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Introduction
Proteins are biological macromolecules that consist of long chains of small
building blocks, called amino acids. These long sequences of amino acids
are unique for each protein, and in general define a specific three-dimensional
structure that allows the protein to carry out a specific function in a living
organism. In fact, they can catalyse metabolic reactions, respond to stimuli,
provide structure and transportation routes within the cell [1].
In a cell proteins are ubiquitous. They can be soluble in water and have usually a globular shape; they can be arranged in fibers, give structural integrity
to their host, and provide the infrastructure upon which small molecules are
transported where needed; they can be embedded, partially or totally, in the
membrane, a wall of a lipidic bilayer, of the cell and mediate the exchange of
matter with the environment.
In particular, membrane proteins are categorised into three groups: permanently attached to the membrane, Integral Membrane Proteins (IMPs)
have several structural elements that span the width of the membrane; Peripheral Membrane Proteins (PMPs) are temporarily attached to the lipid
bilayer by hydrophobic and electrostatic interactions, usually following a posttranslational modification of a soluble protein; Water-Soluble Proteins (WSPs),
like toxins, that upon aggregation, attack the membrane and cause the disrupture of the cell.
In the last decades, the availability of structural information on proteins
and their three-dimensional conformation enabled the rapid development of a
computational tool, Molecular Dynamics (MD), that allows to explore biological processes and systems at a sub-nanometer scale.
The idea behind MD is to integrate Newton’s equations of motion to describe the evolution of a protein within its biological environment. The refinement of the empirical potentials, called force fields, that define the interactions
of the system of interest and the increase in the computational resources of
3
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modern computers have allowed scientists to investigate and characterise the
dynamics and functions of protein with high predictive power. This methodology is nowadays widely established as an in silico technique and can be
considered a real computational microscope, as envisioned by Schulten [2, 3],
that augments and enhances the experimental research.
The detailed description that MD provides comes with a trade-off. The
atomistic resolution requires the integration of the equations of motion with
a time step of 1-2 femtoseconds. The interesting biological processes, instead,
occur at longer timescales, in the order of the milliseconds. This gap of 10-12
orders of magnitude cannot be covered usually with the plain application of
MD.
In fact, despite its successes, the complexity and the timescales involved
in the accomplishment of a biological process requires the development of new
techniques that accelerate the dynamics of the system under scrutiny and
the sampling of conformations of the macromolecule [4]. Enhanced sampling
methods are, therefore, essential for the study of conformational transitions,
key events that trigger the function of a protein.
In this thesis I will focus mainly on three membrane proteins I studied in my
research that span different functions and interactions with the lipid bilayer.
The presence of the membrane slows down the dynamics of an embedded protein with respect to the water-soluble counterpart [5]. In addition, it requires
a specific treatment of the system and the biological conditions necessary to
mimic the experiments as close as possible. Therefore, the first chapter will
be devoted to introduce molecular dynamics as a computational technique to
shed light on proteins dynamics and the underlying mechanisms of the functions they perform. I will discuss the algorithms that allow a predictive use of
molecular dynamics in the presence of the membrane, and a better approximation of the experimental conditions in which biological data are gathered [6].
In addition, I will briefly describe the enhanced sampling methods used to
investigate large conformational changes, and the analysis techniques used to
extract meaningful information from the simulations.
The rest of the thesis will describe the systems that I studied in my research
work.
In the second chapter I will digress on the prestin protein. Prestin is a motor
protein and it is present in arrays in the cochlear outer cells in the mammalian
hearing mechanism. Due to its coordinated contraction and elongation in
4
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response to external stimuli, this protein changes the shape of the cell allowing
the transduction of the signal. This mechanism is mediated by a ligand, but
there is no evidence of the transport of the ligand across the membrane. The
non-mammalian ortholog of this protein is highly similar in the amino acid
sequence, but it does not perform the same function. In fact it is a transporter
that allows the exchange of chloride ions, and oxalate molecules, from the
intracellular to the extracellular environment, and viceversa. To investigate
this difference, first I performed the simulation of two proteins, the expression
