation of stable platelet
thrombi. Thus, our results lend support to previous clinical
(22-25, 29, 49) and experimental findings (26, 29, 38, 49) sug-
gesting that the Leu — Pro exchange confers prothrombotic
properties to a,, B..
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Experimental procedures
Blood collection

Blood was collected through a 21-gauge needle from 15
healthy, medication-free volunteers into vacutainer tubes (BD
Biosciences) containing sodium citrate (0.38%, w/v). The vol-
unteers were recruited by the Diisseldorf University Blood
Donation Center. Written informed consent was obtained
from the volunteers according to the Helsinki Declaration. The
Ethics Committee of the Faculty of Medicine, Heinrich Heine
University Diisseldorf, approved the study (study number
1864).

Parallel plate flow chamber

A custom-made rectangle flow chamber was used (flow-
channel width, 5 mm; height, 80 um; length, 40 mm). Glass
coverslips forming the lower surface of the chamber were
flame-treated, cooled, and coated with 0.04 uml/mm? collagen
type S (concentration, 3 mg/ml) containing 95% type I and 5%
type 11l collagen (Roche). The perfusion system was flushed and
filled with PBS buffer (pH 7.3) containing 2% BSA to block
unspecific adhesion onto the glass slides. A syringe pump (Har-
vard Apparatus Inc., Holliston, MA) was used to aspirate mepa-
crine-labeled citrated whole blood through the flow chamber
for 10 min at a constant flow rate of 9.6 ml h™', producing an
initial near-wall shear rate of 500 s '

Labeling of platelets

Platelets were stained in whole blood by direct incubation
with the fluorescent dye mepacrine (quinacrine dihydrochlo-
ride; 10 M final concentration). Although this dye also labels
leukocytes, these cells could be readily distinguished from
platelets by their relatively large size and sparsity; moreover,
leukocyte attachment to the surface tested was negligible under
the conditions used. Mepacrine accumulates in the dense gran-
ules of platelets and had no effect on normal platelet function at
the concentration used. Platelet secretion after adhesion did
not prevent their visualization. Furthermore, mepacrine did
not affect platelet adhesion or platelet aggregate/thrombus
formation.

Picture acquisition and digital image processing

The fluorescence signal of mepacrine-stained platelets was
detected by a Zeiss Axiovert 100 M/LSM 510 confocal laser
scanning microscope (Jena, Germany). During the flow period
of 10 min, 25 stacks of images were acquired. One stack con-
sisted of 30 slices with a height of 30 wm. Digitized images had
a standard size of 512 X 512 pixels and an optical resolution of
1 pm.

Volumetry of single platelet thrombi

The stacks were reconstructed three-dimensionally and
analyzed with the custom-made software package ECCET
(www.eccet.de).” The software integrated the slices of every
stack and divided the three-dimensional space into multiple
“voxels” (three-dimensional equivalent to a pixel). All fluores-
cence signals were smoothed by a separate linear Gaussian filter
in all three planes (filter 02). Voxels with a gray value >10 were
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marked as thrombus; voxels with lower gray values were disre-
garded. Thus, background noise of fluorescence signals from
adjacent focus planes and single platelets was suppressed.
Thrombi were then categorized by volume, and only platelet
aggregates exceeding the cutoff volume of 100 um® were
assessed to avoid interference by non-stationary objects, e.g.
moving platelets.

Starting structures for molecular dynamics simulations

The starting structure for MD simulations of a;, 3, in the
bent, closed form representing the inactive state of the Leu®
isoform was obtained from the coordinates of the X-ray struc-
ture of the ectodomain of a8 integrin (Protein Data Bank
code 3FCS) (9). In the Protein Data Bank entry, the «,, subunit
contains two unresolved regions within the calf-2 domain (res-
idues 764 —-774 (AB loop) and 840 -873 (XY loop)), and the 3,
subunit has two unresolved regions within the EGF domains
(residues 75-78 and 477~ 482). Residues unresolved in the oy,
subunit were not included in the starting structures, consistent
with our previous studies on integrin (18, 27). The apparently
high flexibility of these residues implies that they will not con-
tribute significantly to stabilizing the bent conformation of the
oy, B, integrin. The short regions of unresolved residues of the
B, subunit were modeled and refined using the automatic loop
refinement server ModLoop (69). The structure was finally
refined by reverting the engineered residues Cys®”® and Cys®®
to the natural residues Leu®”® and Pro®*®, respectively. MOD-
ELLER version 9.9 (70) was applied, allowing the modeling of
the two Cys residues only. The Pro®® variant was obtained by
mutating residue Leu®® to Pro™, using Swiss-PdbViewer (31),
without changing the coordinates of any of the other amino
acids. As a final step, we capped the charges at the N-terminal
residues Glu”** and Gly** and the C-terminal residues Asp””*
and GIn*”® using the leap module of Amber 12 (71). All struc-
tural ions present in the protein were modeled as Mg”" ions.
Integrin sequence numbers used throughout this study are
according to UniProt.

Molecular dynamics simulations

Each starting structure of the two HPA-1 isoforms, Leu® and
Pro™®, was subjected to three replicates of all-atom MD simu-
lations of 1-us length each in explicit solvent summing up to 6
us of aggregate simulation time for production. MD simula-
tions were performed with the Amber 12 suite of programs (71)
using the force field ff99SB, initially described by Cornell et al.
(56) and modified according to Simmerling and co-workers
(57). Parameters for the Mg " ions were taken from Agvist (72).
The total charge of the system was neutralized by adding eight
Na ™ counter-ions with the leap module of Amber 12 (71), and
the solutes were placed into an octahedral period box of TIP3P
water molecules (55). The distance between the edges of the
water box and the closest atom of the protein was at least 11 A,
resulting in systems of ~200,000 atoms. The particle mesh
Ewald method (73) was used to treat long-range electrostatic
interactions, and bond lengths involving bonds to hydrogen
atoms were constrained using the SHAKE algorithm (74). The
time step for integrating Newton's equations of motion was 2 fs
with a direct-space, non-bonded cutoff of 8 A. Applying har-
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monic restraints with force constants of 5 kcal mol ' A % to all
solute atoms, MD simulations in the NV'T (constant number of
particles, volume, and temperature) ensemble was carried out
for 50 ps, during which the system was heated from 100 to 300
K. Subsequent MD simulations in the NPT (constant number of
particles, pressure, and temperature) ensemble were used for
150 ps to adjust the solvent density. Finally, the force constant
of the harmonic restraints on solute atom positions was gradu-
ally reduced to zero during 100 ps of NVT MD simulations.
Subsequently, we performed a 1-us unrestrained simulation;
the first 200 ns were discarded, and the following 800 ns were
used for analysis with the programs ptraj/cpptraj (75) with
conformations extracted every 20 ps. The production MD
simulations were performed with the graphics processing
unit (GPU) version of the program pmemd (76).

Analysis of the trajectories

For the analysis of the trajectories, ptraj/cpptraj (75) of the
AmberTools suite of programs (71) were applied. For investi-
gating structural deviations along the MD trajectories, the
RMSD of all C* atoms was computed after minimizing the
mass-weighted RMSD of the C* atoms of the BA and S3-propel-
ler domains with respect to the starting structure. In addition,
to investigate the structural changes of a domain, the C* atom
RMSD of each domain was computed after superimposing the
respective domain. To evaluate the level of compactness of the
structure, the R, was calculated with respect to the complete
ectodomain. To examine atomic mobility, RMSFs were com-
puted for the backbone atoms of the PSI domain. An analysis of
the secondary structure of the PSI domain was carried out to
monitor variations in the content of the two helices bordering
the AB loop. Structural changes in the ectodomain were char-
acterized as reported previously (18, 27). The kinking of the
helix a1 was measured by the three points (center of mass of C*
atoms of Lys''* and lle''®, center of mass of C* atoms of GIn'"”
and Lys'*", and center of mass of C* atoms of Leu'*® and
Leu'®). The unbending of the structure was evaluated using
the angle formed by the centers of mass of the 3-propeller, BA,
and PSI domains, and the splaying of the two legs was evaluated
using the angle formed by the centers of mass of the calf-2,
thigh, and B-tail domains. Changes in the 35 genu region were
first quantified by computing the distances between the C*
atom of residue 33 and the C* atom of Ser*” (EGE-1 domain)
and with the C* atom of GIn*®' (EGF-2 domain). To identify a
network of interactions keeping the interdomain interface sta-
ble, a maximal distance of 3.5 A and a minimal angle of 120°
were used as exclusion criteria to identify hydrogen bond
formation.

The CNA software package was used to provide a link
between structure and rigidity/flexibility of the HPA-1 iso-
forms (77). To derive information of the effect of Pro® on a
local level, we first generated an ensemble of 400 equally dis-
tributed structures from the 200-1,000-ns intervals of each
MD simulation, considering only the hybrid, PSI, and EGF
block domains. Thermal unfolding simulations of the Leu™ and
Pro®® isoforms were then carried out with CNA to identify dif-
ferences in the structural stability within the 8, genu region
following established protocols (77). For each isoform, we gen-
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erated three different stability maps and three different neigh-
bor stability maps; from them we calculated the mean values
used to build a final stability map and neighbor stability map for
Leu®® and Pro®*. Finally, a difference stability map was calcu-
lated as rc,; (Leu™ isoform) — re,, (Pro™ isoform).

Statistical analysis

Results from three independent MD simulations are ex-
pressed as arithmetic means * S.E. calculated over the time.
The overall S.E. for each simulated system was calculated
according to the law of error propagation (Equation 1),

5.Eon = +/5.E3 % SE2-SE32 (Eq. 1)

where the subscripts i = {1, 2, 3} indicate the three trajectories.
S.E., was computed following Ref. 78 and applying the multiple
Bennett acceptance ratio method (79), which allows detecting
the decorrelation time of an investigated variable along each
MD simulation. From it, the effective sample size is established,
and the S.E.; is derived.

In the case of hydrogen bond and contact analyses, S.E. is
calculated from the S.D. of the three means of the three MD
simulations according to Equation 2, assuming that the three
MD simulations are statistically independent.

SE.=5D./\3 (E9.2)

Differences between mean values are considered statistically
significant if p < 0.05 and p < 0.001 (indicated as * and **,
respectively, in figures and tables) and highly statistically signif-
icant if p << 0.0001 (indicated as ***) according to the Student’s
t test for parametric testing. The statistical analysis was per-
formed using R software (80) and the pymbar module for mul-
tiple Bennett acceptance ratio (79).

The FRET efficiency results obtained performing the
FRET-AB experiments are expressed as means = S.E. For sta-
tistical analysis, the unpaired ¢ test was applied using GraphPad
Prism version 6.00 for Windows (GraphPad Software, La Jolla,
CA).

Figure preparation

The crystal structure of the 3, integrin (Protein Data
Bank code 3FCS) was used to represent the protein together
with conformations extracted from the MD trajectories.
PyMOL was used to generate molecular figures (36), and graphs
were prepared using Gnuplot (47).

Live-cell imaging of e, B;-transfected HEK 293 cells
expressing either isoform Leu®? or Pro®*

Live-cell imaging was performed to examine the cellular dis-
tribution of a,, B;-transfected HEK 293 cells expressing either
isoform Leu®® or Pro*”. 24 h after transfection, 3.7 X 10* cells in
complete culture medium were allowed to settle for more 24 h
in individual chambers in a p-slide 4-well ibiTreat chamber
slide (Ibidi, Martinsried, Germany) previously coated with 50
ug/ml fibrinogen from human plasma (Sigma-Aldrich) in PBS
without Ca®" and Mg®" for 1 h at 37 °C. Live-cell imaging was
performed with an Axiovert S100 inverted fluorescence micro-
scope (Zeiss) equipped with a 12.0 Monochrome without IR-18
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monochromatic camera (Diagnostic Instruments, Inc, Sterling
Heights, MI) and an LE] EBQ 100 isolated lamp (Leistungselek-
tronik Jena GmbH, Jena, Germany). Images were obtained with
a 63X oil immersion objective lens using a 5,000-ms exposure
time for mVenus, 100 ms for mCherry, and 300 ms for bright-
field. Image acquisition was performed with MetaMorph soft-
ware (version 7.7.7.0). Background subtraction and image pro-
cessing were performed using Adobe Photoshop CS3 software
(Adobe, San Jose, CA).

Flow cytometry

Transfected cells at 70— 80% confluence were harvested 24,
48, and 72 h after transfection. Subsequently, cells were pelleted
by centrifugation at 400 X g for 7 min and suspended again in
100 ! of Dulbecco’s phosphate-buffered saline (PBS). Staining
with allophycocyanin (APC)-conjugated mouse anti-human
CD41 monoclonal antibody (clone MEM-06; Exbio, Praha,
Czech Republic; 0.15 ng/ml) was performed for 30 min at room
temperature protected from light. After staining, cells were
washed once in Dulbecco’s PBS and analyzed on a FACS Canto
11 flow cytometer (BD Biosciences) equipped with 488 and 633
nm lasers for excitation and FITC, phycoerythrin, and APC
filters for detection of mVenus, mCherry, and APC, respec-
tively. The collected data were analyzed with FACSDiva soft-
ware version 6.1.3 (BD Biosciences). PAC1 was obtained from
BD Biosciences, and Alexa Fluor 647-fibrinogen was from
Thermo Fisher Scientific (Dreieich, Germany).

