
Assembly process and structure of the
platelet Glycoprotein Ib membrane
receptor studied through multi-scale

simulations
by

Juan David Orjuela Zúñiga

Submitted in Partial Fulfillment of the

Requirements for the Degree

Magíster en Ciencias - Física

Supervisor: Chad Leidy, Ph.D.
Co-supervisor: Camilo Aponte-Santamaría, Ph.D.

Department of Physics
Faculty of Sciences

University of los Andes

Bogotá, Colombia

2019



ii

To my loving family and wonderful friends



iii

Acknowledgments

I would like to thank first and foremost two very important persons: Camilo Aponte-

Santamaría and Chad Leidy. Without their deep knowledge and understanding this

work would not have been possible. To say that I have learned a lot from them

would be an understatement. I would like to thank them for their patience and faith

in me and in the work we did when it got really hard.

There are several institutions that made this project feasible. To the University

of los Andes and the Max Planck Tandem groups initiative that provided the neces-

sary funds to complete this enterprise. Also to the High Performance Computing

Center at Uniandes where many simulations were performed, and to bwForCluster

and the Interdisciplinary Center for Scientific Computing in Heidelberg University

where most of the data was produced.

I would also like to give special thanks to the Max Planck Tandem Group

in Computational Biophysics and all its members, especially Angélica Sandoval

for many fruitful conversations and valuable insights during the development of



ACKNOWLEDGMENTS iv

this project. Also big thanks to Frauke Gräter from the Heidelberg Institute for

Theoretical Studies and Pilar Cossio from University of Antioquia for their very

helpful and worthy comments in this process.

Finally, I would like to thank my family and friends. I’m incredibly lucky to

have such an amazing group of people around me. To Valentina, Katherin, Natalia,

Daniela, Santiago, Mario, Andrés and David: you are my chosen family, and I am

deeply thankful for your presence in my life, even when it does not look like it. To

my brother and his lovely family, to my little sister and to my parents, whom I owe

everything I am. Thank you for always looking after me, loving me and believing

in me despite myself. I hope to one day make you real proud. And to Him from

whose mouth comes knowledge and understanding: Dan. 2:23.



v

Abstract

Lipid-protein interactions play key roles in living organisms. During hemostasis,

platelets adhere to sites of vascular injury to create a plug that ceases bleeding and

there is evidence suggesting that the platelet receptors intervening in this process are

regulated by lipid-protein interactions. In particular, the glycoprotein Ib receptor

has been shown to only be activated in the presence of glycosphingolipid-enriched

lipid rafts. However, the molecular mechanism for this lipid-mediated activation

remains poorly understood. Here, we address this question by modeling the

complex and performing both multiple microseconds coarse-grained and enhanced-

sampling atomistic molecular dynamics simulations. Our preliminary simulations

revealed the mechanism by which the glycoprotein Ib subunits assemble to form a

functional complex. Our data highlight key interacting residues for the complex’s

stability and give insights into the role of glycosphingolipid rafts for the function

of this receptor.
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1. Introduction

Proteins are the molecular machinery of life. They perform the vast majority of

functions in living organism, such as DNA replication, transport functions, sig-

naling, structure, repair damage, etc. Thus, understanding their operation under

normal and abnormal conditions is enlightening and augmenting our molecular

understanding of biological systems, with the possibility of intervention during dis-

ease conditions. A considerable fraction of proteins performs its function in or near

biological membranes and that makes their study a formidable task, as biological

membranes are both very complex and very dynamic. Biological membranes are

mainly composed of proteins and lipids. In the seventies, the mosaic-fluid model

was proposed in Singer and Nicolson 1972. Here, lipids defined a 2-dimensional

thin layer in which membrane proteins diffused. Proteins were attributed with

the main biological membrane functions (transport, permeation, signaling, etc.)

whereas lipids were only conferred with a passive role providing the 2D scaffold

for the membrane proteins. This picture changed completely with the discovery of

lipid rafts ( Simons and Ikonen 1997), namely, small domains within the membrane,

in which membrane functions could be localized or amplified and which were



CHAPTER 1. INTRODUCTION 2

highly modulated by the lipids. In the last two decades, an increasing body of solid

research has shown how lipids do not only play a passive role, but on the contrary

decisively affect the protein functioning. It has also been increasingly seen how

membrane proteins change the organization and properties of lipid bilayers (Lee

2011, Marsh 2008, Denning and Beckstein 2013). The concept of a lipid shell that

solvates the protein and diffuses through the membrane with it, is appearing to be of

utmost importance to understand protein function and thereby activity of biological

membranes. To begin with, different lipids tend to have a different binding affinities

to the protein they wrap to (Corradi et al. 2018, Laganowsky et al. 2014, Landreh

et al. 2016). And that binding affinity scales define a copious number of functions

for the lipid solvation shell, influencing process such as membrane protein assem-

bly (Gupta et al. 2017), molecular recognition (Contreras et al. 2012) and activity