of prestin in the rat and in the zebrafish species, in two conformations, inward
open and outward open, for 700 ns each starting from homology models, due
to the absence of experimental crystal structures.
I assessed the equilibration of the four structures, and the equilibrated systems were simulated under the action of an external electric field to mimic the
cellular environment. Within this second step, I was able to determine the
different paths of chloride ions in the two homologs in binding to a conserved
residue, S398 in rat and S401 in the zebrafish. Finally, each expression of
the protein underwent biased simulations to explore possible pathways in the
change from the inward to the outward conformation. The data are not definitive to draw a conclusion, although the elevator mechanism seems to favour
the elevator-like transport, a mechanism proper of other proteins in the same
family of prestin.
In the third chapter I will discuss the insertion of the recoverin protein,
a peripheral membrane protein, in a membrane patch. Recoverin is a calcium sensor protein expressed in the vertebrate retina. The binding of two
calcium ions triggers the extrusion of a myristoyl group, a post-translational
modification of the N-terminus of the protein that adds a hydrophobic chain.
This extrusion gives the protein an anchor to bind the lipidic bilayer, and this
insertion leads to the formation of a complex with rhodopsin kinase. In collaboration with a master student, I simulated the recoverin in two conditions,
both isolated and in the complex with a peptide from the rhodopsin kinase, to
investigate its unbiased anchoring. We found that the insertion of the myristoyl
is highly enhanced by the electrostatic interaction of the lipidic charged group
and arginines of the surface of the protein. The same pattern were found in
both setups, and the above mentioned interactions were no longer required to
keep the protein in contact with the membrane after the myristoyl penetrated
the lipidic patch. In addition we analysed the communication networks of the
5
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systems and how it was affected by the presence the peptide. This could shed
a light on how the recoverin-rhodopsin kinase complex assemblies itself.
The last chapter will be devoted to the last system I have started studying,
the Aquaporin type 4 and its dynamics upon aggregation. This membrane
protein is a water channel, assembled in tetramers. In the human species it
is present in two isoforms, M1 and M23, named after the starting residue of
the N-terminus. Studies shows that in the isoform M23, AQP4 aggregates
and is more likely to form large orthogonal array of particles (OAPs) that
are target for the antibody AQP4-IgG. This leads to an inflammatory disease,
neuromyelitis optica [7]. Although the AQP4 has already been studied as a
pharmaceutical target, there is no in silico study of the protein in the isoform
M23. In order to mimic the OAPs, I created an assembly of four tetramers
and simulated it for 800 ns.
I investigated the influence of the N-terminus after the aggregation, and
no evidence of a significant difference in the global behaviour of the protein
were found due to it. I observed a persistent binding event of two N-terminal
domain that might suggest how the recognition mechanism works. Moreover,
the aggregation itself, though, modifies the intra-tetrameric interaction and
the loops motility.
Further developments are being studied to have a better understanding of
the aggregation mechanism.
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Chapter 1
Proteins, membranes and
Molecular Dynamics
Proteins are biological macromolecules consisting of long chains of amino acids.
They are involved in almost all biological processes. They can be thought as
machines that inside a living organism trigger complex responses to external
stimuli, provide structural integrity or transport molecules of biological interest
within the cells[1].
In humans, for example, proteins account for 20% of total mass. The
plethora of functions proteins carry out are specifically defined by their unique
amino acid sequence, the so-called primary structure, which in turn determines
the three-dimensional structure of the macromolecules themselves. The local
arrangement of the chains gives rise to organised patterns, known as secondary
structures. The global shape of the macromolecules is called tertiary structure,
and it is related to the function the protein has to carry out.
The folded arrangement of proteins is the result of the interaction among
amino acids and the environment in which they live. Generally speaking, they
can be divided into three major group:
• Water-soluble proteins, known as globular proteins for the shape of the
folded structure. The hydrophobic amino acids are sequestered inside the
protein, so that the residues on the outer surface maximise the interaction
with the solvent.
• Membrane proteins, located in the membrane of the cell or of other
organelles. Part of them is exposed to the solvent, while the hydrophobic
region is in contact with the membrane.
7
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• Fibrous proteins, usually forming highly regular aggregates that provide
structural integrity to its environment.
The topic of my doctoral research regarded in particular membrane proteins.