FRET measurements using APB

24 h after transfection, cells were harvested and seeded in a
-slide 8-well ibiTreat chamber slide (Ibidi). Subsequently, 24 h
later (48 h after transfection) and before measuring FRET
efficiency, the culture medium was substituted by identical
medium but containing phenol red—free Fluorobrite™™
DMEM (Thermo Fisher, formerly Life Technologies).

Live cells were examined with an LSM 780 (Zeiss) inverted
microscope equipped with a C-Apochromat 40x/1.20 W Corr
(from correction ring) M27 water-immersion objective lens, an
AxioCam camera, and an HPX 120C lamp. FRET acceptor pho-
tobleaching experiments including image acquisition, defini-
tion of regions of interest for bleaching, and data readout were
performed using the LSM software package ZEN 2012 (Zeiss).
The chamber slide containing the live cells was mounted on a
heating frame within a large incubation chamber (PeCon,
Erbach, Germany) set to 37 °C. mVenus was excited with the
488 nm line of an argon multiline laser and detected between
513 and 558 nm using a gallium arsenide phosphide detector,
whereas mCherry was excited at 561 nm using a diode-pumped
solid-state laser and detected between 599 and 696 nm. The
beam splitter was MBS 488/561/633. In total, a time series of 20
frames (128 X 128 pixels; pixel size, 0.33 pm) at a pixel time of
2 ws/pixel was acquired for each FRET experiment. The entire
measurement including bleaching of mCherry was finished
within 3.5 s. After the fifth frame, an area corresponding to half
of a cell, with a constant dimension of 42 X 42 pixels (region of
interest), was bleached by 30 iterations of the mCherry excita-
tion wavelength (561 nm) using 100% laser power. After bleach-
ing, 15 additional frames were recorded. The mean intensity of
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mVenus fluorescence at the cell membrane within the bleached
area was extracted and analyzed according to Equation 3,

(Iaﬁer - "be!ore)

FRET efficiency = * 100 (Eq.3)

after

where I, .. (intensity of mVenus before bleaching) and 1 .
(intensity of mVenus after bleaching) correspond to the mean
intensity values of mVenus fluorescence of five images before
and after bleaching within the bleached area at the cell mem-

brane (39, 40).
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Supplemental Methods
Determination of HPA-1 alleles of amf3 and a2 C807T genotypes of a2

Prior to blood collection for this study, genotyping of HPA-1 and o2C807T had been
performed. Genomic DNA was extracted from whole blood using the QIAmp blood kit
(Qiagen, Hilden, Germany). Upon amplification by polymerase chain reaction, genotypes
were determined by allele-specific restriction enzyme analysis (1). The results of genotyping
were confirmed by a second analysis using the LightCycler™ system (Roche Diagnostics,

Mannheim, Germany) (2) and the results of both procedures were in 100% concordance.

Donor population

Homozygous carriers of either allele, Leu33 (HPA-1a) or Pro33 (HPA-1b), which did not
carry the w2807CT or w2807TT genotype of o2p1, were selected for the subsequent
experiments. Group A (HPA-1a/1a) consisted of 8 individuals (5 males, 3 females, mean age:
38.8 yrs., range: 21 to 58 yrs.); group B consisted of 7 individuals (4 males, 3 females, mean

age: 45.3 yrs., range: 35 to 54 yrs.).
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Compounds

Abciximab 4pg/ml (c¢7E3, ReoPro, Centocor, Inc/Eli Lilly, Indianapolis, IN, USA) is a
murine-human chimeric monoclonal antibody fragment directed against human oamBs. A
complex-specific anti-amPs antibody, anti-CD41 (clone MEM-06, Exbio, Praha, Czech
Republic) was used for flow cytometric analysis of transfected HEK293 cells. For calibration
of the flow cytometer and quantitation of amPs expression, fluorescent microspheres (F-

36905, Molecular Probes, Eugene, OR, USA) were used.

Design and construction of plasmids

Two plasmids were generated first by cloning the cDNA of the am human integrin gene
(ITGA2B), a gift from Dr. S. Shattil (University of California, San Diego, CA, USA), and the
c¢cDNA of the B3 human integrin gene (ITGB3), a gift from Dr. J. Jones (Northwestern
University Medical School, Chicago, IL, USA), downstream the cytomegalovirus promoter in
the pcDNA3.1(-) plasmid (Thermo Fisher, formerly Invitrogen, Waltham, MA, USA). A third
plasmid, containing the Pro-for-Leu substitution in the Bs subunit was generated by site-
directed mutagenesis, as reported by Kunkel (3). Subsequently, the coding sequence of
mVenus (plasmid # 27794), a gift from S. Vogel (Addgene, Cambridge, MA, USA) was
cloned downstream the am coding sequence, and the coding sequence of mCherry (Clontech
Laboratories, Takara Bio, Mountain View, CA, USA) was cloned downstream the BsLeu33
and BsPro33 coding sequences in the respective plasmids. In initial fusion constructs, the
length of the linker between the C-terminus of each subunit and the N-terminus of the
corresponding fluorescent protein (mVenus or mCherry) was varied (4), and combinations of
these constructs were tested in transiently transfected HEK293 cell by acceptor-
photobleaching to determine optimal basal FRET efficiency. Accordingly, the construct

containing a linker of 39 amino acids between om (C-terminus) and mVenus (N-terminus),
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and a linker of 6 amino acids between BsLeu33 or BsPro33 (C-terminus) and mCherry (N-
terminus), was chosen.

Importantly, mVenus and mCherry coding sequences were cloned in frame with the integrin
subunits coding sequences with removal of the original stop codon of the integrin subunits (4)
for expression as fusion proteins. The sequences of the three resulting plasmids were
confirmed by Sanger sequencing (Biological Medical Research Center, Heinrich Heine

University Diisseldorf), using the primers listed in Tables S1 and S2.

Cell line culture and transfection

HEK293 cells were purchased from the Leibniz Institute DSMZ - German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and cultured according
to the recommended conditions (DMEM supplemented with 10% of fetal bovine serum (FBS)
and 1% penicillin-streptomycin (PCN-STR). DMEM, FBS, and PCN-STR were obtained
from Thermo Fischer Scientific (Waltham, MA, USA). To achieve expression of the complete
amf3 receptor complex of either isoform, Leu33 (HPA-1a) or Pro33 (HPA-1b), in HEK293
cells, a double transient transfection was performed with the plasmids ammVenus and
BsLeu33mCherry or fsPro33mCherry, respectively. HEK293 cells transfected with an empty
vector DNA were used as controls in the flow cytometry analyses, and cells double
transfected with allbmVenus and f3Leu33 or BsPro33 plasmids (without mCherry) served as
controls in FRET-APB experiments. The transfection protocol was performed using the
Effectene® Transfection Reagent (Qiagen, Hilden, Germany). 24 h prior to transfection,
1.6x10° cells were seeded on a 6-well plate (Greiner Bio-one, Frickenhausen, Germany) in
culture medium. On the next day, 0.4 ug of integrin oum encoding plasmid and 0.4 pg of each
B3 encoding plasmids were diluted in EC (Enhancer and DNA condensation) buffer (total

final volume of 100 pl), 3.2 pl of transfection enhancer was added and the mixture incubated
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at RT for 5 min. Subsequently, 10 pl of Effectene® was added and the mixture incubated at
RT for 10 min. Finally, 200 pl of cell culture medium was added, and the mixture was
carefully pipetted into the wells containing the cells. 24 h after transfection, the medium was
replaced by standard cell culture medium (DMEM supplemented with 10% FBS and 1%
PCN-STR).

Image acquisition was achieved by using the Metamorph Software (v. 7.7.7.0), and image

processing was performed with Adobe Photoshop CS3 (Adobe, USA) software.

FRET acceptor-photobleaching (APB) analyses

mVenus fluorescence intensity measured in the ROI varied between 11 and 134 (mean +
SEM, 37.85+1.992) for cells transfected with ammVenus and BsLeu33mCherry plasmids and
between 7 and 93 (35.27 £ 2.048) for cells transfected with ollbmVenus and
B3Pro33mCherry plasmids, respectively; mCherry fluorescence intensity varied between 12
and 120 (54.37 = 2.284) for cells transfected with ammVenus and BzLeu33mCherry plasmids
and between 12 and 99 (44.90 + 2.159) for cells transfected with ammVenus and

B3Pro33mCherry plasmids. Transfected cells were randomly chosen for analysis.
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Supplemental Tables

Table S1: Primers for cmmmVenus.

T7minusl AATACGACTCACTATAGGG
Seq-p101-I TGGGACAAGCGTTACTGTG
Seq-pl101-1I GACCGGGATGGCTACAATG
Seq-p101-111 TCGAGATGAGGCAGACTTC
Seq-p101-1V CAGCAGAAGAAGGTGAGAG
Seq-p101-mVenus GGCAACTAGAAGGCACAGTC

RPC

ACAGCTATGACCATGATTACG

Seq-p101-Hyg-fw

ACAGCTATGACCATGATTACG

pEGFP-RP AACAGCTCCTCGCCCTTG
Table S2: Primers for fsmCherry.

pEGFP-FP TTTAGTGAACCGTCAGATC
Seq-p106-1 CTTGCCCATGTTTGGCTAC
Seq-p106-11 GGCCTCAAGTCTTGTATGG
Seq-p106-111 TGGCAGCTGTGTCTGTATC
pEGFP_C2-RP TTTAAAGCAAGTAAAACCTC
Seq-p106-Zeo GAACAAACGACCCAACAC

Table S3: Local geometry of the metal ion binding sites.

Leu33 (HPA-1a) isoform

Pro33 (HPA-1b) isoform

Sim1'® Simm® SimITT®! SimI™® SimI1® SimITI®!

SyMBS P2190 | 2.03+0.00 | 2.02+0.00 [ 2.02+0.00 [ 2.03+0.01 | 2.05+0.01 | 2.02+0.00
2.05+0.010] 2.03+0.01%]

SyMBS E220,: | 1.9540.00 [ 1.96+0.00 | 1.95+0.00 [ 1.05:0.004 [ 1.95+0.00 [ 1.9440.002
1.95::0.00% 1.95£0.010

MIDAS “E2200z | 4.02£0.01 | 4.06£0.00 | 4.07+0.01 | 4.00+0.01 | 4.01£0.03 | 4.09£0.00
4.05+0.01™ 4.03+0.04%)

MIDAS D119z | 1.99+0.00 [ 2.00+0.01 [ 1.99+0.01 | 2.03+0.007 | 2.04+0.05 | 1.99+0.00
1.99+0.010 2.02:0.05P]

AMIDAS D1260s1 | 2.07£0.01 | 2.14£0.02 [ 2.17£0.02 [ 2.35:0.04 | 1.95+0.00 | 2.81+0.05
2.13+0.04 2.37+£0.07%)

AMIDAS D12765 | 1.95+0.00 | 1.95+0.00 | 1.95+0.01 | 2.28+0.29 | 2.58+0.10 | 1.95+0.00
1.95+0.01(0] 2.27+0.310

(2] Mean value and SEM, in A, calculated for each MD simulation.

[b] Mean value and SEM, in A, calculated across three MD simulations.
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Table S4: RMSD of am,p3 domains after domain-wise alignment.

Leu33 (HPA-1a) isoform

Pro33 (HPA-1b) isoform

Domain SimI® | SimI® | SimII™ | SimI® | SimII® | Sim I
B- 1.71+0.01 | 2.04+0.04 [ 1.91:£0.01 | 2.33+0.03 | 1.94+0.01 | 2.17+0.01
propeller 1.89::0.041! 2.15+0.0°13
thioh | 1-36+0.05 [ 1.99+0.13 | 1.95+0.03 | 1.75+0.02 | 1.78+0.04 | 1.82::0.03
£ 1.94+0.14" 1.78+0.06"
Sub amy 1.7120.12 | 2.39+0.03 [ 2.16+2.09 | 2.15+0.10 | 1.89+0.02 | 1.86+0.07
calf-1 2.0940.130! 1.78+0.121)
1.85+0.16 | 2.56+0.13 [ 1.43+0.01 | 3.39+0.12 | 2.15+0.14 | 2.02+0.03
calf-2 1.95:0.130) 2,520,190
" 2.37+0.03 | 1.43+0.01 | 2.06+0.07 | 1.50+0.05 | 1.63+0.01 | 2.65+0.01
B 1.96:0.077) 1.92:0.050)
reiirid 2.60+0.15 | 2.56+0.02 | 2.63+0.05 | 2.91+0.03 | 2.59+0.05 | 2.69+0.08
yort 2.5140.16 2.73+0.100)
1.60+0.03 | 1.62+0.03 [ 1.60+0.02 | 1.72+0.03 | 3.97+0.07 | 1.61+0.04
Sub s EL 1.60+:0.05) 2.43+0.09°)
i 2.58+0.03 | 2.44+0.09 | 2.33+0.23 | 3.31+0.04 | 4.23+0.08 | 3.89+0.06
2.45+0.25"! 3.810.091"!
. 4.55+0.03 | 5.96+0.09 | 4.26+0.04 | 4.24+0.17 | 4.91+0.04 | 4.43+0.03
freail 4.93+0.111 4.53+0.171

12l Mean value and SEM, in A, calculated for each MD simulation.
'] Mean value and SEM, in A, calculated across three MD simulations.
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Table S5: RMSD of the o3 integrin domains after alignment of the head region.