(Lee 2011, Marsh 2008, Denning and Beckstein 2013, Pliotas et al. 2015, Bechara

et al. 2015). However, to obtain a molecular picture of lipid-protein interactions

is extremely difficult and it has been only possible for rather few cases (Gonen

et al. 2005, Aponte-Santamaría et al. 2012a, Sengupta et al. 2018, Laganowsky

et al. 2014, Gupta et al. 2017, Bechara et al. 2015, Pliotas et al. 2015). In this

respect, experimental techniques such as mass spectrometry (Landreh et al. 2016),

cryo-electron crystallography (Walz 2016 De Zorzi et al. 2015), X-ray crystallog-

raphy (Muench, Antonyuk, and Hasnain 2019) are improving this, by delivering

high resolution structures of the conformation of lipid molecules bound onto the

surface of different membrane proteins. Molecular Dynamics (MD) simulations

monitor the spatio-temporal evolution of biomolecular systems at an atomic (or
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sometimes quasi-atomic) level of resolution to thereby retrieve structural, energetic

and thermodynamic information. This information turns out to be extremely useful

to understand biomolecular systems and to complement and guide experimental

techniques. This computational method has been successfully used for years to

study biological membranes (Ingólfsson et al. 2016). More importantly, MD is

perfectly suited for the task of unraveling the protein lipid interactions that are key

for the protein function, stability and activation (Ingólfsson et al. 2016, Chavent,

Duncan, and Sansom 2016, Zhou et al. 2015), allowing to identify the molecular

nature of lipid positioning around membrane proteins (Aponte-Santamaría et al.

2012b, Briones, Aponte-Santamaría, and Groot 2017).

Glycoprotein Ib-V-IX is a protein receptor from platelet membranes that is

important for primary hemostasis (Andrews et al. 2003). It allows platelets and

other proteins to bind to vascular injured sites and thereby to create a plug that stops

bleeding. To accomplish this task Glycoprotein Ib (GPIb) creates cross-links with

the extracellular von Willebrand factor (VWF), activated by the flowing blood, that

anchors the N-terminal domain of GPIb to the A1 domain of VWF using protein-

protein interactions. The malfunctioning of this process leads to a wide range of

bleeding disorders that can go from thrombosis to acute bleeding, Bernard-Soulier

syndrome (BSS) being the one most linked to GPIb mutations. Current research

has accrued evidence suggesting that the presence of glycosphingolipid-enriched

membranes is of paramount importance to modulate the activity of the receptor

complex (Shrimpton et al. 2002, Xu et al. 2015, Geng et al. 2011). The nature of

this lipid-protein interaction remains however completely unknown.
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Figure 1.1: Glycoprotein Ib-IX complex showing the different domains and
subunits (in green α, β ’s in blue and purple, and the GPIX in magenta). Figure

taken from R. Li and Emsley 2013

The GPIb-V-IX receptor is composed of the α , β (two copies), IX and V

subunits (R. Li and Emsley 2013) as shown in figure 1.1. The complex is very large

and includes a region in the platelet cytosol, a transmembrane part and a big portion

on the extracellular side where both VWF and thrombin can bind. The structure of

transmembrane region is unknown, as there only exists chrystallographic structures

of the VWF-A1 binding site and the ectoplasmic part the the GPIb-β (McEwan
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et al. 2011). McEwan et al. also report the GPV subunit to be inessential for

protein function. The transmembrane region assembly has been proposed to be

relevant for the formation and thus activity of the complex as a whole (R. Li and

Emsley 2013, S.-Z. Luo et al. 2007). It is fundamental to study the assembly

process if one aims to understand systematically the influence of lipid environment

on this complex’s function. Concerning the role of glycosphingolipids, it was

suggested they may confer further stability to the receptor under the application

of shear-stress imposed by the flowing blood, by palmitoylation of acyl-chains to

residues Cys148 of GPIbβ and Cys154 of GPIX (Melkonian et al. 1999, Koziak

et al. 2000). This hypothesis was however ruled out by mutagenesis analysis (Geng

et al. 2011). It was also recognized that the sequence of the four transmembrane

segments was essential to achieve the assembly of the complex and thereby its

proper activity (Xu et al. 2015, MO et al. 2012). In addition it was shown that the

polar interactions between the residue Asp135 of the GPIX unit and the residues

Gln of the GPIbβ ’s, as well as disulfide bonding between α and the two β subunits

were crucial to stabilize the complex (S.-Z. Luo et al. 2007, Shi-Zhong Luo and

Renhao Li 2008, Shi-Zhong Luo, Mo, et al. 2006). Nevertheless, the structure

adopted by the transmembrane units upon assembly and the role of the surrounding

lipidic environment remains to be elucidated. In this thesis, we investigated the

assembly of the four transmembrane GPIb units by performing coarse-grained MD

simulations. Our work provides a molecular rationale of the assembly process

and highlights exposure of polar residues to the hydrophobic environment as an

important factor defining the assembly. Our approach gives initial insights into
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Figure 1.2: A model of the transmembrane (TM) domains of GPIb-IX complex by
S.-Z. Luo et al. 2007, marked with observed (continuous lines) and hypothesized

(dashed lines) interactions among the polar residues.

the assembly of this important receptor and establishes a framework towards the

understanding of the role of the surrounding lipidic environment in its assembly.
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2. Methods

Modern physics would not be possible without the help of enormous computers that

allow research to advance, for both theoretical and experimental fields, but specially

for the consolidated branch that lays in between, namely computational physics.