1.1

Membrane proteins

Membrane proteins are normal proteins that interact with the membrane of
a cell or organelle. Depending on the kind of these relationship, they are
classified as:
• Integral membrane proteins, permanently inserted into the membrane,
they span the entirety of the membrane thickness. In this category there
are channel proteins or transporters.
• Peripheral membrane proteins, temporarily bound to the bilayer via noncovalent interactions in a reversible way. Proteins in this case may undergo a post-translational modification that introduces a lipid-like moiety
necessary for binding.
• Toxins, water-soluble proteins that upon aggregation bind the target
membrane and form pores that disrupt the intracellular environment, as
in the case for hemolysins[6].
In my research training I mainly worked with membrane proteins: two
integral membrane proteins, prestin and human aquaporin type 4, respectively
a transport-like and a water channel protein, and a peripheral one, recoverin.
From a computational perspective, the study of membrane proteins reserves challenges not present when dealing with globular macromolecules. On
one hand, despite the increasing number of available protein structures, a small
percentage of integral membrane proteins are resolved, due to the difficulties of
preserving the correct conformation of the protein while purifying it from the
lipids. This forces the scientific endeavour to first predict the folded pattern
of the system under scrutiny, using the structure from resolved closely-related
proteins as a model. On the other hand, membranes have an important biological role, not limited to the physical separation of two regions. They regulate
the biological processes of associated proteins with their compositions [8, 9],
8
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or the presence of a net potential difference across the membrane, commonly
found in voltage-gated ion channels [10].
To use Molecular Dynamics as a computational microscope and, hence,
have a meaningful comparison with experiments, the in silico systems should
mimic at the best of their possibilities their respective biological setup.
Fortunately, a plethora of lipids have been parameterised to ease the community toward more realistic descriptions of in silico biological membranes
and to take into account subtle details in the interactions between proteins
and membranes. Nonetheless, the presence of the membrane slows down the
dynamics of an embedded protein with respect to the water-soluble counterpart [5]. Therefore, the computational investigation becomes more demanding
on computing resources.

1.2

Molecular Dynamics

As previously stated, the availability of crystal structures is a prerequisite to
apply the Molecular Dynamics (MD) machinery to a biological problem.
Molecular Dynamics, in fact, is a computational technique that allows the
calculation of dynamic and thermodynamic properties of the investigated system by following its time evolution.
The idea behind MD is to evolve a set of particles, which describes a protein
for example, according to Newton’s equations of motion:
d2 ri
,
(1.1)
dt2
where the subscript i identifies a single particle in the system, mi is its mass
Fi = mi

and ri is its position in the three-dimensional space.
The forces are derived from the potential energy of the system, U (r1 , . . . , rN ),
under the assumption that at the atomistic level all interactions are conservative:
Fi = −∇i U ({r1 , . . . , rN }) .

1.2.1

(1.2)

Force fields

The potential energy of the systems is an unknown function, neither it can
be computed numerically from the fully quantum Hamiltonian with ab initio
techniques, due to the size of the system and the necessity to recompute it at
9
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each change of the configuration of atoms. Thus, a phenomenological potential
is employed as an approximation and it is usually divided into two major
components:
U f f = Ubonded + Unon

bonded

.

(1.3)

Figure 1.1: Bonded interactions defined in the force field. From left to right: bond,
angle, dihedral and improper dihedral.

The Ubonded is described by the harmonic potential to mimic the behaviour
of quantomechanical bonds. To enforce the effects that orbitals have on the
geometry of adjacent atoms, terms involving three and four particles are commonly employed:
X 1
kbond (rij − r0 )2
2
bonds
X 1
kangle (θijk − θ0 )2
+
2
angles
X
+
kφ,n [cos(nφijkl + δn ) + 1]

Ubonded =

dihedrals

X

+

kimproper (χijkl − χ0 )2 .

impropers

This harmonic functional form of each term provide a positive trade-off
between accuracy in the reproduction of the experimental structures and computational speed.
The non-bonded part of the empirical potential is composed by the longrange electrostatic interactions and the Lennard-Jones potential, with the latter providing an effective size for the point-like particle;

Unonbonded =

A
X h qi qj
Bij i
ij
+ 12 − 6
4π0 rij
rij
rij
pairs
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The functional form just sketched and the parameters it includes are known
as force field. Nowadays, there are several force fields developed. The more
experimental data are available, more refined the parameters become.
There are also attempts to better describe unstructured proteins [11] or
introduce new interactions, as the polarisation of the solvent [12].

1.2.2

Integration and ensembles

Once the forces are defined, the equations of motion can be integrated.
A wide-spread algorithm to solve the Newton’s law for biological setups is
the Velocity Verlet algorithm, shown in equations 1.4 and 1.5.
ri (t + ∆t) = ri + vi (t)∆t +

1
Fi (t)∆t2
2mi

(1.4)

i
∆t h
Fi (t) + Fi (t + ∆t)
(1.5)
2mi
Starting from an initial configuration {ri (t0 )}i=1 (i.e. the crystal structure
vi (t + ∆t) = vi +

or an homology model) and a set of momenta (usually randomly generated),
it allows the simultaneous update of positions and velocities and is preferred
if there is the need to compute quantities depending on momenta.
The trajectories generated according to this algorithm represent the evolution of a system with a fixed number of particles, fixed volume and fixed
total energy, i.e. a system belonging to the microcanonical ensemble. It can
be proved that, although the velocity Verlet algorithm does not conserve the
total energy of the system, a quantity related to it is conserved, a shadow
hamiltonian, and the discrepancy between the two quantities depends on the
choice of the time step [13].