Leu33 (HPA-1a) isoform |

Pro33 (HPA-1b) isoform

Domain Sim 1! Sim 11! Sim 111 Sim I Sim I Sim II11®!
B- 2.8240.37 | 2.53+0.03 | 227+0.07 | 2.71+0.03 [ 234+0.02 | 2.74+0.04
propeller 2.54+0.370) 2.60+0.06!
thigh 5.70£0.09 [ 5.41+0.34 | 6.64x0.11 | 9.84+0.15 [ 10.75x1.11 | 8.45+0.45
Sub @ 5.91x0.371) 9.68+1.200
S e oIt 748085 | 5.79:0.41 | 8.61+0.37 | 10.73£0.08 | 12.79+0.52 | 11.31+0.49
catt 7.90+1,021 11.61+0.721)
aiEd 8.93+0.44 | 8.18+0.74 | 11.39+0.19 | 13.25+0.24 | 16.35+0.38 | 21.13+2.65
9.50:0.89!) 16.9142.69]
BA 4004030 | 2.75£0.15 | 2.91+0.06 | 2.39+0.11 | 2.35:0.04 | 3.34£0.05
3.22+0.34") 2.70£0.13®
hvbrid 6.49£0.61 | 7.62+026 | 8.21+0.05 | 5.66+0.12 | 8.36:0.31 | 6.52+0.22
Y 7.29+0.67° 6.85:0.400)
Sub Bs PSI 11.72+0.82 | 12.03+0.30 | 12.53+1.98 | 10.82+0.15 | 18.15x0.79 | 6.58+0.600
12.09+2.16%) 11.85+1.010)
BCFs 9.25+0.97 | 10.03=1.34 | 9.77+0.67 | 9.89+0.09 | 14.41+0.70 | 8.40+0.21
9.68+1.78[] 10.73+0.730]
-tail 17.10£0.21 | 7.87+0.50 | 19.55+0.34 | 7.88+0.15 [ 19.30£0.12 | 16.65+0.46

14.83+0.64™)

14.61+0.50™)

[l Mean value and SEM, in A, of the C, atom RMSD of amf; domains with respect to the starting structure after

a mass-weighted alignment onto the B-propeller and BA domains, calculated for each MD simulation.

) Mean value and SEM, in A, of the C, atom RMSD of a3 domains with respect to the starting structure after

a mass-weighted alignment onto the B-propeller and BA domains, calculated across three MD simulations.

120



Publication 11

HPA-1b polymorphism allosterically influences amp; integrin - Pagani, Ventura Pereira, Stoldt, Scharf, Gohlke

Table S6: RMSD and R; of omfs.

Leu33 (HPA-1a) isoform

Pro33 (HPA-1b) isoform

SimI®! SimIt® SimIIT® Simi®! SimI1t®! SimITT™
6.76£0.41 | 5.68+0.54 | 7.46x0.47 | 7.55+0.07 | 10.40£0.30 | 9.55:0.14
RMSD_ALL 6.64+0.830°1 9.17+0.34™!
ok [c]
39.75+0.04 | 39.68+0.08 | 39.39+£0.02 | 40.04:0.03 | 39.67+0.05 | 41.25+021
Rg_ALL 19.61=0.09) 40.32+0.22"

w [c]

[ Mean value and SEM, in A, calculated for each MD simulation.
)] Mean value and SEM, in A, calculated across three MD simulations.
[e] *: p <0.05, **: p <0.001, ***: p < 0.0001 (according to the t-test for parametric testing).
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Table S87: Kink, bending, and splaying angles.

Leu33 (HPA-1a) isoform

Pro33 (HPA-1b) isoform

SimI®! SimI1®! Sim1m®! SimI®! SimI1t® SimIII®
137.38+2.33 | 136.99+1.43 | 139.55+0.36 | 140.02+0.56 | 154.06+1.35 | 165.25+0.35
Kink[°] 137.97+2.76!%! 153.111.50%!
soiok [©]
4591+1.30 | 4292045 ‘ 38.64+0.11 | 48.82+0.45 | 4478033 | 54.92+1.66
Bending|°] 42.49+1.38"! 48.74+1.75"
% [c]
22.85+0.15 | 27.16+0.13 ‘ 24.05+£0.06 | 26.88+0.08 | 28.65+0.44 | 27.76+0.08
Splaying[°] 24.69+0.210! 27.76+0.45"

F (o]

(2] Mean value and SEM, in °, calculated for each MD simulation.
[b] Mean value and SEM, in °, calculated across three MD simulations.
[l #; p <0,05, **: p<0.001, ***; p < 0.0001 (according to the r-test for parametric testing).

Table S8: Distance between the N-terminus and C-terminus.

Leu33 (HPA-1a) isoform

Pro33 (HPA-1b) isoform

SimI®! SimI1® SimIII®! SimI[® SimIIf! SimIII®!
35704033 | 4081052 | 31.30=0.05 | 43.45:024 | 42.86+151 | 47.95£0.75
BA-B-tail 35.9440.62 44.76£1.70
P
29.65+0.10 | 28.31+0.55 ‘ 25.9240.03 | 29.03+0.08 | 31.00+0.22 | 28.17+0.04
calf-2-B-tail 27.95+0.56 29.40+£0.24
*
calf-2- - 53.54+0.47 | 53.87+0.51 ‘ 52.81£028 | 57.21+0.27 | 52.58+0.10 | 65.75+1.42
propeller 53.07+0.75 58.51+1.45

soksk [c]

[2] Mean value and SEM, in A, calculated for each MD simulation.
Y] Mean value and SEM, in A, calculated across three MD simulations.
[l *; p <0.05, **: p < 0.001, ***: p < 0.0001 (according to the -test for parametric testing).
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Table S9: Distance at the interface between PSI and the EGF-1/EGF-2 domains

Leu33 (HPA-1a) isoform Pro33 (HPA-1b) isoform
SimI[ SimII® SimITI® SimI(®] SimII® SimIII®

7.32+0.28 8.45+0.10 8.59+0.28 12.60+0.21 11.49+0.47 11.34+0.60

L33P"S469 8.12+£0.40 11.81+0.79
*

6.45+0.28 6.63+0.35 6.77+0.24 13.75+0.21 10.03+0.54 13.38+0.84

L33P Q481 6.65+£0.37 12.38+1.02
Hokok

(2] Mean value and SEM, in A, calculated for each MD simulation.
) Mean value and SEM, in A, calculated across three MD simulations.
[l *: p <0.05, **; p<0.001, ***; p < 0.0001 (according to the ¢-test for parametric testing).

Table S10: Native and non-native contacts involving the AB loop

Leu33 (HPA-1a) isoform Pro33 (HPA-1b) isoform
SimI] SimlIIE SimITIE! SimIl! SimII® SimIIT#
37444 279+7 35744 295+6 247+4 30142
Native 3369 28116
Sk
869+13 977+13 726+32 191+6 53849 436+37
Non-Native 857+37 388+39
How

(2] Mean value and SEM calculated for each MD simulation,
'] Mean value and SEM calculated across three MD simulations.
[e] %: p <0.05, **: p < 0.001, ***: p < 0.0001 (according to the r-test for parametric testing).
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Fig. S1: RMSD average correlation.

RMSD average correlation (RAC) computed for the three independent MD simulations of
amPs expressing Leu33 (HPA-1a) (colored in three different shades of blue) or Pro33 (HPA-
1b) (colored in three different shades of red) isoforms, respectively, as described in ref. (5).
The structures were mass-weighted fitted on the C. atoms of the head part (propeller domain
and BA domain), excluding the first 200 ns from the trajectories, applying an offset of 250

frames, and using as reference the running average calculated over each time interval.

124



Publication 11

HPA-1b polymorphism allosterically influences amp; integrin - Pagani, Ventura Pereira, Stoldt, Scharf, Gohlke 14

>
w

PC1 PC1
0.1F 3

0.08 -
0.06 | L
0.04 | L

KL Divergence

0.02
0 A A e ——— : :

0.1} Pcz| [ PC2

0.08 | L
0.06 | i
0.04
0.02

KL Divergence

PC3 PC3

0.08

KL Divergence

0.06

o0a ]’ o\

0.024! - N l,./\.,\h |
0 200 400 600 800 10000 200 400 600 800 1000
Time [ns] Time [ns]

Fig S2: Convergence of internal motions in unbiased MD simulations.

Kullback-Leibler (KL) divergence® as a parameter to evaluate the convergence of the three
independent MD simulations of Leu33 (HPA-la) (A) and Pro33 (HPA-1b) (B). The KL
divergence was computed for pair-wise comparisons of replicates of MD simulations in terms
of histograms describing the projection of snapshots onto the given principal component (PC).
The principal component analysis was performed on all the Cq atoms after alignment onto the
B-propeller and BA domains. Lines colored in three different shades of blue and three
different shades of red are used to represent the Leu33 (A) and Pro33 (B) isoforms,

respectively.
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Fig S3: Metal ion binding sites

Close-up view of the metal binding sites within the BA domain. Metal ions are depicted as
green spheres and labeled. Residues projecting from the BA domain (in cartoon drawing)

involved in the metal coordination are shown in ball and sticks representation and labeled.
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Fig. S4: Internal changes of amp3 domains: RMSD profiles.

RMSD of the C, atoms of each domain of amfs as a function of time with respect to the
starting structure after a mass-weighted superimposition on the respective domain. From top
to bottom, (A) the RMSD of the propeller domain, thigh domain, calf-1 and calf-2 domains is
depicted, as is (B) the RMSD of the BA domain, hybrid domain, PSI domain, EGF block, and
B-tail domains. Three different shades of blue and three different shades of red are used to

represent the Leu33 and Pro33 isoforms, respectively.
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Fig. S5: Global changes of amps domains: RMSD profiles.

RMSD of the Ca atoms of each domain of ampP3 as a function of time with respect to the
starting structure after a mass-weighted superimposition on the head part (propeller domain
and PA domain). From top to bottom, (A) the RMSD of the propeller domain, thigh domain,
calf-1 and calf-2 domains is shown, as is (B) the RMSD of the BA domain, hybrid domain,
PSI domain, EGF block, and B-tail domain. Three different shades of blue and three different

shades of red are used to represent the Leu33 and Pro33 isoforms, respectively.
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Fig. S6: Time series of geometric parameters.

(A, B, C) Time evolution of the kink angle, bending angle, and splaying angle defined as in
the Methods section. Blue and red lines are used for the Leu33 (HPA-1a) isoform and Pro33

(HPA-1b) isoform, respectively. (D) Time evolution of the distances indicated in panel D.

Above each panel, the initial structure of the respective MD simulations is depicted in cartoon

representation. Domains involved in the measurements are labeled and highlighted in orange;

the black line indicates the calculated distance between the COM of the domains (shown in

black circles). Lines in color code as in panels (A)-(C).
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Fig. S7: Secondary structure analysis.

Normalized distribution of the helix content of (A) residues Cys13 to Met19 and (B) residues
Leud0 to Asp47. Mean values calculated over three MD simulations are given, with error bars
indicating SEM. The star indicates p = 0.1 for the difference. Blue and red colors represent
the Leu33 and Pro33 isoforms, respectively.
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Fig. S8: Hydrogen bond network.

Mean occupancy of hydrogen bonds during three MD simulations each for the Leu33 (HPA-
la) and Pro33 (HPA-1b) isoform shown as labels next to the hydrogen bond marked by black
dashed lines in the closest-to-average structure calculated from one simulation of the Leu33
(HPA-1a) isoform; occupancy values < 1% are not reported. For the sake of clarity, only the
PSI (green), EGF-1 (firebrick), and EGF-2 (marine) domains of omfs are shown. Residues
Leu33 (PSI domain), Ser469-GIn470-Cys473 (EGF-1 domain), and Asp477-Ser480-GIn481-
Cys492 (EGF-2 domain) are depicted in ball-and-sticks representation.
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. Givlia Pagani® & Holger Gohlke (2

. Integrins are oo/ heterodimeric transmembrane adhesion receptors. Evidence exists that their

. transmembrane domain (TMD) separates upon activation. Subunit-specific differences in activation

. sensitivity of integrins were reported. However, whether sequence variations inthe TMD lead to

. differential TMD association has remained elusive. Here, we show by molecular dynamics simulations

. and association free energy calculations on TMDs of integrin oy ,3s, o33, and a3, that oyp,3; TMD is

. most stably associated; this difference is related to interaction differences across the TMDs. The order

- of TMD association stability is paralleled by the basal activity of these integrins, which suggests that

. TMD differences can have a decisive effect on integrin conformational free energies. We also identified
a specific order of clasp disintegration upon TMD dissociation, which suggests that the closed state of

. integrins may comprise several microstates. Our results provide unprecedented insights into a possibly

. contributing role of TMD towards subunit-specific sensitivity of integrin activation.