In order to simulate a physical system, one needs a theoretical model, which

usually translate into a set of equations and parameters, a mathematical framework

which is the natural language of physics. Molecular systems are governed by the

laws of quantum mechanics and their evolution is dictated by the time dependent

Schrödinger equation:

ih̄
d
dt
|Ψ(t)〉= Ĥ|Ψ(t)〉 , (2.1)

where i is the imaginary unit, h̄ = h/2π with h is the Planck constant and h̄

the reduced Planck constant, Ψ the state of the system and Ĥ the Hamiltonian

operator. In spite of its simplicity, Schrödinger equation can only be solved

analytically for systems of a few atoms (and high symmetry) and numerically for

systems of up to a thousand of atoms and only under certain approximations. The

first approximation commonly done to tackle (bio)molecular systems consists of
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splitting the nuclear and electonic degrees of freedom. This is called the Born-

Oppenheimer approximation. The reasoning behind is to separate the slow motion

of the nuclei from the considerably faster movement of the electrons. Accordingly

the wave function can be written as

ψ(Re,Rn, t) = ψn(Rn, t)ψe(Re;Rn) . (2.2)

Here ψe(Re;Rn) is the electronic wave function. It is assumed that the electrons

adapt infinitely fast to the rearrangement of the nuclear positions and therefore their

wave equation only depends on the nuclear degrees of freedom Rn parametrically.

ψ(Rn, t) corresponds to the wave function of the nuclei. This component obeys a

time dependent Schrödinger equation, in which nuclei move in the field created

by the electrons. Note that it is also assumed that electrons remain in their ground

state.

A second hierarchy of approximations will be the assumption that the nuclei

and thus the molecules can be described well enough by classical mechanics. This

will not be the case for intrinsically quantum mechanical phenomena such as

tunneling, bonds forming and breaking or high frequency vibrations but suffices for

a wealth of biological systems where the typical distance between nuclei is much

greater than the mean thermal de Broglie length (Reif 1985). This is the essence of

the molecular dynamics (MD) simulation methods: to solve the Newton’s equation

of motion after an initial configuration is given for the system. Accordingly the

following equation of motion is considered:
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d2~ri

dt2 =
~Fi

mi
; i = 1, ...,N , (2.3)

where~ri is the position of atom i with mass mi, and the system is constituted

by N atoms. For conservative forces we can write

~F =−∇V (~r1,~r2, ...,~rN) , (2.4)

with V the potential interaction energy between atoms, which depends on their

positions ri. Here, the third approximation used in MD simulations comes into

play: the possibility for the potential that produces the forces for all essential

atomic interactions to be a function empirically defined. The necessity for this

approximation is due to the sheer size of the calculations needed to predict the

molecular behaviour. The potential, which in the MD field is called the Force Field,

needs to be easy and computationally cheap to calculate. Thus, simple arithmetic

terms are used. Proposed initially by Alder and Wainwright to simulate a system of

colliding hard core particles (Alder and Wainwright 1959), it was later extended by

Rahman to continuous potentials and uniform timesteps, to simulate water for the

first time using Molecular Dynamics in a work with Stillinger (Aneesur Rahman

and Stillinger 1971).

Popular Force Fields for biomolecular simulations are AMBER (Cornell et al.

1995), CHARMM (Brooks et al. 1983), GROMOS (Scott et al. 1999), OPLS

(Jorgensen and Tirado-Rives 1988) and MARTINI (Marrink, de Vries, and Mark

2004), the latter describing the systems at a coarse-grained level of resolution. The
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parameters usually come from ab initio calculations or are tuned delicately to make

them reproduce certain thermodynamic properties like partition coefficients. While

different Force Fields are optimized to reproduce certain properties more faithfully,

they all a have similar functional form:

V (rN) =Vbonded +Vnon−bonded , (2.5)

Here, bonded terms correspond to covalent bonds, angular vibrations and

dihedrals, while non-bonded interactions refer to the electrostatic (Coulomb) inter-

actions and a Lennard-Jones potential that takes into account the Pauli repulsion at

very short distances and van der Waals (dispersion) term of attraction at mid-range

separations. Thus, the bonded term reads

Vbonded = ∑
bonds,i

ki

2
(li−li,0)2+ ∑

angles,i

fi

2
(θi−θi,0)

2+ ∑
dihedrals,i

Vi

2
[1+cos(nφi−φi,0)] .

(2.6)

For the most part bonded interactions are modeled with harmonic potentials

like springs. They also include angular restrictions between three atoms, also

modeled via harmonic terms. Finally, they take into account torsion angles, between

four atoms connected by covalent bonds, either via proper dihedrals or improper

dihedrals, incorporated for instance to strengthen planar groups. In the meantime,

non-bonded interactions are modeled pairwise as
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Vnon−bonded = ∑
i=1

∑
j>i

4εi j((
σi j

ri j
)12− (

σi j

ri j
)6)+

qiq j

4πεri j
. (2.7)

Here, the first term corresponds to the short-range Lennard-Jones potential

while the second term is the Coulomb potential. Now, with the Force Field

definition, one can follow the general Molecular Dynamics algorithm shown in

figure 2.1.