1.2.3

NVT and NpT ensemble

Experiments are conducted under different conditions than those prescribed
by the microcanonical ensemble. Usually the temperature of the system is
kept fixed and the experiments are performed at atmospheric pressure, which
can be thought as constant at least for the duration of the measurements.
In the MD machinery these conditions are implemented using two kinds of
algorithms, a thermostat and a barostat, which modify the ensemble sampled
by the trajectory. When the former is employed, the ensemble is called canonical. The temperature is kept fixed and the total energy fluctuates. This is
11
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achieved by mimicking the presence of a thermal bath that drains and pumps
energy into the system. Several implementations have been developed. A
deterministic approach, like the Nosé-Hoover chains[14] introduces several degrees of freedom in the Hamiltonian of the system, and their evolution regulates
the temperature. An equally used, but different approach, adds fictitious dragging forces and stochastic contributions to the forces acting on each particle
like the Langevin thermostat[15, 16].
In conjunction with a thermostat, the presence of a barostat reproduces the
isothermal-isobaric ensemble, or NpT. The algorithms implementing the barostat introduce additional degrees of freedom for the volume of the simulation
cell to flucuate. The most used implementations are the Parrinello-Rahman
barostat [17] and the Langevin Piston [18, 19].

1.3

Acceleration of the dynamics

The improvements in accuracy of the force field and the increase in the computational power of modern computer architectures, either via High Performance
Computing clusters or the use of Graphical Processing Units to speed up the
calculations, contributed to establish all-atoms MD as a reliable tool to address
biological problems.
Nonetheless, the biological time scale at which the molecular machines
operates, via conformational changes for example, is still orders of magnitudes
greater than what is commonly achieved in unbiased all-atoms MD simulations.
In the last decades[4], numerous theoretical efforts have been focused to
accelerate the dynamics and explore conformational transitions[20, 21] or enhance the sampling of configurations characterised by a with low probability.
Depending on the problem, one method may be more appropriate than
others. In the present work, the biological question revolved around a large
conformational change of a transporter protein, zebrafish prestin. We decided
to accelerate the transition between two known conformations with the Adiabatic Biased Molecular Dynamics (ABMD) proposed at the end of the last
century independently by Marchi [22] and Paci [23].
The idea behind this method is to let the system evolve uncostrained from
configuration A to configuration B and introduce a biasing force only if the system is spontaneously moving backward from state B. In eq. 1.6 the functional
12
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form of the biasing potential is presented as:

 k ρ(t) − ρm (t)2
for
VABM D (ρ(t)) = 2
0
otherwise.

ρ(t) > ρm (t)

(1.6)

where k defines the strength of the interaction, and
ρ(t) = y(t) − ytarget

2

(1.7)

is the distance of the collective variable y at time t from the target value ytarget .
At each step if the distance is greater than the minimum distance reached until
time t, the bias is active, otherwise the minimum distance
(1.8)

ρm (t) = min ρ(τ ).
0≤τ ≤t

is updated.
For our sistem, we will follow the procedure used successfully in the folding
process of single-domain protein [24, 25]. The collective variable employed is
the contact map Cij

Cij (rij ) =

  6
r


1− ij


  r0 1
1−





0

rij
r0

for

rij ≤ rcut

0

(1.9)

otherwise

with rij is the distance between atoms i and j, r0 = 0.35 and rcut .
The distance dCM between contact maps[26] is given by:
dCM =

N
 X

(Cij − Cijref )2

 21

(1.10)

j>i+2

where Cijref is the contact map of the outward state, for instance, in the case
of prestin.