Integrins are a major class of heterodimeric adhesion receptors consisting of o and (3 subunits' and are involved
. in the regulation of many biological events®. Each subunit is formed by a large extracellular domain (ectodomain)
. connected to a short cytoplasmic tail through a single transmembrane domain (TMD)®. In providing a physical
. link between the exterior and the interior of the cell, the TMD serves as a translator of mechanical and biochem-
. ical signals in both directions across the plasma membrane, leading to inside-out and outside-in signaling**.
© TMDs are directly involved in the mechanism of integrin activation’ in that the two transmembrane (TM) seg-
: ments associate in the resting state® '’ and dissociate upon activation''"". Structural features of the integrin TMD
. were revealed by nuclear magnetic resonance (NMR) structures'®~'7, biochemical data'®!?, and electron micros-
¢ copy™?. Two structural elements, the inner and outer membrane clasps (IMC and OMC)?, were recognized
: as principal mediators of TMD assembly®!, together with electrostatic interactions in the membrane-proximal
. region. However, despite these unifying principles, there is also evidence for specific ways of helix-helix asso-
ciation among different isoforms®, and it has remained unclear if and how these differences are linked to the
. subunit-specific sensitivity of integrin activation®**"; Integrin ey, 3; has been described as basally inactive, in con-
© trast to o35, which was found to be in the active state by default in certain cell types*®*’, and 3, integrins, which
. are considered to be basally active?®, with integrin o3, being among the most conformationally flexible integrins
. containing (3,*’. In addition, contradicting findings of NMR*** and in vitro™ versus in vivo™ studies with respect
: to a salt bridge interaction between cyy,-R995 and 3;-D723 might also be related to specific TMD associations
(see below for details).
The TMD of a subunit is formed by a short a-helix*, and two such TMDs are arranged in a right-handed
. coiled-coil conformation'® in the resting state of the integrin®!'®**, The structure of the TMD of «y,3; integrin'®
¢ revealed that the TM and membrane-proximal regions of the 3, subunit form a continuous helical structure
. that is tilted by ~25° with respect to the membrane normal'®'”. In contrast, the oy, subunit is oriented in
. parallel to the membrane normal, breaks at G991, and bents towards the (3; TMD. This allows the dimer to be
. stabilized by the OMC and IMC?. The former is a GXXXG-like motif*, while the latter is a highly conserved

. lnstitute of Pharmaceutical and Medicinal Chemistry, Heinrich-Heine-Universitat Disseldorf, 40225, Disseldorf,

. Germany. *John von Neumann Institute for Computing (NIC), Julich Supercomputing Centre (JSC) & Institute for
Complex Systems - Structural Biochemistry (ICS 6), Forschungszentrum Jilich GmbH, 52425, Julich, Germany.
Correspondence and requests for materials should be addressed to H.G. (email: gohlke @uni-duesseldorf.de)
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GFFKR motif*®, with the two Phe residues found in all « subunits*®. Mutational studies'’, disulphide scan-
ning'' and Leu scanning'' experiments confirmed the importance of the OMC, whose alteration prevents cor-
rect helix packing and abolishes helix association®®. However, different compositions of the GXXXG motif are
found in o subunits, which makes it reasonable to hypothesize that the different OMC interfaces contribute to
differential integrin activation. Likewise, the importance of the IMC, and, in particular, the two conserved Phe
residues, in maintaining correct TMD packing and restraining integrin in the resting state has been shown?!,
In contrast, it has remained controversial whether oy,-F992 engages 3;-K716 in hydrogen bond formation to
support IMC formation', or whether K716 “snorkels” towards the lipid head groups®**. Moreover, NMR spec-
troscopy’ revealed the presence of a salt bridge between ay,,-R995 and (3,-D723 at the membrane-proximal
region, in immediate vicinity of the IMC, whose functional role in restraining integrin in the inactive state has
been demonstrated*****-*!, However, NMR structures in which both a,-F992 and ay,-R995 point away from
the 3; subunit, thus, not making any interactions with the 3; subunit, have also been determined™®. Likewise,
mutational studies in which the breaking of the R995-D723 salt bridge did not cause immediate integrin acti-
vation were reported'**,

In order to provide insights at the atomistic level as to a potential influence of the TMD on the subunit-specific
sensitivity of integrin activation, including the role of interactions across the IMC and OMC, here, we performed
equilibrium molecular dynamics (MD) simulations in an explicit membrane environment of in total 9 ps length
on the associated TMDs of integrins oy 35, o35, and a3, respectively, and potential of mean force (PMF) com-
putations of TMD association of in total 3.5 ps sampling time, from which we derived association free energies.
Our results show that the TMD of integrin o3, is most stably associated compared to o 3; and o;3,. We relate
these differences to particular interactions across the TMDs, with a focus on the different OMC compositions and
an “OMC before IMC” order of clasp disintegration found for TMD dissociation. Our results provide unprece-
dentedly detailed and comparative insights into a possibly contributing role of the TMD towards subunit-specific
sensitivity of integrin activation.

Results

Structural dynamics of the o35, o33, and aug3, TMDs.  In order to investigate at an atomistic level
possible subunit-specific differences in the association of TMDs of integrins o35, 0,35, and a3, the three
TMDs were subjected to all-atom MD simulations in an explicit membrane and solvent environment (Fig. 1a).
Prior to that, we generated homology models of o3, and .3, TMDs using the NMR structure of oy, 3; TMD
(PDBID 2K9])* as a template. To estimate the quality of the models, we used the QMEANBrane version** of the
QMEAN scoring function implemented in the QMEAN server*, QMEANBrane employs specifically trained
potentials for three different segments (membrane, interface and soluble) in a transmembrane protein model to
determine local (i.e., per residue) absolute quality estimates on the basis of a single model. With 1.0 as the optimal
score, we found local scores of ~0.8 for the residues embedded in the membrane and ~0.6-0.8 when consider-
ing the overall structures (Fig. S1). The NMR structure showed very similar QMEANBrane scores, suggesting a
sufficient local structural quality of the models. Sequence identities of 40% to 65% between respective template
and target sequences furthermore suggest that the global folds are conserved. Note that we generally refer to
the simulated systems as “TMD” here, although the actual TM region is prepended by 9-11 (8) residues of the
linker to the calf-2 (3-tail) domain at the N-terminal end of the o (3) subunit, and appended by 5 (6) residues of
the respective cytosolic domains at the C-terminal ends (Fig. 1b). For clarity, we furthermore only refer to the
sequence numbering of integrin oy, 3; below (Fig. 1b).

Using the three TMD structures as starting structures, we performed three independent MD simulations of
1 ps length for each system, yielding in total 9 ps of simulation time. The structural variability was assessed in
terms of root mean square deviations (RMSD) after a mass-weighted superimpositioning onto the respective
startinistructure. The RMSD of all C,, atoms, including those not embedded in the mep‘lbrane, raises to values of
~7-10 A. However, if only the TM region is considered, the RMSD amounts to ~2-4 A (Fig. 1¢). This data indi-
cates that the structural integrity of the two TM helices remains intact throughout the MD simulations, whereas
the TMD ends fray at about nine residues at either terminus of either helix. The finding that the overall configura-
tion of the TMD remains intact during our simulations is congruent with a slow dissociation rate found for oyy,3;
TMD*. In agreement with our findings, NMR spectroscopy revealed a dynamically unstructured oy, linker™.
The convergence of the internal motions between independent MD simulations was assessed following ref.*. In
short, the overlap of histograms of principal component (PC) projections obtained in a pair-wise manner from
each simulation for a given TMD system are looked at as a function of time (Fig. $2). The results reveal that the
first three PCs are relatively well-converged after ~400 ns for oyy,3; TMD, whereas for o,3; and o3, TMDs it takes
~800ns to reach a comparable level of convergence.

To conclude, RMSD values of membrane-embedded TMD parts generally below 4 A reveal that both the sec-
ondary structure and overall configuration of the two TM helices remain intact throughout the MD simulations
of all three TMDs. The convergence behavior of PC projections suggests larger and/or slower internal motions in
o35 and a3, TMDs than o3, TMD.

Residue-wise analysis of contacts and mobility in the TMD interfaces. Next, we examined differ-
ences in the TMD topology of each system in terms of changes in the number of contacts present in the starting
structure (“native contacts”) and those formed over the MD simulation time (“non-native contacts”). A contact
is considered formed between the o and f subunits if any two atoms of two residues come closer than 7 A*". First,
for globally comparing the three systems, we computed the average number of overall contacts. The total number
of native contacts already present in the NMR structure of ay,3; TMD (PDB ID 2K9J) is almost equal to that
of the initial structure of o, 3; TMD (6217 versus 6244), and only ~2% smaller than that of the initial structure
of a3, TMD (6344). In contrast, compared to oyy,33, both o35 and 53, reveal a highly significant reduction
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Figure 1. Structural integrity of the membrane-embedded helices throughout the MD simulations and contacts
across the interface. (a) Exemplary simulation box generated to perform MD simulations including the NMR
structure of oy, 3; TMD (PDB ID 2K9J; cartoon and surface representation) with the position of the OMC
(red box) and IMC (brown box) indicated; phospholipids are shown as orange sticks, and water layers as blue
spheres. Close-up views of the box contents show essential residues mediating the clasps: oyy,-G972/G976 and
(3;-V700/1704 for the OMC, o;,-F992/F993/R995 and (3,-W715/K716/D723 for the IMC plus the putative

salt bridge. (b) Sequence alignment of the oy, 35, o35, o3, TMD sequences used to generate the homology
models. GXXXG and GFFKR motifs are highlighted in red and brown, respectively, and R995/D723 residues
in purple. Black bars indicate the TMD borders as reported in ref.*. (c) Two dimensional histograms of the
RMSD values of all C, atoms (ordinate values) and only those that are embedded in the membrane (abscissa
values) (range of residues considered: P996-V1015 and D718-1747) calculated over three MD simulations.
Blue, cornflowerblue, turquoiseblue colored dots represent cyy,3; (MD simulations 1, 2 and 3); darkgrey, black,
lightgrey o, [35; chocolate, orange, firebrick o3, (d,e) Histograms of the total number of overall contacts per
residue at the OMC and IMC averaged over three MD simulations, with error bars showing the standard error
of the mean (SEM; eq. 6) and stars indicating the statistical significance (see Methods section for definition).
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Here, only residues of the o subunit are shown (numbering refers to the oy, subunit). On the right of the plots,
a superimposition of the oy, 3;, o35, and o3, TMDs in blue, grey, and orange, respectively, is shown. The C
atoms of residues considered in the contact analysis are indicated as spheres, and the residues of the o subunit
considered in the analyses are labeled.

of overall contacts by ~10% (p < 0.0001) (Fig. $3) during the MD simulations. Second, from a list of residues
conserved across the three o subunits and the contact map information, we extracted those residues accounting
for the native and non-native contacts at the OMC and IMC interface between « and 3 subunit (Table S1). As to
the former, compared to oy;,3; TMD, the overall average number of contacts is ~20% smaller in the o, 3; TMD
and ~40% smaller in the o3, TMD (Fig. 1d). Both differences are highly significant (p < 0.0001). As to the latter,
compared to ay,3; TMD, both o,3; and a3, TMDs reveal a significant reduction of overall contacts by ~10%
(Fig. le) (p ~ 0.003 and 0.006, respectively).

Furthermore, we computed residue-wise root mean square fluctuations (RMSF) as a measure of atomic mobil-
ity to identify local differences in the structural dynamics of the three TMD complexes, averaged over the respec-
tive three simulations. For both the a and § subunit, the o3, TMD shows less pronounced residue motions,
with the RMSF values of 60 out of 89 residues (~67%) being lower than those of of3; and o3, (Table $2). To
conclude, these results demonstrate on a per-residue level that the ayy3; TMD forms generally more contacts
across the TMD interface and shows less mobile residues in the TMD.