In order to do that, the positions are expanded, within a small time step ∆t, using

a Taylor series (backwards and forward), to thereby obtain the Verlet Algortihm

iteration formula:

ri(t +∆t)≈−ri(t−∆t)+2ri(t)+∆t2 Fi

mi
, (2.8)

Accordingly, velocities are computed from successive positions with

vi(t)≈
1

2∆t
(r(t +∆t)− r(t−∆t)) . (2.9)

The Verlet Algorithm has an error of order (∆t)4 for both positions and veloci-

ties. Another option is the Leap-frog scheme, in which coordinates and velocities

are computed at alternated by half a time steps:

ri(t +∆t)≈ ri(t)+∆tvi(t +∆t/2) , (2.10)
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Figure 2.1: General Molecular Dynamics algorithm. Figure taken from Knordlun
2015.

and

vi(t +∆t/2)≈ vi(t−∆t/2)+∆t
Fi

mi
, (2.11)

and has the advantage of being a sympletic integrator. The timestep is chosen
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such that at least five integration steps can be performed within the smallest

oscillation period in the simulation. If bond stretching is allowed that means

a timestep smaller than 1 fs is required. It is very common to remove these

very fast degrees of freedom by using constraining algorithms such as SETTLE

(Miyamoto and Kollman 1992) and Lincs (Hess et al. 1997) for water and all other

bonds involving the hydrogen atoms, respectively. Consequently, the time step

can be augmented up to 2 fs. Aditionally, for MD simulations periodic boundary

conditions are imposed, which limits the geometries to a crystal system that can

fill the space entirely, such as cubic, triniclic, hexagonal prism, dodecahedron, and

truncated octahedron.

While the short-range nature of Lennard-Jones interaction allow to set a cut-off

of typically 1.0 nm, electrostatic interactions have infinite reach and thus need to be

computed using infinite sum methods such as particle-mesh Ewald (PME, which

grows as O(N log(N))) or particle-particle-particle mesh (PPPM, which grows as

O(n)). Consequently, short-range Coulomb interactions are calulated in the direct

space, while long-range contributions are computed in the recriprocal space and

then converted to the real space by using a Fourier transform.

Biomolecular systems are often simulated coupled to an external bath. Number

of particles, pressure and temperature are maintained constant into what it is known

as the NPT ensemble. In order to maintain the temperature constant a thermostat,

that rescales the velocities to attain the desired reference temperature (according

to the equipartition theorem) is used. V-rescale (Bussi, Donadio, and Michele

Parrinello 2007), Berendsen (Berendsen et al. 1984), or Nosé-Hover (Nosé 1984,



CHAPTER 2. METHODS 14

Hoover 1985) are common thermostats used in MD simulations. Accordingly,

pressure is maintained constant by applying a correction to the positions. Here,

the Parrinello-Rahman (M. Parrinello and A. Rahman 1980, M. Parrinello and

A. Rahman 1981) is a common used barostat.

There is a broad spectrum of representation in particle-based simulations:

from all atom models, going through "united-atom" representations (ignoring

hydrogen atoms), coarse-grain descriptions, and even until super coarse-grained

approximations where complete domains of proteins are represented by single

beads. The reasoning behind all these levels of approximations is to reduce

the computational cost of the simulations and thereby to allow to study bigger

systems and for longer timescales than those conventionally captured by all-atom

simulations. The Martini model (Marrink, de Vries, and Mark 2004) corresponds

to an intermediate coarse-grain description, from which approximately 4 heavy

atoms (roughly speaking one chemical group) are mapped into one coarse-grain

bead. Martini is a top-down approach, meaning that it was developed to reproduce

certain chosen experimental quantities, in this case the partition constants between

water and some organic phases and other thermodynamic properties such as their

bulk densities. This makes Martini perfectly suitable to study phase-separated

systems such as biological membranes. In addition, Martini was chosen to be

modular, with Lego-like building blocks that can be combined to build higher

molecular structures. That allows Martini to be very transferable. Martini does not

reproduce by itself properly the secondary (and higher) structure of proteins, thus

an elastic network is imposed to maintain the higher order structure of such type
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Figure 2.2: Example of the mapping from atomistic to CG resolution for Martini
FF for a few molecules like water, a lipid and a protein. Also shown over the

protein is the elastic network needed to maintain the structure of the molecule.
Taken from Periole 2017.

of biomolecules. In our case, we imposed this elastic network, separately, on the

helical elements of each of the GPIb-IX units (see 3).

A general consequence of the Martini CG approach is the smoothing of en-

ergetic landscapes. A reduction in the entropic term of the free energy that is

compensated by a similar reduction in the enthalpic term, but that can make tem-

perature dependence off. One also needs to be careful with interpreting time scales

directly from CG simulations as diffusion through the underlying smoothed free
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energy landscape is often augmented in CG models. Another limitation is that, in

Martini, Electrostatic screening of water is only implicit, which can be somewhat

overcome by using polarizable water beads. An additional consequence of the

smoothed energy landscape is that bigger time-step suffices to integrate equations

of motion. In this study a time step of 20 fs was used.