1.4

Analysis tools

At the conclusion of this overview, we summarise two of the tools applied to
the projects discussed in the following chapters to extract relevant information
from the large amount of data generated by MD simulations.
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1.4.1

Principal Component Analysis

The first is the Principal Component Analysis, a method to identify collective
motions of the system during the dynamics. Given a trajectory of a protein
of N atoms, whose coordinates are xii=1,...3N , the algorithm performes the
alignment of the structure in each frame to a reference conformation and then
computes the covariance matrix as follows:
1

1

Cij = hMii2 (xi − hxi i)Mjj2 (xj − hxj i)i

(1.11)

where hxi i is the average along the trajectory and M is the diagonal matrix
of the masses. The covariance matrix is then diagonalised, and the eigenvectors
are sorted in descending order according to their eigenvalues [27]. The eigenvectors are called principal modes and represent the directions along which
the dynamics of the protein presents the highest fluctuations. By maximising
the variance along the principal modes, ther first 20 eigenvectors are often
sufficient to describe more than 80% of the protein motion, filtering out high
frequency fluctuations. The subspace defined by the principal modes is called
Essential Subspace (ES), since it is where the biologically relevant motions are
stored.
In addition to the ability to reduce the dimensionality of the trajectory,
PCA is also employed to examine the sampling of the simulations and the
assess whether equilibration has been achieved.

1.4.2

PyInteraph

PyInteraph[28] is a tool for the analysis of ensembles of protein configurations
in the field of the Protein Structure Networks[29].
The idea is to provide an aggregated representation of the interactions
between amino acids that are dynamically established during a simulation,
and to extract the most relevant ones that might play a role in allosteric
communication.
This representation can be described by an undirected graphs, or network.
The nodes represent the amino acids of the chain and the edges are defined according to the interactions between residues in the structural ensemble. From
the network it is then possible to investigate long-distance communications
within the protein and the role of individual residues in the allosteric regulation or within the framework of the protein function.
14
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Since the nodes are give by the residues of the system under study, to create
the network edges must be defined. PyInteraph assigns an edge between nodes
if there is a persistent interaction between the correspondent amino acids in
the simulation. Persistent means that the chosen interaction is formed for a
fraction of the simulation greater than a threshold, called persistence threshold
pT .
The interactions taken into account by the PyInteraph algorithm are three:
• salt bridges,
• hydrogen bonds,
• hydrophobic contacts,
and the assessment of a successful interaction depends on specific geometric
criteria, hereby described.
A salt bridge is formed only between charged residues of opposite sign.
The residues involved are therefore Lys, Arg and His, if protonated, and Asp
and Glu. The distance betweenthe charged moieties in the sidechains of this
residue must be less 4.5 Å.
Hydrogen bonds are defined, instead by two conditions: the distance between a hydrogen atom (H) bound to a donor heavy atom (D) and an acceptor
atom (A) is less than 3.5 Å and the angle D-H-A is greater than 120◦ , since in
nature they are most effective if the three atoms are collinear.
Finally, hydrophobic interactions occur when the centers of mass of the
sidechain of hydrophobic residues are less than 5.0 Å apart.
For each pair of residues PyInteraph checks whether any of the three interactions is formed at each frame of the simulation, and per interaction it
creates a matrix. These matrices are symmetric by construction and each element (i, j) has a value from 0, no interaction formed between residue i and
residue j, to 100, the interaction is always established.
As stated above, the network is defined by significant interactions. To
extract them, PyInteraph implements a two-step process.
First, it computes a persistence threshold, pT . From the matrix of the
hydrophobic contacts, the weakest interaction among the three, it creates a
weighted graph and compute the size of its largest connected subgraph. Iteratively, it removes from the original graph each edge whose weight is less
than pmin , with pmin from 0 to 100, and compute the size of the new largest
15
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subgraph. By removing edges the graph becomes less connected and the size
of the largest subgraph decreases with pmin , as shown in fig. 1.2. In general,

Size of the biggest cluster

rI
Fitting
Critical value

200
150
100
50
0
0

20

40

pmin

60

80

100

Figure 1.2: Example of how the largest subgraph size varies with the increase in
pmin . The plot shows the fitted sigmoid and the value of the persistent