Subunit-specific differences in OMC and IMC distances. Both the OMC and IMC are considered
necessary to maintain integrin in the low affinity state? (Fig. 1a). However, particularly in the OMC, each TMD
has subunit-specific amino acids (Fig. 1b) that may be responsible for the above observed differences. The dgyc
(distance computed between the centers of mass (COM) of the C,, atoms of the GXXXG motif (G972-G976) on
the oy, subunit and V700-1704 on the 3; subunit) is 9.3 A in the NMR structure of oy;,3; TMD (PDB ID 2K9])
and 7.3 A in a structure based on Cys cross-linking results*, The distance dyy,c computed as the minimal distance
between the COMs of the aromatic rings of F992 or F993 on the ayy, subunit and the aromatic ring of W715 on
the (35 subunit is 4.0 A in the NMR structure and 5.4 A in the structure based on Cys cross-linking results.

As to the MD simulations, first, the dqyc averaged over three simulations is smaller by ~0.3 A in the o3,
TMD (~6.8 A, SEM = 0.03 A) than in the o,3; TMD (~7.1 A, SEM ~ 0.06 A), and smaller by ~1.5 A than in the
a3, TMD (~8.4 A, SEM =2 0.3 A). All values are well in the range of inter-helical distances found for TM heterod-
imers containing an OMC-like structural motif*. The differences are highly significant in all cases (p < 0.0001)
(Fig. 2a, Table $3). Hence, the OMC interface is most compact in oyy,3; TMD, followed by o, 3; and a3, TMDs.
Second, the dyy averaged over three simulations remains below 7 A in all cases: o35 (~6.8 A, SEM = 0.5 A),
o5, (~6.3A,SEM = 0.9 A) and 53, TMDs (~5.9 A, SEM = 0.24) (Fig. 2b, Table S3). The differences are not
significant (p = 0.6 for o,/ 0,35, 2 0.05 for ayy3;/053,, &= 0.5 for oy 3:/0sP3,), however. Hence, we conclude that
the IMC interface is equally maintained over the course of the MD simulations.

Subunit-specific interactions formed across the TMD interfaces. The IMC interface is adjacent
to the membrane-proximal region, which is believed to be mainly stabilized by a salt bridge formed between
oyyp-R995 and (3;-D723% First, we computed the minimal distance between the atoms R995y,/x,» and D723,
o for each system (Table 1). As next to R995 and D723, respectively, R997 is present on the o subunit and E726
on the {3 subunit, we also analyzed the minimal distances between atoms R995y,, . and E7264. 0.2, R997,
w2 and D7230;/042, and R997y, 2 and E726,, ., (Table 15 o3, integrin contains a Leu at position 997 such
that the last two distances were not evaluated there). Then, to assess the frequency of occurrence of formed salt
bridges, we applied a cutoff of 4A to the computed minimal distances, according to a previous study™ (Table 1): 1)
the R995-D723 salt bridge has the highest occupancy in the oyy3; TMD (~58%), followed by the o35 (~37%) and
a3, TMDs (~39%). The differences between oy3; TMD and either o3 or o3, TMDs are not statistically signif-
icant (p & 0.3 for oyp33/ou 35, oy B/, and &2 0.9 for o, B3/ ais0;); 2) the R995-E726 salt bridge (the only alterna-
tive interaction that can be formed in o;3,) has the highest occupancy in the o3, TMD (~42%), followed by the
oyp3s (~33%) and o 3; TMDs (~39%). The differences are not significant (p == 0.8 for oy, 35/00 33, o33/ 043, and
2 0.9 for oy 3:/053,); 3) the R997-D723 salt bridge is formed in both the oyy,3; (~47%) and o,3; TMDs (~48%) to
a very similar extent (the difference is not significant (p 2 0.9)); 4) the R997-E726 salt bridge is formed to a lower
extent in the oy 3; (~17%) and o 3; TMDs (~31%), and the difference is not significant (p ~ 0.4). To conclude,
our results, in agreement with ref.”, indicate that R995-D723 is not the only salt bridge that is formed across the
TMD interface. In agreement with ref.’!, the R995-D723 salt bridge dissociates intermittently, as indicated by
occupancies <100%. However, the MD simulations reveal that, among all four possible salt bridges that can form
in the membrane-proximal region, R995-D723 is the most prevalent interaction, followed by R995-E726, and
R997-E726 is the least prevalent one.

Subunit-specific contribution of K716 to the TMD stability. Finally, we investigated the behavior of
K716, monitoring where the residue preferentially places its side chain, i.e,, either as part of a hydrogen bond with
F992 or by orienting the positive charge of N. towards the negatively charged head groups of the lipid bilayer*®. In
the NMR structure of oy, 3; TMD (PDB ID 2K9J), the distance between N, of K716 and the carbonyl oxygen of
F992 is 6.2 A; in the structure based on Cys cross-linking results, it is 2.9 A, During the three simulations of each
system, the occupancy of the K716-F992 hydrogen bond was investigated applying a distance cutoff of 3.5 A and
an angle cutoff of 120°. On average, the hydrogen bond is formed in a similar manner in the o3, (~38%) and
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Figure 2. Differences between interdomain interactions in o35 o, 3; and o3, TMDs. (a,b) Histograms of
the distances doyc and dyyc (see main text for definition) averaged over three MD simulations. From left to
right, the oy 35, o35, and o3, TMDs are displayed in blue, grey, and orange, respectively. Within each plot, a
close-up view of the NMR structure of oyy,3; TMD (PDB ID 2K9J) is colored in blue and indicates the analyzed
distances (black dashed lines). White spheres indicate C, atoms of the labeled amino acids. (¢) Histogram of
the mean relative occurrence of the hydrogen bond between K716y, and F992, using a distance cutoff of 3.5 A
and an angle cutoff of 120°. Within the plot, a close-up view of the respective distance measured is shown (color
code as in panel a). (d) Histogram of the mean relative occurrence of the salt bridge between K716y, and the
oxygens of phospholipids head groups of the lower lipid leaflet applying a distance cutoff of 4 A. Within the plot,
a close-up view of the respective distance measured is shown, with the phospholipid head groups depicted as
spheres. (a-d) Error bars show the SEM (eq. 5) and stars indicate the statistical difference (see Methods section
for definition).
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Table 1. Frequency of occurrence of the up to four salt bridges in the membrane-proximal region for each
TMD system!l. [In %. [’'Mean values and SEM (eq. 6), calculated over three MD simulations. |“Interactions
that cannot be formed in the TMD of integrin o3,

o,B; TMDs (~37%), and to a lower extent in the o3, TMD (~25%) (Fig. 2c, Table S4). The differences between
ayp3; or oy3; TMDs with respect to o3) TMD result in p ~ 0.6, respectively.

To evaluate the presence of electrostatic interactions between the K716 side chain and the head groups of lipids,
first, we computed the minimal distance between N. of K716 and the nearest O atom of the phospholipid head
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groups from the lower lipid leaflet (dsnorkeling)- Then, weapplied a 4 A cutoffto Anorkeling and calculated the frequency
of occurrence of a salt bridge. On average, the salt bridge is mainly formed in the oy;,3; TMD (~65%), followed
by o33 TMD (~38%), and to a lower extent in the o3, TMD (~26%) (Fig. 2d, Table S5). The differences between
a3 TMD with respect to o, (3; or a3, TMDs result in p = 0.08 and = 0.1, while the difference between o,[3; and
03; TMDs results in p 2 0.5. To conclude, the K716 sidechain is engaged in either a hydrogen bond across the
TMD or a salt bridge with phospholipid head groups in the oy,3; TMD (~100%), followed by o, 3; (~75%) and
asf3; (~50%) TMDs, with the salt bridge being the more prevalent interaction in the case of oyy3; TMD.

Configurational free energies of TM helix association. The above analyses strongly suggest that the
TMD:s of the integrin isoforms differ in their potential to associate. To corroborate these findings in an independ-
ent manner, we computed the configurational free energy (potential of mean force, PMF) of TM helix association
using the distance between COMs of the sections of the o and (3 subunits embedded in the membrane as a reac-
tion coordinate (referred to as dcoy.conm)- The PMFs were computed using umbrella sampling™ along a pathway
from the bound subunits to subunits where any pair of atoms between the two subunits is at least 10 A apart,
and WHAM® post-processing. The PMF profiles were obtained employing 16 biased MD simulations of 200 ns
length for reaction coordinate values of deom.com =38 A to 20 A, and four biased MD simulations of 70ns length
for reaction coordinate values of deoy.con =21 A to 24 A, Together, this sums up to a total of ~ 3.5 ps simulation
time. Approximately Gaussian-shaped frequency distributions were obtained for each reference point along the
reaction coordinates, with all such distributions well overlapping (Fig. $4). These are prerequisites for the success-
ful application of WHAM to extract a PMF from these distributions®. Repeating the computations of the PMFs
for the range of d ou.com =8 A to 20 A for parts of the simulation time demonstrates that, for all three systems,
the PMFs are converged after at most 160 ns of simulation time per window (maximal difference between two
PMFs: 0.2 kcalmol ') (Fig. S5). The same procedure was repeated for the PMFs from dgoy con =20 A to 24 A
(fully dissociated state), demonstrating that these PMFs are converged after at most 50 ns of simulation time per
window (Fig. §5). For comparison, the PMF values at d¢oy.com= 20 A were set to zero in all three cases (Fig. 3a).

The global minima (deom.com ~ 9 A) are in all three cases close to the initial distance (10 A resp. 12.6 A) cal-
culated from the NMR structure of the oy3; TMD (PDB ID 2K9]) or the structure based on Cys cross-linking
results, and the general shapes of the PMFs are comparable, with a rising free energy with increasing reaction
coordinate values and rather flat PMFs beyond dcon.com = 20 A. Furthermore, in going from the global minima
t0 deon.com A 20 A, two local minima are passed (marked by roman numbers I and III in Fig. 3a). These minima
are located at deoycom = 12 to 13 A and deon.com = 15 A in all three systems.

However, the PMFs also show pronounced differences. First, the global minima show values of —6.5, —3.8,
and —2.1 kcal mol ! for the a3, o35, and o3, TMDs, respectively, demonstrating the largest tendency for the
TM helices to associate in the case of oy;,35, and the lowest in the case of «s3;. For computing association free
energies AG from the PMFs (eqs 1-3), we, first, assessed to what extent the dissociated TMD helices of ayy, and
{3; sample the accessible configuration space on the simulated time scales. This yielded values for ||€2||, a factor
describing the restriction of the configurational space of the monomers upon dimer formation (eq. 4), of 0.05
to 0.10 (Table 2). Compared to the value of the overall accessible space of (27)%, these values indicate that the
dissociated TMD helices sample only a fraction of the overall accessible space. Hence, we followed a procedure
by Johnston ef al.** to compute dimerization and mole fraction dimerization constants K, and Ky, respectively,
(egs 1,2) and from there AG (eq. 3) (Table 2). The results indicate that oy,3; TMD is the most stable system
(AG= —3.8kcal mol '), followed by w3, and 3, TMDs (AG = —0.8kcal mol ! and 0.5 kcal mol *, respec-
tively). Note that the exact value of the dimerization distance D (eq. 1; here evaluated between 8 and 12 A)hasa
low impact on the results (see Table S6 for AG values evaluated between 8 and 14 A), because the integrals reach
plateaus after ~10 A%, Second, the TM association requires to pass configurational free energy barriers that are
similar for ayp3; and o3, TMDs (~1.5 keal mol ™', respectively), whereas a larger barrier occurs in the case of o35
TMD (~3kcalmol ™).

To conclude, the PMFs of TM helix association and computed association free energies show overall similar
shapes but reveal that the oy;,3; TMD has the strongest tendency to associate, and the PMF of the o3, TMD
shows the smallest configurational free energy changes.

Distinct order of TMD clasp formation and differences in the persistence of IMC and OMC with
increasing helix-helix distance. To further investigate differences between the integrin isoforms in more
detail, averaged dqyc and dyyc were computed on the reweighted (“unbiased”) configurations from umbrella
sampling (reweighting done according to ref.**) (Fig. $6) for free energy minima I - II, respectively (Fig. 3b,c;
Table S7).

At the global minimum I, the dgyc, averaged over windows 3-5, is very similar in the oy;,3; and o,f3; TMDs
(~7.3A, ~7.4 A, SEM = 0.09A), and smaller by ~0.8 A than in the a3, TMD (~8.1 A, SEM = 0.09 A). The differ-
ences between oy,3; or a,3; TMDs versus o3, TMD are (highly) significant (p < 0.0001, and p ~ 0.0003). The
diyc is smaller by ~0.9 A in the ayp3; TMD (~5.1 A, SEM ~ 0.08 A) than in the o3; and g3, TMDs (~6.0 A, SEM
0.3 A and = 0.6 A, respectively). The difference between oy, and o3, TMDs is highly significant (p < 0.0001),
while for that between oyy,3; and a3, TMDs, p 2 0.06 results. Hence, both the OMC and IMC are conserved,
with the clasps being more compact in the oy,3; TMD, followed by «,3; and a3, TMDs.