17

3. Results

As there is no three-dimensional structural data for the transmembrane (TM)

regions of the complex, the first step for the project was to construct a model of

such regions for the MD simulations. The aminoacid sequences for the different

components of the complex were obtained from the UniProt (Consortium 2018)

knowledge-base entries:

• P07359 (GP1BA_HUMAN)

• P13224 (GP1BB_HUMAN)

• P14770 (GPIX_HUMAN)

These amino acid sequences predict TM regions for the GPIb-α , GPIbβ and

GPIX, respectively, as follows (note that the numbering differs from the one used

by Shi-Zhong Luo, Mo, et al. 2006):

>sp|P07359|532-552

GFYVLGLFWLLFASVVLILLL

>sp|P13224|148-172

WGALAAQLALLGLGLLHALLLVLLL
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>sp|P14770|148-168

VLWDVALVAVAALGLALLAGL

Nevertheless, these predicted transmembrane fragments do not include the

Cysteine residues that establish disulphide bonds between the β subunits to the

α subunit. Accordingly, the sequence was extended (by one more residue for β

and six more for α) to include these important residues and to achieve the same

number of residues across the proteins. Thus, the modeled regions were

>sp|P07359|526-553

CCLLPLGFYVLGLFWLLFASVVLILLLS

>sp|P13224|146-173

LCWGALAAQLALLGLGLLHALLLVLLLC

>sp|P14770|143-170

WVRPGVLWDVALVAVAALGLALLAGLLC

Homologs of these sequences were searched using SWISS-MODEL (Water-

house et al. 2018) database using a protein–protein BLAST (with some buffer

residues at the beginning and the end of the disposed sequence). The matches,

unfortunately, presented low quality and low coverage. For example, for GPIb-α

the best match was an NMR structure of the prolactin receptor transmembrane

domain:
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>P07359 (GP1BA_HUMAN)

LHPDFCCLLPLGFYVLGLFWLLF--ASVVLILLLSWVGHVKP

>2n7i.1.A Prolactin receptor

------------------VWISVAVLSAVICLIIVWAVALK- ;

for GPIb-β it was a structure of the transmembrane domain of syndecan 2 in

micelles:

>P13224 (GP1BB_HUMAN)

CAPGPLCWGALAAQLALLGLGLLHALLLVLL-LCRLRRLRA

>6ith.1.A Syndecan-2

---------VLAAVIAGGVIGFLFAIFLILLLVYRMRK--- ,

and for GPIX, it was solution NMR Structure of the Membrane Protein Stannin:

>P14770 (GPIX_HUMAN)

ASWVRPGVLWDVALVAVAALGLALLAGLLCATTEALD

>1zza.1.A Stannin

----------IVILIAIAALGA-LILGCWCY------ .

All these results support the idea that the proteins have an alpha helix secondary

structure, but are not good enough to produce a complete model of the complex.

As a consequence, an atomistic ideal helix model was produced using PyMOL

(Schrödinger 2019) and then that model was converted into a Martini CG model

using the Martinize Script (Jong et al. 2013). As in all traditional Martini coarse-

grained simulations it was necessary to impose and fix the secondary structure of
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Figure 3.1: Schematic figure for the initial configurations of the coarse-grained
simulations. The GPIb complex (composed by α,β1,β2 subunits) was located at 5
nm from the GPIX subunit and at different relative orientations. GPIB-α (blue) is
bound covalently via disulphide bonds to both motifs of GPIb-β proteins (red and

grey). GPIX si shown in orange, the lipid molecules are translucent while
surrounding water beads are not shown for clarity.

the protein. Here that was done using the Martini 2.2 + Elastic Network protocol

that places long harmonic bonds between the backbone beads. The default values

were used except for the upper distance bound for the Elastic Network that was

increased from 0.9 nm to 1.1 nm. This script also allowed to impose the disulphide

bonds that join the GPIb-β units to GPIb-α (until now these segments had been

modeled separately). After the topology was complete, the secondary structure of

the first five residues of all helices from GPIb were removed to allow the protein

to move freely without assuming too much from the structure (bias) and to avoid

steric effects.

To study the spontaneous assembly of the whole GPIb-IX complex, by exhaus-
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Figure 3.2: A typical conformation upon spontaneous assembly GPIb-IX complex.
GPIB-α (blue) is bound covalently via disulphide bonds to both motifs of GPIb-β
proteins (red and grey), while GPIX (orange) is bound to GPIb non-covalently.

tive CG sampling, the following process was performed. Three different systems

were prepared (according to the process described in the previous paragraph): one

with the residue Asp135 of GPIX charged (which will be referred to as "Wild

Type"); second, with this residue neutral to examine the role of the protonation

state of this residue, and a third system with a D135A mutation, which was shown

experimentally to markedly decrease GPIb-IX activity (S.-Z. Luo et al. 2007).