the behaviour of the size of the largest subgraph with respect to pmin can be
described by a sigmoid. The value of pmin that defines the inflection point of
the sigmoid is the persistence threshold pT .
Then, all the three matrices are filtered with the same persistence threshold:
only the elements greater than pT are kept and set to 1, while the others are set
to zero. The matrices are finally combined in an unweighted undirected unique
graph: between two residues a persistent interaction is either established or
not.
The power of the algorithm was obscured by the the outdated version of the
python package. Using the renewed MDAnalysis API[30, 31], we reproduced
the algorithm in Python 3.x, and by design we introduced flexibility in the
definition of the interactions. This allowed us to directly extend the software
to protein-membrane interactions.
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Chapter 2
Prestin
Prestin is a motor protein and it is present in arrays in the cochlear outer cells
in the mammalian hearing mechanism.
Due to its coordinated contraction and elongation in response to external
stimuli, this protein changes the shape of the cell allowing the transduction of
the signal. This mechanism is mediated by a ligand, but there is no evidence
of the transport of the ligand across the membrane. The non-mammalian
ortholog of this protein is highly similar in the amino acid sequence, but it
does not perform the same function. In fact it is a transporter that allows the
exchange of chloride ions, and oxalate molecules, from the intracellular to the
extracellular environment, and viceversa. To investigate this difference, first I
performed the simulation of two proteins, the expression of prestin in the rat
and in the zebrafish species, in two conformations, inward open and outward
open, for 700 ns each starting from homology models, due to the absence of
experimental crystal structures.
I checked the relaxation of the four structures toward their respective stationary states that could be sampled in the simulated time scale, and the
equilibrated systems in the inward conformation were simulated under the action of an external electric field to mimic the cellular environment. This second
step was essential to determine the different paths of chloride ions in the two
homologs in binding to a conserved residue, S398 in rat and S401 in the zebrafish. Finally, the zebrafish prestin underwent biased simulations to explore
possible pathways in the change from the inward to the outward conformation. The data are not definitive to draw a conclusion, although the elevator
mechanism seems to favour the elevator-like transport, a mechanism proper of
other proteins in the same family of prestin.
17
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2.1

Solute Carrier Family

Prestin is a mammalian motor protein discovered by Zheng et al. [32] in 2000.
It consists of 744 amino acids that can be divided in three major groups: the
N-terminus with 75 residues, an hydrophobic core with 430 residues buried in
the membrane, and a Sulfate Transporter and Anti-Sigma factor antagonist
(STAS) domain with around 310 amino acids at the C-terminus. Both N- and
C-termini are located in the cytoplasmic side of the cell.
This composition is peculiar to the Solute Carrier family 26 (SLC26), also
known as Sulfate Permease (SulP) family, to which Prestin belongs as the fifth
member (SLC26A5). In general, proteins in the SLC family are transporters,
enhancing the movement of anions across the membrane. In particular, they
are mainly classified as secondary active transporters: the transport of the
substrate is coupled with the carrying of another solute, the latter following
a pre-existing external driving force (for example an external gradient of concentration). The transport of the two ligands can be in the same direction
across the membrane or in opposite direction. In the former case, the protein
is called symporter, in the latter antiporters or exchanger [33].
The study of the members of the SLC family has been an active field of
research in the last two decades. In the SLC group there are more than 60
families. Among them, the SLC4, SLC23, and SLC26 families have shown a
similar folded pattern for the hydrophobic core, despite only 15% of sequence
identity if expressed in humans, and they provided a basis for comparison in
structures and functions.
These proteins carry on important functions as transporters: they are responsible for the passage of vitamins or, via the exchange of chloride ions and
bicarbonate, they regulate the pH of blood, as is the case for Band 3 [34].
Of course, if their function is not accomplished, the consequences could be
severe for the host. Therefore, understanding how these macromolecules work
and how their structures could be related to their functions seems of crucial
importance.
With the increase in availability of crystal structures for the three families,
it can be asserted that these proteins consist of 14 transmembrane helices (TM)
and not all of them span the entire membrane as shown in fig. 2.1. There are
two groups of helices, TM 1-7 and TM 8-14, pseudosymmetric 1 to each other,
1

Protein pseudosymmetry is related to the symmetry of homologous subunits like in the
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with the latter group inverted. The majority of the secondary structural motifs
are α-helices, except for a part of TM3 and TM10 that contain an antiparallel
β-strand, where the peculiar ligand is supposed to bind.

Figure 2.1: 7 Transmembrane inverted repeat fold template.

In the three-dimensional arrangement, the TM helices are intertwined and
are organised in two bundles, highlighted in different colours in the figs. 2.1 and
2.2: the core and the gate domain, according to the nomenclature introduced
for the Uracil Permease (UraA) [35]. The core is a convex structure, with
TM1-4 and TM8-11, containing the binding site between TM3 an T10. The
gate domain, consisting of the remaining helices TM5-7 and TM 12-14, is a
scaffold around which the transport mechanism occurs.

Figure 2.2: Side and top view of the UraA (PDB ID: 3QE7).