At minimum I, the dgy, averaged over windows 8-9, is slightly smaller in the o3, TMD (~10.14,
SEM = 0.03 A) than in the o,3; TMD (~10.4 A, SEM = 0.09 A), and smaller by ~0.8 A than in the o3, TMD
(~10.9A, SEM ~ 0.1 A). The difference between oy;,3; and o, 3; TMDs is significant (p = 0.04) and highly
significant in the other cases (p < 0.0001). The dyyc is smaller by ~0.6 A in the a3, TMD (~5.6 A, SEM =~
0.08 A) than in the o,3; TMD (~6.2 A, SEM = 0.4 A), and by ~2.4 A than in the as3, TMD (~8.0 A, SEM =
0.4 A). The difference between oy;,3; and oy 33 TMDs is significant (p 2= 0.03 A), and highly significant in the
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Figure 3. Potential of mean force of TM helix association of o33, o35, and a3, TMDs and differences at the
OMC/IMC interface with increasing dqoy.con. (@) Configurational free energies as a function of the degy.coum
used as a reaction coordinate for a3, (left panel), o 3; (middle panel), and o3, (right panel) TMDs. Roman
numbers indicate free energy minima. Statistical errors, calculated using bootstrap analysis, are displayed as red
shaded curves added to the PMF profiles. The PMF values at dioy.com = 20 A were set to zero. (b,c) Histograms
of the averaged dqyc (B) and dpy (C) across umbrella sampling windows linked to free energy minima I-1IT
observed in panel (A) (see also Table §7), using reweighted (“unbiased”) TMD configurations. Error bars denote
the SEM (eq. 5) and stars indicate the statistical difference (see Methods section for definition).
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other cases (p < 0.0001). Hence, the interface at the OMC is less compact than before and starts to disintegrate
(dope > 10 A). In contrast, the IMC packing is conserved, similar to as before, but the interface is tighter in
33 TMD than in o35 and a3, TMDs.
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Finally, at minimum III, dgyc and dyc, averaged over windows 11-12, reveal that the OMC packing is largely
lost (distances > 13 A), while the IMC packing is still conserved. The dyyc is ~0.8 A smaller in the oy;,3; TMD
(~6.8 A, SEM == 0.4 A) than in the o3; TMD (~7.5 A, SEM = 0.3 A), and ~1 A larger than in the o3, TMD
(~5.8A, SEM =2 0.1 A). The difference between cyy,3; and o3; TMDs is not significant (p & 0.2), but both differ-
ences versus ogf3) TMD are significant (p = 0.005).

To conclude, our results suggest for all investigated integrin isoforms that helix association in the TMDs pro-
ceeds first via IMC formation, and that OMC formation then reinforces the coiled-coil conformation. The reverse
order is suggested to occur upon helix dissociation. However, pronounced differences among the three TMDs as
to the conservation of OMC/IMC packing with increasing di.com became obvious, with oy,3; TMD showing
the most persistent clasps.

Discussion

In this study, we have shown by molecular simulations at the atomistic level that the TMD of integrin o35
is most stably associated compared to that of o,3; and «s3,, and that this difference is related to differences in
particular interactions across the TMDs, notably in the OMC. We furthermore identified an “OMC before IMC”
order of clasp disintegration upon TMD dissociation as a uniform property of all three investigated TMDs. Our
study was motivated by the considerable evidence that the TMD separate upon integrin activation”!!+11417.57-60
and so are expected to influence conformational properties of integrins, which, in turn, have been correlated to
integrin adhesiveness and affinity**¢'-%. Furthermore, while the overall structural organization and activation
mechanism of integrins appears largely conserved®¢2¢¢-6%, subunit-specific differences in the activation sensi-
tivity had been reported®*"**, Accordingly, here, we comparatively assessed the TMD of «s3,, a physiologically
relevant®®’" member of the 3, integrin subfamily that is considered basally active?® and TMDs of oy3; and o35,
physiologically relevant’'”> members of the (3; integrin subfamily that is considered basally inactive®, although a
cell-specific influence on the activation sensitivity has been reported for integrin o3,%.

That ay;,3; TMD is most stably associated compared to that of o 3; and o3, has been demonstrated in two
independent ways. First, we performed unbiased microsecond-long MD simulations at the atomistic level in
explicit solvent and an explicit lipid bilayer on the three TMDs, likely the currently most accurate way to explore
structure and dynamics of transmembrane proteins”. The length of our MD simulations surpasses comparable
previous ones on integrin TMDs by at least one order of magnitude®”*”>. We performed triplicate MD simu-
lations for each system, which allows probing for the influence of the starting conditions and determining the
significance of the computed results by statistical testing and rigorous error estimation*®. As to the latter, we
paid close attention to only consider uncorrelated instances for SEM calculations (eqs 5 and 6). The assessment
of convergence of internal motions between independent MD simulations revealed for motions of the TMDs
described by the first three PCs that they are relatively well-converged on the timescale of the simulations. For
the MD simulations, we used established parameterizations for the solvent™, lipids””, and proteins™; the latter, we
had also applied successfully in other integrin simulations”*2, although we note that more recent protein force
fields have become available®*®. Yet, the impact of force field deficiencies on our results is expected to be small
due to cancellation of errors when comparatively assessing the TMDs. While for oyy,3; TMD an experimental
structure was available for system setup', structures generated by homology modeling were used for o, 3; and
w3, TMDs. Still, with sequence identities of 40 to 65%, C,,-RMSD values to the native structure below 1 A and,
hence, close to experimental uncertainty can be expected for transmembrane regions®. The quality of the mod-
eled starting structures is indirectly supported by the fact that for all three systems, very similar magnitudes of
structural deviations along the MD trajectories were found (Fig. 1¢). The simulated protein sequences contain a
linker region at the N-terminal ends and up to six residues of the cytoplasmic domains at the C-terminal ends,
in addition to the TM helices. For (3, and (35, the linker region is almost conserved (Fig. 1b), and the linker of oy,
has been shown to be dynamically unstructured®. Together with crystallographic studies of inactive ectodomains
that were unable to obtain structural information on these linkers, indicating their high flexibility****%, we thus
do not expect these linker regions to influence the TMD association differentially. In contrast, for the cytoplasmic
membrane-proximal region, an influence on maintaining integrin inactivity has been suggested*® (see also below).
Of particular relevance is the choice of lipid type, as it has been shown that annular anionic lipids can stabilize
a3 TMD?!, Therefore, our lipid bilayer consisted of zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids, which were shown to interfere much less with inter-TM helix interactions™.

As a second, independent means to investigate the energetics of TMD association and because we cannot
expect to observe a dissociation of the TMDs on the time scale of our MD simulations*, we performed biased
MD simulations at the atomistic level followed by PMF computations, using established protocols successfully
applied previously by us®***** and d¢op com as an intuitive reaction coordinate previously applied on similar sys-
tems®*. To our knowledge, so far, the association energetics of integrin TMDs, by computational means, has only
been investigated by coarse-grained MD simulations followed by PMF computations®®, By repeating the PMF
computations for parts of the biased simulations, we demonstrated that the PMFs are converged with respect to
the overall simulation time per sampling window (Fig. §5). Still, even with sampling times of up to 200 ns per
sampling window, pronounced helix tilting or even helix rotation around an axis perpendicular to the helix axis,
once the helices are separated by a large enough distance, cannot be expected. Likewise, such sampling times may
not be sufficient to yield sampled helix-helix configurations that are completely unbiased from the respective
starting structures. While these potential issues may be expected to disfavor separated helix-helix configurations
with respect to associated TMD, their impact on our results is expected to be small due to cancellation of errors
when comparatively assessing the respective TMD. Comparing quantitative results from the PMFs (Fig. 3a) and
subsequent association free energy calculations™ (Table 2) to experimental data lends remarkable support to the
quality of the setup, parameterization, and execution of our simulations: (I) For oyy,3; TMD, association free ener-
gies of —4.33 and —4.84 kcalmol ! have been determined in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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(POPC) lipids by NMR spectroscopy and calorimetry***!, and our computed AG of —3.8 kcal mol ' (Table 2)
is within chemical accuracy of these results; (II) for o;3,, to our knowledge, the energetics of TMD association
has not been explicitly probed experimentally. However, from comparing conformational equilibria between
the extended-closed and extended-open states for full-length integrin o3, versus the o3, ectodomain, one
may infer that the associated and dissociated states of the TMDs and cytoplasmic domains are almost isoener-
getic®®, which is in very good agreement with a computed AG of 0.5 kcalmol ! (Table 2); (I11) obtaining a barrier
height pertinent to kinetics via a PMF has been debated®. Still, when inserting the configurational free energy
barrier for oy, TMD association of ~1.5 kcal mol ! (Fig. 3a) as AG* in the transition state theory equation
k= k¥ exp(—AG*/RT)* and approximating k¥ with a collision frequency of a transmembrane protein of 10° to
10°s 1™, a rate k of ~8°10° to ~8* 10%s ! is obtained as a coarse upper bound™, in good to fair agreement with
an association rate of oy,,3; TMD in phospholipid bicelles of 4.5 * 10*s~! found by NMR spectroscopy™. As to
probing the internal consistency of our results, the shallow contact minimum found in the PMF for o3, TMD
and the apparent lack of pronounced barriers towards the dissociated state suggest that in MD simulations that
are long enough, the two helices should (start to) come apart. In fact, such a tendency is found as dop.con in the
unbiased MD simulations of a3, TMD is ~1 and 0.6 A larger than for oyy,3; and owf3; TMDs (Fig. $7, Table S8).
Likewise, internal consistency can be probed by analyzing structural parameters of configurations from unbiased
MD simulations and reweighted (“unbiased”) configurations from umbrella sampling simulations. This reveals
qualitatively similar results for subtype-specific differences in the distances characterizing OMC formation (dowcs
Fig. 2a versus Fig. 3b, part I), and likewise similar results for ow/3; and o3, TMDs concerning the distance char-
acterizing IMC formation (d,yc; Fig. 2b versus Fig. 3c, part I), although the results for oy, 3; deviate in this case.
The latter discrepancy may be explained in that distances in Fig. 2b where directly computed from the (tightly
associated) oyp,3; TMD configurations in the unbiased MD simulations, while three umbrella sampling windows
were evaluated for distances in Fig. 3c.

The PMF and association free energy calculations clearly revealed that ay;,3; TMD is most stably associated,
followed by o3; TMD and o3, TMD (Table 2). It had been previously suggested by experiment'*** and com-
putations**** that the two structural motifs OMC and IMC are responsible for the correct TMD packing but if,
and how, sequence variations there (Fig. 1b), especially in the OMC, lead to differential TMD association has
remained largely elusive. Our unbiased MD simulations reveal that the most stable association of ayy,3; TMD
is paralleled by this TMD forming more contacts in general across the whole TMD interface (Fig. $3) as well as
particularly in the OMC interface (Fig. 1d); also, this TMD shows the most compact OMC (Fig. 2a; Fig. 3b in
part I). Although differences in the prevalence of single hydrogen bonds or salt bridges among the three TMDs
were not significant, our unbiased MD simulations still suggest a trend, according to which the importance of the
membrane-proximal region for TMD association is confirmed, particularly of the R995-D723 salt bridge®****!,
as this interaction is also most prevalent in oy,3; TMD (>20%, Table 1). Our results may also provide an expla-
nation as to why; in in vivo experiments on transgenic mice carrying a point mutation of the respective D723 of
the (3, subunit, a normal integrin function was found™: In o3, TMD, the R995-E726 salt bridge is more prevalent
than the R995-D723 one. Other questions relate to the role of 3;-K716 as a key determinant for the stability at
the IMC interface®® and whether the proposed stabilization arises from an engagement of K716 with the sur-
roundings lipid molecules” or by forming a hydrogen bond with F992'”. Our MD simulations revealed that K716
occurs most frequently in either a hydrogen bond across the TMD or a salt bridge with phospholipid head groups
in ay,B3; TMD, followed by o 3; and o3, TMDs, consistent with the notion that K716 is important for integrin
function in o34, but not in a53,%.

Although more work would be required to establish unequivocally a link between differences in K716/phos-
pholipid head group interactions and differences in TMD association free energies, we do not find it unlikely that
this link exists. This link would then stress that (differences in) TMD association may be governed by additional
factors besides sequence differences, including interactions to annular lipids, as previously demonstrated for the
oy3; TMD®!, or membrane tension”. Along these lines, recent work on integrin o3, suggested the hypothesis
that the non-ligand binding leg domains and N-glycans may have previously unappreciated roles in regulating
integrin conformations®. Hence, while considering a subsystem such as the TMD in this study has the benefit of
yielding detailed answers under well-defined conditions, at the same time, it leads to the limitation that effects
from other parts of the system are not accounted for.