Each system was inserted in a previously prepared and equilibrated lipid bilayer

of pure 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipids (consisting

of around 700 molecules), solvated by Martini water beads and 150 nM NaCl salt

concentration, at physiological conditions (1 bar of pressure and 310 K tempera-

ture). One hundred different replicas were prepared for each system, with different

initial relative orientations of GPIX with respect to GPIb, with 5 nm of distance

between them (as shown in figure 3.1). Every replica was ran for 10 µs, for a total

simulated time of 3 ms. In figure 3.2 an example of the final configuration for the
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Figure 3.3: Minimum distance between GPIb and GPIX as a function of time for
the one hundred replicas in the Wild Type (WT) system. Each square represents

one replica.

bound complex can be observed.

The minimum distance between GPIb and GPIX was monitored during all

simulations to measure the proclivity of them to bind and form the GPIb-IX

complex. The results for each replica can be seen in figures 3.3, 3.4 and 3.5.

The results are very similar across systems, with 70/100, 75/100 and 68/100

spontaneous association events for the WT, ASP0 and D135A systems respectively.

Note that there was only one disassociation event observed in all replicas (see

figure 3.5). This is to be somewhat expected for the Martini FF, given its tendency

to over-stabilize protein–protein interactions, and thereby reducing the unbinding

probability. The cumulative histogram of the inter-subunit distance is shown in

figure 3.6. All systems displayed the complex in the bound state in at least 46%
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Figure 3.4: Minimum distance between GPIb and GPIX as a function of time for
the one hundred replicas in the Neutral Asp135 (ASP0) system. Each square

represents one replica.

of the simulated time (as defined by a contact distance between GPIb and GPIX

smaller than 0.6 nm). Again, the systems did not show pronounced differences,

although intriguingly for the ASP0 system, GPIX was more frequently found in

contact with GPIb (~55% vs. ~45% of simulated time in the inset of figure 3.6).

In order to identify important residue contacts within the complex, residue–

residue contact maps were constructed for all systems (see figure 3.7). The maps

were created using the ConAn script (Mercadante, Gräter, and Daday 2018) and

we defined residues in contact as having their backbone beads closer than 1 nm.

Qualitatively, the three systems did not show a pronounced difference in the contact

pattern. Due to the disulphide bonds, the α subunit interacted more often with the

β subunits than with the IX subunit.



CHAPTER 3. RESULTS 24

Figure 3.5: Minimum distance between GPIb and GPIX as a function of time for
the one hundred replicas in the D135A mutant system. Each square represents

one replica.

We now focused on the interactions established by Asp135 with the residues

of the α and the β subunits. In figure 3.8 it is possible to compare charged and

neutral Asp135 interaction fractions (over the whole time IX was in contact with

GPIb). Asp135 established contacts with the subunit GPIb-α , mainly with the

residue Tyr492 (P ~0.23) and with higher probability than with the GPIb-β subunits.

This is surprising, as it has been suggested that GPIX remains bound to the other

subunits mainly by the favourable interactions between Asp135 (of GPIX) and

Gln129 (of the β s) S.-Z. Luo et al. 2007. Although, we should emphasize here

that multiple contacts could have been established at the same time. Precisely for

the charged system, there is an increment in the probability of forming contacts

for the residues closer to the extracellular region above Gln129 (left from green
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Figure 3.6: Cumulative normalized histogram of the distance between GPIb and
GPIX for the three simulated systems. The histograms were constructed using the
time traces from figures 3.3, 3.4 and 3.5. The complex was in contact (distance <

0.6 nm) for more than 46% of the simulated time in all systems. The Neutral
system (ASP0) was more frequently found forming the complex (~55% vs. ~45%).

vertical lines in figure 3.8). This suggest that, when charged, Asp135 had to point

further extracellularly to stabilize the net charge of its side chain. From our data,

we see how the interaction with Gln129 is important as a stabilizer for Asp135

(when it is charged), but does not determine that this interaction is crucial for the

complex formation. The contacts established for GPIb-β1 appeared different than

those formed with GPIb-β2. It is important to remember that, although the Amino

Acid sequence is identical for both GPIb-β ’s, the disulphide bonds may define

privileged directions and steric effects might be different for these two molecules.
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Figure 3.7: Probability of interaction between all residues when the complex is in
contact in any way (minimum distance ≤ 0.6nm).

The GPIb-α subunit contain a polar residue (Ser503) in the middle of the

TM segment (see Amino Acid sequence above). Analogously, the two GPIb-β

subunits contain a histidine residue at that position (His139). Accordingly, it has

been proposed that polar interactions between these residues —preventing these

residues from being exposed to the hydrophobic acyl chains of the lipid —could

also help stabilizing the GPIb-IX complex (S.-Z. Luo et al. 2007). To explore this

idea, figure 3.9 shows the interaction probabilities between Ser503 and the GPIb-β

or the GPIX subunits. Reassuringly, the biggest probability of forming contacts for

Ser503 was observed to be with the His139 residues from the GPIb-β domains. In

consequence, Ser503–His139 may be a specific preferred interaction that restrict

the position of the GPIb subunits in the direction perpendicular to the membrane.

Of note that there is not a difference between WT and ASP0 systems, implying no

incidence of the charge of D135 on the positioning of these polar residues.