The external surface of the gate is the interface that allows the oligomerisation of these proteins. The formation of dimers as a biological assembly is
case of prestin. Protein symmetry, instead, refers to symmetry for identical subunits (with
at least sequence identity more than 95%, hence it is related to their quaternary structure.
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a common feature in many members of these families. A recent work by Yu
et al. [36] on UraA shows that transmembrane helices 5,12 and 13 form the
interfaces between two monomers, with a buried area of 2400 Å2 . This result
is consistent with the other members of the SLC4 and SLC23 family, with
membrane interfaces in the range of 1000-2000Å2 [37]. The dimeric structure
has been identified in the SLC26 family as well,in both prokaryotic and eukaryotic expressions of the proteins. For the SLC26Dg, a prokaryotic SLC26
protein from Deinococcus geothermalis, Chang et al. [38] found that the interface of contact between monomers were located at TM13 and TM14 with an
area of about 350 Å2 , significantly smaller than their counterparts in the two
other families. They suggested that the stabilisation of the dimeric assembly
might be due to the interaction of the STAS domains, since the lack of this
cytosolic domain results in the absence of dimers [39], and the presence of
membrane lipids. The role of the STAS domain in the oligomeric stabilisation
has been pointed out in the dimeric structure obtained by Walter et al.[40]
for the murine expression of SLC26A9. In this case, each domain interacts
with the TMs of the other monomer, in particular the terminal of helix 14,
providing a stable ground to enhance the interactions between proteins. The
similarity in structure and amino acid sequence between the STAS domain of
SLC26A9 and of SLC26A5 [41] suggests that this is the oligomeric form of
the prestin protein. Nonetheless, experimental data on heterodimers of wild
type and non-active mutant monomers shows that the transport occurs at the
level of a single protein, thus making the functional role of dimerisation still
unknown [38].

2.1.1

Transport mechanisms for the SLC26 family

Substrates are translocated by the members of this family via an alternating
access mechanism. With respect to membrane channels, which allow a continuous flow of ligands, transporters carry their cargo only once per cycle, since
only one side of the protein is accessible at time. The proteins that show this
transport mechanism are composed by two domains, each of them moving as
a rigid body. The translocation across the membrane occurs when the protein
performs a major conformational change after binding, exposing the previous
closed region to the release of the ligand.
There are three ways in which the alternating-access mechanism takes
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place [33]:
• rocker-switch model, where both domains move and their interface
changes during the transition (i.e. the interface between the two domains
is different in the inward open and outward open conformations), the
binding site is at the interface of the two domains:
• rocking bundle model, where one domain is fixed and the other oscillates. The binding site is still shared between the two domains, and the
region of contacts is different in both domains in the two conformations;
• elevator model, where one domain is still fixed and the binding site is
mainly located in the domain that performs the largest rearrangement.
In this case the interface between the two domains does not change in
the process.
The data available on the SLC26 family, supported by members of SLC4
and SLC23, strongly lean forward an elevator-like mechanism[33, 38, 40].

2.2

SLC26A5 family and Prestin

As previously stated, Prestin belongs to the SLC26 family of ion transporters
and it is associated to the SLC26A5 gene. In humans it is expressed in the
lateral membrane wall of the cochlear outer hair cells (OHCs), in the organ
of Corti, where it is responsible for the amplification of sound. In fact, it is
densely packed in array of proteins, that elongate and contract in response
of the hyperpolarisation and depolarisation of the surface of the membrane.
This phenomenon is called electromotility and was discovered by Brownwell
et al. [42] in 1985. The change in shape of the OHCs are not due to the
presence of ATP or calcium ions, known fuel for motor proteins like kinases or
currency for signalling processes, and has a significant impact the the area of
the basolateral membrane with a 4% change and the ability to transduct the
signal.
These elongations and contractions occurs at frequencies greater than 20
kHz [43], and in other mammalian species even faster, as in the case of the
guinea pig OHCs, with changes occurring 120 microseconds after the stimulation [44].
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The direct measurement of electromotility is cumbersome from an experimental point of view due to the different techniques and devices involved[45].
Nonetheless, prestin has been extensively studied [46, 47, 48, 49, 50, 51, 52] in
the last decades, since the changes in length of the cell due to electromotility
are highly correlated to another quantity, the NonLinear Capacitance (NLC),
a nonlinear dislocation of charges across the cell membrane due to an external
voltage [53], while in normal conditions the membrane would have responded
as a classical linear capacitor with a charge [54]. The movement of charges
could be explained by the relative motion of a charged moiety of the protein
in the OHC lateral membrane or by a partial translocation of the bound ion.
Therefore, in response to an applied voltage, the membrane would exhibit
a NLC if it contained the mammalian protein such as rat prestin, or an electric
current if non-mammalian orthologs were express in it, thus with the exchange
of anions [47].