To our knowledge, a novel aspect resulting from our study with respect to the question what governs integrin
adhesiveness and affinity in relation to conformational changes is the finding that the two clasps disintegrate in
the order “OMC before IMC” upon TMD dissociation. This finding leads to the relevant prediction that the closed
state of integrins might not be single but rather comprising several microstates that vary in the extent of TMD
association, e.g., with the TMD associated at both OMC and IMC, or with the TMD associated only at the IMC. A
similar proposition was made for the extended state(s) of integrins based on the flexibility of integrin legs**®”, Our
finding may also be related to, not yet fully understood, results on conformational free energies for intact integrin
a3, that revealed that the presence of the TMD and cytoplasmic domains favors considerably the bent-closed
over the extended-closed conformation®, when one considers that the bent-closed — extended-closed transition
may already contain energetic contributions from a partial TMD dissociation in the OMC region. In that respect,
computations as performed here may support valuable efforts of gaining affinity information for specific integrin
conformational states* providing access to the energetic contributions of defined subsystems. Finally, we find it
striking to note that the order of association free energies of the TMDs (o35 << 0,35 < o3 (Table 2)) parallels
reports on the basal activity of these integrins (o33 <€ o35 < a3,)***, While it is not possible to establish a
direct link between these two series from the comparative simulation studies on TMDs alone, our finding sug-
gests, to our knowledge for the first time, that the sequence composition of the TM helices can have a decisive
effect on free energies associated with distinct conformational states of different integrins. A likewise suggestion
has been made regarding the strength of interactions between leg domains for integrins oyy,3; and o, 3,. Notably,
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the magnitude of differences in association free energies across the investigated TMDs (~2.7 keal mol ~'; Table 2)
is clearly in the range of observed changes in conformational free energies upon activation of full-length integrin
s (~3.7kcal mol~")*, suggesting that TMD differences can indeed significantly impact overall conformational
integrin energetics.

In summary, oy,3; TMD is most stably associated compared to that of o 3; and o3, which is related to dif-
ferences in particular interactions across the TMDs, notably in the OMC. The order of TMD association stability
is paralleled by the basal activity of these integrins, which suggests that TMD differences can have a decisive effect
on conformational free energies of integrin states. The “OMC before IMC” order of clasp disintegration upon
TMD dissociation uniformly identified for all three investigated TMDs suggests that the closed state of integrins
might not be single but rather comprising several microstates that vary in the extent of TMD association.

Methods

Generation of starting structures.  The starting structure for MD simulations of the oyy,3; TMD was
obtained from the coordinates of the NMR structure (PDB ID 2K9]) available in the RCSB Protein Data Bank?®,
The starting structures for MD simulations of the o,3; and o3, TMDs were generated by homology modeling.
The homology models were generated using MODELLER v9.9%%, and the NMR structure of the o3, TMD was
used as a template. In the case of o, 3; integrin, only the o, sequence was modeled based on an alignment with
the oy, TMD with a sequence identity of 45%. In the case of the a3, TMD, the o5 and 3, sequences are 40% and
65% identical to those of oyy3; TMD, respectively. The quality of the models was assessed by the QMEANBrane
scoring function available in QMEAN server****, A global QMEAN score of 0.60, 0.64, and 0.67 was computed
for the aqy3s, 33, and o3, TMDs, respectively.

Setup of simulation systems.  The membrane builder tool available on the CHARMM-GUI website'™ was
used for embedding the TMDs in a pre-equilibrated bilayer of DOPC lipids'”' using the replacement method'®,
The PPM web server!® was used to assess the correct orientation of the ay,3; TMD relative to the hydrocarbon
core of the lipid bilayer. The required rectangular simulation box was generated by defining the number of lipids
(88 and 85 for the upper and lower leaflet, respectively) and setting a value of 17 A for the water layer above and
below the protein. The total system size is ~60,000 atoms, including TIP3P water molecules™ and CI" counter ions.

Molecular dynamics simulations.  All MD simulations were performed using the AMBER 14 suite of
programs®’, the ff99SB force field for the proteins™, the Lipid14 force field”” for the lipids, and the TIP3P water
model”. The particle mesh Ewald method!™ was used to treat long-range electrostatic interactions, and bond
lengths involving bonds to hydrogen atoms were constrained using the SHAKE algorithm!®. The time step for
integrating Newton's equations of motion was 2 fs with a direct space, nonbonded cutoff of 8 A. Initially, harmonic
restraints with a force constant of 500 kcalmol ! A2 were applied to all solute atoms during the first 250 steps
of steepest descent and then reduced to 25.0kcal mol~! A~ for the second 2500 steps of conjugate gradient min-
imization and 10kcalmol~! A~? for the last 2500 steps of conjugate gradient minimization. MD simulations in
the NVT (constant number of particles, volume, and temperature) ensemble were carried out for 50 ps, during
which the system was heated from 100 to 300 K. Subsequent MD simulations in the NPT (constant number of
particles, pressure, and temperature) ensemble were used for 150 ps to adjust the solvent density. In both steps,
a force constant of 10 kcal mol~' A~2 was applied to all solute and lipid atoms. The production MD simulations
of 9 pis length were performed with the GPU version of the program pmiemd'®® in the tensionless NPT ensemble
using the anisotropic Berendsen barostat'"” to control the pressure (coupling constant=1 ps) and the Langevin
thermostat'”” to control the temperature (coupling constant = 1 ps), as suggested in ref.”’.

Potential of mean force computations. Profiles of the free energy of association of cyyB3s, 3, and
a3, TMDs were constructed from umbrella sampling MD simulations'®'% in combination with the WHAM
method®?, As reaction coordination, the distance between the COMs of the TM segments embedded in the mem-
brane was considered (C,, atoms of residues P996-V1015 and D718-1747, for the oy, and 3; subunits, respectively
(equivalent ranges of residues were used for o 3; and o.3,)). The initial distance computed from the NMR struc-
ture of the TMD of o35 integrin is 10.0 A. To generate starting structures for umbrella sampling, the initial dis-
tance was reduced to 8 A and increased to 11 A in 0.5 A steps, and from 11 A increased to 24 A in 1 A steps. Each
TMD configuration was inserted in a pre-equilibrated bilayer of DOPC lipids as described above. This resulted
in a total of 20 initial systems per TMD. Each of the 20 windows of the three integrin systems was subjected to
umbrella sampling simulations, carried out in the NPT ensemble for 200 ns each for deoy.con=8 A to 20 A and
70ns each for deoy.com =21 A to 24 A, This resulted in a total of ~3.5 pis of MD simulation time.

Within each umbrella sampling window, a harmonic potential with a force constant of 4 kcal mol~' A=2 was
applied to restrain the conformations close to the reference point. Force constants of 20 kcal mol~' A=* were
also used to restrain conformations whose initial deoy.con ranged from 8.0A to 104 to generate approximately
Gaussian-shaped frequency distributions. Otherwise, the parameters described above were used for thermaliza-
tion and production runs. Finally, to compute the errors at the reference points of the PMF profiles, the Monte
Carlo bootstrapping analysis implemented in WHAM using 200 resampling trials was applied.

Estimation of association free energy. An association free energy was estimated from the obtained PMF
following the membrane two-body derivation from Johnston et al.**. In brief, the PMF is integrated along the
reaction coordinate to calculate an association constant (K,), transformed to the mole fraction scale (K,) taking
into account the number of lipids N; per surface area A, and this value is used to calculate the difference in free
energy between dimer and monomers (AG), according to eqs 1-3
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where r is the value of the reaction coordinate, w(r) is the PMF at value r, D is the maximum distance at which the
protein is still considered a dimer, ky is the Boltzmann constant, and T'is the temperature at which the simulations
were performed. Additionally, a factor that considers the restriction of the configurational space of the monomers
upon dimer formation is included in terms of the sampled angle between the two chains in the dimeric state (eq. 4)

[|2]] = [max(f,) — min(f,)] * [max(6,) — min(6,)] (4)

and the accessible space for the monomers, (27)°. In eq. 4, the angle #, is defined as the angle formed between the
vectors connecting the COM of helix 1 with the COM of helix 2 and with the COM of residues V971 to V973 of
the latter helix; 0, is defined analogously starting from the COM of helix 2 and using the COM of residues L698
to V700 in helix 1.

Analysis of trajectories.  For the analysis of the trajectories, ptraj/cpptraj''® of the AmberTools 14 suite of
programs was applied. For the unbiased MD simulations, the first 200 ns were not considered for analysis. To eval-
uate the helix-helix interface (indicated as dcoy.com.), @ maximal distance of 3.5 A and a minimal angle of 120°
were used as exclusion criteria to identify hydrogen bond formation, as was a maximal distance of 4 A to identify
salt bridge formation. To examine the OMC interface, the distance between the C, atoms of G972/G976 (cyy, sub-
unit) and V700/1704 ((3, subunit) was computed (indicated as doyc). To evaluate the IMC interface, the distance
between the centers of mass of the phenyl rings of F992 or F993 (oyy, subunit) and W715 (3, subunit) (indicated
as dyyyc; and dyyc,, respectively) was computed, and the smaller distance of the two was considered further as
dpe. To evaluate the TMD association, we calculated the total number of native and non-native contacts formed
between the two helices. A native contact was defined as a contact satisfying the distance cutoff of 7 A in the first
frame (used as reference frame), a non-native contact as a contact satisfying the distance cutoff of 7 A without
being already found in the reference frame. This definition is according to ref."”. The same set of analyses was also
carried out to analyze the configurations sampled during umbrella sampling. For all the configurations t gener-
ated, we estimated a weight w' according to eqs 7 and 8 from ref.**. The reweighting is performed over the entire
ensemble of each system and, then, normalized by dividing each w' by the sum of all w’ for each integrin system.

Statistical analysis. Results from three independent MD simulations are expressed as arithmetic
means + SEM calculated over the time. The overall SEM for each simulated system was calculated according to
the law of error propagation (eq. 5):

SEM,y = ySEMZ -+ SEM2 + SEM? 5)

where the subscripts i={1, 2, 3} indicate the three trajectories. SEM, was computed following ref.'"" (see particu-
larly eqs 11-13 there) by, first, detecting the decorrelation time of an investigated variable along each MD simu-
lation and, second, establishing the effective sample size from that time, which is then used to compute SEM,. In
the case of hydrogen bond, salt bridge, and contact analyses, SEM is calculated from the standard deviation (SD)
of the three means of the three MD simulations according to eq. 6, assuming that the three MD simulations are
statistically independent:

SEM = SDA3 (6)

p values related to eq. 5 are calculated according to the Student’s ¢-test for parametric testing, with Nz = (T—
t, + 1)/g, where Ny is the total number of uncorrelated frames within the trajectories based on the statistical
mefﬁc1ency g and t{)e simulation time range [t,, T] following ref.!!!; the same test is applied for p values related
to eq. 6, with Nz= 3. Differences between mean values are considered to be statistically significant if p < 0.05 and
Pp<0.001 (indicated as “*” and “**” in figures, respectively) and highly statistically significant if p < 0.0001 (indi-
cated as “***” in figures). The statistical analysis was performed using the R software''? and the pymbar module
for MBAR'".

Data availability.  All data generated or analyzed during this study are included in this published article (and
its Supplementary Information files).
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Supplemental Tables

Table S1: OMC and IMC total number of contacts.

Residue SimI® SimIn(®l SimI!? Mean + SEM]
number
o subunit
972 408 452 295 385+5.19
973 424 513 456 464+ 3.88
amfis OMC 974 190 80 49 106 + 4.97
975 147 184 135 155+2.92
976 390 426 366 394+3.17
Total 15591 16550 1301E 1505 = 7.811@
972 611 375 356 447+ 6.88
973 520 380 161 353+ 7.77
avPs OMC 974 49 24 8 27 +2.62
975 231 47 63 113+£5.83
976 375 151 170 232 £ 6.43
Total 17861 9771 758[¢] 1174 + 13.43@
972 266 367 289 307 £ 4.20
973 256 197 52 168 £ 591
asp OMC 974 13 12 2 9+ 142
975 69 264 217 183 £5.82
976 178 224 138 180£3.79
Total 782(c] 1064 6980 848 + 7,994
amfs IMC 992 731 583 45 453 + 10.97
993 932 1021 1011 988 + 3.88
Total 16630 160401 1056 1441 +10.564
avps IMC 992 586 662 751 666+ 5.25
993 1014 860 169 681+ 12.25
Total 1600( 15220 920[] 1347 £ 11.149
aspr IMC 992 640 641 37 439+ 10.78
993 840 972 962 925+ 4.95
Total 1480(c] 1613 999l 1364 + 1038

8] Mean values calculated for each simulation per residue.

[b] Mean value and SEM (eq. 6 in the main text) calculated over three simulations per residue.

[l Total number of contacts at the OMC/IMC calculated for each simulation.
4] Mean value and SEM calculated over three simulations.
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Table S2: RMSF of the am,p3, avps, and asp: integrin TMDs.