To obtain information of the preferred relative orientations adopted by the

subunits, time-averaged density maps were constructed from the simulations using
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Figure 3.8: Normalized probability of interaction (distance ≤ 1.0nm) of Asp135 of
GPIX with every residue of the units α,β1,β2 when the complex is formed. In
green the positions of Gln129 are highlighted. Gln129 has been proposed to
interact favourably with Asp135 (S.-Z. Luo et al. 2007). In blue the position of
Tyr492 is marked. This analysis was only restricted to the systems in which

ASP135 had a side chain.

GROmaρs (Briones, Blau, et al. 2019). In figure 3.10 the resulting maps are

presented, highlighting preferred orientations (high density in red) from smeared

out orientations (low density in blue and white). The translational and rotational

degrees of freedom of the whole complex were removed taking as reference the

position of GPIb-α backbone beads. Thus, this helix presented a very localized

high density (figure 3.10). The movement of GPIb-β ’s and GPIX with respect to

α is depicted in figure 3.10 by a slice of the density map that is pararell to the

membrane plane.
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Figure 3.9: Normalized probability of interaction (distance ≤ 1.0nm) of Ser503 of
GPIb-α with every residue of the GPIb-β1, GPIb-β1 and GPIX subunits, when the
complex is formed. In green the positions of His139 are highlighted. This analysis

was only restricted to the systems in which ASP135 had a side chain.

As a general observation, the lack of secondary structure imposition (elastic

network) for the upper residues of GPIb allow for a large orientational flexibility

from GPIb-β as it clearly shows from the density maps independent from the

nature of residue 135 of GPIX. That is specially the case for GPIb-β1.

On the one hand, the GPIb-β units presented a large orientational flexibility,

as reflected by a broad distribution in the density maps, and independent from the

nature of residue 125 of GPIX, except for a second orientation visited by the GPIb-

β2, for the Neutral and the D135A systems. On the other hand, GPIX appears for

all systems to be more constrained and localized, with fewer preferred orientations.



CHAPTER 3. RESULTS 29

Figure 3.10: Time-averaged density map indicated GPIB subunits (columns) and
systems (rows) taken at a plane parallel to the membrane and positioned at a
height coinciding with the middle of the complex. The density is color-coded

according to the color scale at the bottom, ranging from smeared-out low density
positions (white-blue) to highly-localized positions (red). The complex was
positioned with respect to the GPIb-α unit, therefore the density maps give

orientational information of the other three units. Density maps were obtained with
the Gromaρs toolset (Briones, Blau, et al. 2019).

For the neutral system and the D135A mutant, there is a reduction in the density

for GPIX at the position where the density of GPIb-β2 augmented, presumably

due to steric clashes between these two helices. Overall these calculations show

a broad range of unspecific orientations adopted by the GPIb subunits and little

sensitivity to the state of the residue Asp135. This poses the question whether the

employed Martini FF —and the coarse level of resolution —is detailed enough to

reproduce the molecular nature of the interactions for this complex.
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Because a charged residue inside the hydrophobic portion of the membrane

imposes a big energetic penalty, it is expected that Asp135 prefers to be less

exposed to the lipid environment and thereby more hidden inside the protein

complex. To analyze this, we monitored the exposure of this residue, by computing

the cumulative and normalized histogram of its Solvent Accessible Surface Area,

SASA (3.11). The SASA values are appreciably bigger for the unbound state

(dashed lines) when compared to the bound complex (solid lines). As expected

the values do not differ much when comparing unbound states of WT and ASP0.

Of note that Alanine is a significantly smaller residue when compared to Aspartic

Acid, thus the D135A system was not really comparable on that aspect. When

the complex is bound the amount of SASA is considerably smaller for the WT

(i.e. charged Asp135) compared to ASP0 system. This means the charged residue

to have a marked preference to hide when it is charged. Thus, reduction of the

exposure of this charged residue could be thought as a guiding feature for the

formation and stabilization of the complex.

The result above opens the door for the idea that not only Asp135 exposure

but that of all polar residues potentially facing the hydrophobic environment as

the leading feature for the GPIb-IX complex formation. To investigate this, the

collective Solvent Accessible Surface Area was computed for all polar residues

in the TM region, that is Tyr492, Trp 498 and Ser503 from GPIb-α , Gln129 and

His139 from GPIb-β and Trp132 and Asp135 from GPIX. As done for Asp135, the

SASA was computed separated for bound and unbound states for each system and

the results are displayed in figure 3.12. The distributions presented a multimodal
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Figure 3.11: Normalized cumulative histogram for the Solvent Accessible Surface
Area (SASA) of the Asp135 residue (or equivalent) in both bound (solid lines) and
unbound states (dashed lines) of the GPIb-IX complex. The SASA is presented for
the three studied systems (different colors). Due to the markedly smaller size of
the Alanine compared to the Aspartic Acid, the D135A system (green) cannot be
directly compared to the other systems. For WT and ASP0 systems the histogram
is very similar when the system is in the unbound state (dashed black vs. dashed

red), while in the bound stated, for the charged system the exposure is less
pronounced (solid black vs. solid red).

behavior, reflecting the addition of several different conformations that hide to a

different extent the polar residues. Remarkably, in the three cases the bound popu-

lation is shifted towards small SASA values compared to the unbound distribution.