Residue number
a-subunit anbfs™ avfs™ aspi® Min value®
959 4.52 6.29 4.73 4.52
960 4.18 5.01 3.76 3.76
961 3.35 421 3.18 3.18
962 2.59 3.32 2.89 2.59
963 1.93 2.77 2.95 1.93
964 1.45 2.08 2.43 1.45
965 1.17 1.56 1.77 1517
966 0.99 1.17 1.62 0.99
967 0.92 1.12 1.47 0.92
968 0.73 1.03 1.20 0.73
969 0.65 0.78 1.07 0.65
970 0.70 0.73 0.99 0.70
971 0.65 0.70 0.89 0.65
972 0.54 0.62 0.82 0.54
973 0.61 0.62 0.77 0.61
974 0.67 0.65 0.72 0.65
975 0.62 0.63 0.68 0.62
976 0.57 0.62 0.64 0.57
977 0.61 0.64 0.64 0.61
978 0.62 0.66 0.66 0.62
979 0.57 0.65 0.64 0.57
980 0.55 0.63 0.61 0.55
981 0.57 0.65 0.63 0.57
982 0.58 0.70 0.67 0.58
983 0.58 0.72 0.64 0.58
984 0.56 0.67 0.60 0.56
985 0.58 0.72 0.67 0.58
986 0.68 0.83 0.75 0.68
987 0.73 0.86 0.71 0.71
988 0.77 0.96 0.77 0.77
989 0.94 1.16 0.96 0.94
990 1.09 1.28 1.04 1.04
991 1.11 1.32 1.06 1.06
992 1.12 1.28 1.00 1.00
993 1.30 1.76 1.21 1.21
994 1.63 2.20 1.61 1.61
995 2.51 2.51 2.33 2.33
996 3.45 3.22 3.50 3.22
997 4.42 4,14 5.16 4.14
998 5.70 5.80 7.08 5.70
999 6.55 6.81 8.40 6.55

[!] Mean values, in A, of the backbone atoms after a mass-weighted alignment onto the TM segment embedded in
the membrane (residues P996-V1015 and D718-1747, for the amy- and Bs-subunits, respectively) calculated over
three MD simulations for omBs, avBs, and osp, integrin.
] Minimal value for each row. Red color highlights when the minimal value corresponds to the value for amps

integrin,
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Table S2 continued.

Residue number
B-subunit s o i asp® Min value®
684 13.17 13.77 11.09 11.09
685 12.41 13.01 10.26 10.26
686 10.30 11.23 8.76 8.76
687 8.31 9.64 7.34 7.34
688 631 8.19 5.59 5.59
689 4.70 6.18 4.28 4.28
690 3.20 5.13 3.23 3.20
691 2.00 3.66 2.51 2.00
692 1.50 2,15 2.09 1.50
693 0.93 1.42 1.58 0.93
694 0.85 1.08 1.30 0.85
695 0.87 0.99 1.26 0.87
696 0.72 0.88 1.15 0.72
697 0.55 0.70 0.87 0.55
698 0.61 0.66 0.83 0.61
699 0.62 0.71 0.83 0.62
700 0.53 0.64 0.79 0.53
701 0.53 0.62 0.76 0.53
703 0.67 0.78 0.80 0.67
704 0.63 0.76 0.70 0.63
705 0.62 0.71 0.70 0.62
706 0.67 0.70 0.75 0.67
707 0.68 0.68 0.78 0.68
708 0.63 0.68 0.74 0.63
709 0.61 0.70 0.70 0.61
710 0.61 0.64 0.70 0.61
711 0.64 0.62 0.74 0.62
712 0.63 0.79 0.79 0.63
713 0.69 0.87 0.85 0.69
714 0.81 0.88 0.89 0.81
715 0.85 1.01 0.91 0.85
716 1.02 1.21 1.09 1.02
717 1.39 1.35 1.27 1.27
718 1.63 1.59 1.43 1.43
719 1.87 1.90 1.72 1.72
720 2.43 2.20 2.25 2.20
721 3.12 2.45 2.61 2.45
722 3.19 2,72 2.70 2.70
723 3.26 3.34 2.94 2.94
724 4.03 3.76 3.55 3.55
725 4.75 4.46 3.64 3.64
726 5.49 535 3.67 3.67
727 6.57 6.73 4.31 4.31

izl Mean values, in A, of the backbone atoms afier a mass-weighted alignment onto the TM segment embedded in
the membrane (residues P996-V1015 and D718-1747, for the am- and Bs-subunits, respectively) calculated over
three MD simulations for amps, o3, and asf; integrin.
] Minimal value for each row. Red color highlights when the minimal value corresponds to the value for amps

integrin.
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Table S3: OMC and IMC distances.

SimI!®! SimI1® SimI1(®! Mean+ SEM™
domcannf3 6.9+ 0.01 6.9+ 0.01 6.8 +0.02 6.8 +0.03
domcavfs 7.2+0.03 7.2+0.05 7.1+0.02 7.1+0.06
domcasfh 10.1+£03 7.6 + 0.06 7.5+£0.02 8.4+0.09
dmcanbfs 75+0.1 50+02 7.1+0.02 6.8+ 0.5
dmcovfs 62+03 6.7+09 6.0+0.1 63+0.9
dmcasf 6.0+ 0.1 6.1+0.1 5.7+0.05 59+02
12l Mean values and SEM, in A, calculated within each simulation.
[l Mean value and SEM (eq. 5 in the main text), in A, calculated over three simulations.
Table S4: Hydrogen bond between K716x; and F9920.
SimI?! SimI1?! SimII1'?! Mean + SEM™
amps TMD 74 40 0 38:214
aps TMD 71 26 13 37:176
aspy TMD 4 61 11 25+179

[zl Mean values, in %, calculated for each simulation.
)] Mean value and SEM (eq. 6 in the main text), in %, calculated over three simulations.

Table S5: Salt bridge between K716n; and the oxygens of phospholipid head groups.

SimIl®! SimI1(®! SimITI® | Mean + SEMD)
amps TMD 55 59 82 65+ 8.4
ovfs TMD 21 45 49 38+87
aspr TMD 9 9 60 26+ 17.0

(2l Mean values, in %, calculated for each simulation.
)] Mean value and SEM (eq. 6 in the main text), in %, calculated over three simulations.
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Table S6: Thermodynamic quantities for each TMD system. 2]

System amfjs TMD avfis TMD asfi TMD
2@ 0.07 0.06 0.1

KM 140733.1 1360.9 75.2

Kx 2010.5 19.4 1.1

AG! 4.5 -1.8 -0.04

[ The integral in eq. 1 in the main text was evaluated at D= 14 A.
] In radians.

[l 1n A2,

9] In keal mol™.
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Table S7: OMC and IMC distances across the umbrella sampling windows linked to free

energy minima I — I1L

Distance Minima I Mean + SEM™

w3l wal?] w5l
domcamps 6.9+ 0,01 75+0.05 74%0.07 732009
domcovfs 7.2£0.05 7.5+0.03 7.6 £0.07 7.4£0.09
domcosp 7.3+0.04 9.2+ 0.05 7.6+ 0.02 8.1+0.09
divcannps 4.2+0.07 4.8+0.03 6.2+ 0.02 5.1+0.08
dimconfs 43+0.03 8.0+03 56+0.1 6.0+0.3
dimcasp 6.0+ 0.5 68+03 5.1+0.01 6.0+ 0.6
Distance Minima II Mean + SEM/

walal wolal
domcumnfs 10.9+0.1 9.3+0.08 10.1£0.03
domcavfis 10.8 £ 0.07 9.9+ 0.04 10.4 + 0.09
domcuspi 11.4+0.1 10.4 + 0.02 10.9+0.1
dimcannf3 6.1 +0.05 5.0=0.07 5.6=0.08
dimcavPs 62+0.1 6.2+04 62+04
dimcasps 62+02 97+04 8004
Distance Minima III Mean + SEMP!

wiile! wizll

domcamfs 15.7+0.05 13.1 +0.06 14.4 + 0.08
domcavfis 13.7+0.1 13.1+0.1 134+ 0.1
domcusp 13.4+0.1 16.7+0.2 15.0+0.03
dmcamfs 5803 79+03 6.8+0.4
dimcaps 8.0+03 7.1+ 0.08 75+03
divcasp 6.1+0.1 5.5+£0.05 5.8+0.1

18] Mean value and SEM, in A, calculated within the respective umbrella sampling window.
] Mean value and SEM (eq. 5 in the main text), in A, calculated over two resp. three umbrella sampling

windows.
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Table S8: dcom-com distance computed from unbiased MD simulations of amps, ovps,

and asf; integrin.

SimI™®! SimII?! Simir® | Mean + SEM™
amps TMD 92+ 0.06 89007 10+ 0.05 93+0.1
avps TMD 95+0.16 9.8+023 9.5+ 0.07 96+03
asps TMD 9.4+ 0.07 10.8+ 027 104+ 0.16 102+023

2] Mean values and SEM, in A, calculated for each simulation,

(] Mean value and SEM (eq. 5 in the main text), in A, calculated over three simulations
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Fig S1: Assessment of the quality of TMD homology models.

The QMEANBrane version of the QMEAN scoring function implemented within the
QMEAN server is used to evaluate the quality of homology models of TMDs of avp3 and asp:
integrin, respectively, in comparison to the NMR structure of am B3 (PDB ID: 2K9J) used as a
template'. The local scores are provided in a range [0,1], with one being the optimal. (A)
Local scores computed for the three structures (blue: amP3 TMD; gray: avfis TMD; orange:
asp1 TMD). Two green boxes are used to highlight the TM region (residues P996-V1015 and
D718-1747 for the am- and [3-subunits, respectively), and the black dashed line separates the
o-subunit (left side) from the B-subunit (right side). (B) In each box (colored as in panel A),
the QMEAN local scores are encoded in a color gradient from red to blue and mapped onto

the integrin TMDs depicted in cartoon representation.
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Fig S2: Convergence of internal motions in unbiased MD simulations.

Kullback-Leibler (KL) divergence® as a parameter to evaluate the convergence of the three
independent MD simulations of (A) amfs integrin TMD, (B) avfs integrin TMD, and (C) osp1
integrin TMD. The KL divergence was computed for pair-wise comparisons of replicates of
MD simulations in terms of histograms describing the projection of snapshots onto a given
principal component (PC). The principal component analysis was performed on the residues
embedded in the membrane (as shown in Fig. S1) after alignment onto their Ca atoms; color

code of PC1 as in Fig. S1, PC2 colored in green and PC3 in purple in all plots.

11
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Fig S3: Total number of contacts calculated for amps, avps, and osp; integrin.

Histograms of the total number of contacts (“native” and “non-native”) between the a- and -
subunits averaged over three independent MD simulations for TMDs of amfs (blue), owps
(grey), and asp1 (orange) integrin, respectively. Error bars denote the SEM (eq. 6 in the main
text). Stars denote a significant difference (p < 0.0001) between the TMDs of amf: and ovf3,
and the TMDs of ampPs and wsPi, respectively. A native contact was defined as a contact
between two residues satisfying a distance cut-off of 7 A in the first (reference) frame of a
MD trajectory; a non-native contact is any contact whose distance satisfies the distance cut-
off of 7 A without being already found in the reference frame. This definition is according to

ref*,
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Fig S4: Overlap of umbrella sampling simulations of the association of TMDs of (A)

omP3, (B) ovPs, and (C) asP; integrin,
Frequency distributions of values of the reaction coordinate obtained from umbrella sampling

simulations.
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Fig S5: Convergence of the PMFs of the association of TMDs of (A, A’) amps, (B, B%)
ovP3, and (C, C*) asp: integrin.

(A-C) Development over time of the PMF profiles computed for the association of the
integrin’s TMDs as indicated by the color scale at the right. In all cases, the PMF curves
almost perfectly overlap after 160 ns of sampling time per umbrella sampling window. The
reaction coordinate (distance between the centers of mass of the a- and B-subunits) ranges
from 8 A (fully associated state) to 20 A (dissociated state). (A’-C?) Development over time
of the PMF profiles computed for the full disassociation of the integrin’s TMDs as indicated
by the color scale inside each plot. In all cases, an almost perfect overlap is reached after
50 ns of sampling time per umbrella sampling window. The reaction coordinate considered

ranges from 21 A to 24 A (fully dissociated state).
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Fig S6: Reweighting of configurations obtained by umbrella sampling of the TMDs of
(A) amps, (B) avPs, and (C) esp: integrin.

The curves colored black (left ordinate values) depict the weight w' of a configuration ¢
computed according to egs. 7 and 8 from ref.®, which is normalized by dividing it by the sum
of all weights for each integrin system. Overlaid is the respective PMF profile (colored blue,
grey, or orange; right ordinate values). The reweighting is performed considering the entire

ensemble for each system between reaction coordinate values 8 to 24 A,

12 oo * Kk

©
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>
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Fig S7: dcom-com distance computed from unbiased MD simulations of amp3, ovps, and

0sP1 integrin,

Histograms of the distance dcom-com (see main text for definition) averaged over three MD
simulations. Values for amfs, avfs, and aspi TMD are represented in blue, grey, and orange,
respectively. Error bars denote the SEM (eq. 5 in the main text). Stars denote a significant
difference (p < 0.0001) between the TMDs of am[s and aspi.
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