This suggest the shielding of polar residues to the hydrophobic environment to be

an important feature for association of GPIX to GPIb.
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Figure 3.12: Normalized histograms of the Solvent Accessible Surface Area
(SASA) of the polar residues to the hydrophobic environment, for the indicated

simulated systems. Populations were differentiated in bound (black) and unbound
(red) state. Distributions appear as the aggregate of several conformations.

Because smaller SASA values were observed for the bound state, polar residue
exposure might be a driving factor for the complex generation.
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4. Conclusions

Here, we studied the spontaneous assembly of the transmembrane segments of

the glycoprotein Ib platelet complex by using exhaustive coarse-grained MD

simulations. We observed multiple spontaneous association events of the GPIbIX

unit to the GPIBαβ2 helical bundle and sampled this helix in bound state in

approximately 50% of the simulated time.

Asp135 from GPIbX has been shown to be a key residue for the association

of this helix to the rest of the complex and furthermore Gln129 of the GPIBβ

subunits were suggested to provide complementary interactions to Asp135 to

stabilize the complex (S.-Z. Luo et al. 2007). At the level of resolution of our

simulations, we oberved that the Asp135 from GPIbX is not essential for the

association process (as reflected by an almost equal separation distribution for

a system lacking this residue compared to that of the reference native system in

Figure 3.6). Nevertheless, perturbations in the charge of this residue changed the

propensity to form the complex (Figure 3.6). The overall inter-residue contact

maps did not substantially change upon perturbations of ASP135 (Figure 3.7).

However, locally, Asp135 appeared forming contacts more frequently with Gln129
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(and other outer residues of GPIb-β ) when it was in its charged form (Figure 3.10).

Thus, although we could not fully confirm the important role of Asp135 (and its

interactions with Gln129) for the complex formation, we show that the charge of

this residue (i.e. its protonation state) significantly impacts the way this residue

(and thereby GPIBIX) interacts with the GPIBβ units.

From the topology of the GPIb units,it has also been proposed that, Ser503 from

GPIb-α and His139 from GPIb-β , located in the middle of the transmembrane

helices, should interact with each other in order to hide their polar side-chains

from the hydrophobic lipid tails (R. Li and Emsley 2013). Encouragingly, our

simulations confirmed this interaction (Figure 3.11) and thereby suggest them to

further help stabilize the β subunits next to the α subunit.

A large orientational flexibility was observed for the helices (Figure 3.12),

with a slight increase in the restriction for the GPIX in the neutral system. In

consequence, from the coarse-grained description utilized in this study, we can

not fully predict a unique conformation of the GPIb-IX complex. Despite of that

large conformational variability, a common trend observed in the simulations is the

reduction in exposure of polar residues (Asp135 in particular) to the hydrophobic

environment when the complex was formed (Figures 3.12 and 3.14). This accrues

evidence of this as a guiding feature for the complex assembly.

In the future, it will be interesting to critically assess whether the coarse-

grained Martini model, and the Martini interactions with it, adequately reproduce

the assembly of this complex. Protein–protein interactions tend to be overestimated
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in the Martini force field (in fact we only observed one dissociation event in3 ms

of cumulative simulation time). Also the level of resolution of this model does

not allow to capture a unique native state, but rather a set of plausible orientations

within a flat and smoothed free energy landscape (Domański et al. 2018). In

particular, an obvious choice would be to re-parametrize the GPIX using a still

neutral D135 residue, but more attractive to Glutamine Martini bead. Also, all-

atom MD simulations with enhanced sampling methods could help to improve

the resolution and to monitor the stability of a set of conformation derived from

our coarse-grained model. To predict the conformation of the complex, given

the lack of sequence homologs, machine learning [ REF] or ab initio modelling

[REF] approaches could be of help. Coming back to original question on how the

lipid environment alters the activity of this receptor, the next logical step would is

to change the lipid environment to one that resembles more (glycosphingolipids

and cholesterol) enriched lipid rafts. In this respect, our study puts forward a

computational protocol for the systematic study of lipid-protein interactions and

their effect on the assembly of GPIb-IX. Finally, it will be of much interest to study

the effect of flow and the possibility of lipid–protein interactions mediating the

mechanoactivity of GPIb-IX in platelets.
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A. Parameters for the simulations

integrator md
dt 0.02
nsteps 500000000
M 4
nstlist 10
ns_type grid
pbc xyz
rlist 1.4
coulombtype Reaction_field
rcoulomb_switch 0.0
rcoulomb 1.1
epsilon_r 15
vdw_type cutoff
rvdw_switch 0.9
rvdw 1.1
tcoupl v-rescale
tc-grps Protein POPC W_ION
tau_t 1.0 1.0 1.0
ref_t 310 310 310
Pcoupl berendsen
Pcoupltype semiisotropic
tau_p 3.0; 1.0
compressibility 3e-4 3e-4 e-4
ref_p 1.0 1.0 1.0
constraints none
constraint_algorithm Lincs
lincs_order 4
lincs_warnangle 30

Table A.1: Parameters for each replica for spontaneous binding simulations.
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