Figure 2.3: Schematic representation of the electromotile and transport behaviour
of mammals, in nuances of blue, and non mammals, in oranges.

Although mutations in the human prestin can lead to severe diseases like
the non-syndromic deafness, the fascinating problem about prestin is how the
SLC26A5 protein has this unique feature of electromotility when expressed in
mammals, while the orthlogs in non-mammalian species adhere to the function
of the family as antiporter.

2.3

Rat vs Zebrafish

In order to investigate the different behaviour of Prestin when expressed in
mammals, or in one of its non-mammalian orthologs, we studied the rat and
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the zebrafish Prestin, rPres and zPres respectively, in two conformations: an
inward open, with the putative binding site accessible to the solvent from
the cytoplasmic side of the cell, and an outward open conformation, with the
binding region accessible from the exterior of the cell, an arrangement that
should not be biological for the mammalian species.
In the light of the discussion in section 2.1, we decided to limit our computational study to only one monomer, and did not investigate the dimeric
structure. This, and the functionality of the prestin at the monomeric level
allow us to focus only on the hydrophobic core of the proteins, known as the
sulfate transporter (SulTP) signature sequence, from residue 75 to 504 for
rPres and residue 76 to 507 for zPres. Moreover, in this region, these proteins
share 63.1% of sequence identity and 85.8% of sequence similarity.
The lack of PDB entries for both species in both conformations forced
us to resort to homology modelling to obtain their three-dimensional starting
structures. Previous studies used different transporters as templates. Lovas
et al. [55] employed the Glutamate transporter with a folded configuration
consisting of 8 transmembrane helices, Gorbunov et al. [51] instead the Uracil
Permease with the 14TMs motif, as shown in fig. 2.1.
Due to a larger scientific consensus on the 14TMs model, we decided to
follow the latter choice, with the 7TM inverted repeat arrangement, with
a template phylogenetically closer to Prestin than Gorbunov’s. In fact, for
the inward open conformation we used the transporter SLC26Dg (PBD ID:
5DA0 [56]), for the outward open one the Band 3 transporter (PDB ID:
4YZF [34]) of the SLC4 family. Although the Deinococcus geothermalis is a
bacterium, the successive resolved structure of eukaryotic SLC26A9 [40] shows
a 2.0Å root mean squared distance from its transporter, thus validating the
choice we adopted in this work

2.3.1

System setup

The initial four conformations were obtained using the webserver SwissProt [57],
and we checked the ionizable sidechains of the residues using the webserver
PDB2PQR [58]. Hydrogen atoms were added to the structures, all hystidines
were defined in the δ protonation state, and the basic and acidic residues preserved their charges.
Each system was embedded in a lipidic membrane of 1-palmitoyl,2-oleoyl23
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sn-glycero-3-phosphocholine (POPC) of 110×110 Å2 surface area in the xy
plane, built with the plugin Membrane Builder of the VMD software package [59]. The size of the patch ensured that the protein embedded in the
middle had at least 18 Å of lipid molecules at each side to avoid artifacts due
to interaction with its own image under periodic boundary conditions.
The rPres and zPres do not present tyrosine rings that might help in delimiting the buried part of the sequence and allow a visual-aided placement.
Therefore, to obtain the proper orientation of the proteins inside the bilayer,
the OPM web server was employed [60].
Overlapping lipids within 0.8 Å of the heavy atoms of the protein were
removed from the membrane patch to allow the insertion without steric clashes.
To complete the setup, the whole system was finally solvated with TIP3P water
molecules [61] and Na+ and Cl− ions were added to neutralise the system and
reach a 0.15 M concentration to better mimic the biological environment. The
VMD plugins, Solvate and Autoionize, were employed to accomplish these
tasks.
The four setups consist of ≈110000 atoms each, and the unit cell has dimensions of 110x110x105 Å3 , and are analogous to the rPres inward shown
in fig. 2.4. The SulTP domain is mainly composed of transmembrane helices,
with an antiparallel β-sheet at TM3 and TM10.

Figure 2.4: Final setup of the rat Inward.
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2.3.2

Simulation details

All simulations were performed using the software package NAMD 2.12 [62]
with the force field CHARMM36m [63] with a cutoff of 12 Å for the shortrange components of the interactions, 10 Å as switching distance to ensure the
continuity in the computed force. The long-range electrostatic calculations
employed the Particle Mesh Ewald [64] method with a grid spacing of 1.0Å
with the use of periodic bounday conditions along the three axes.
All systems were minimised for 2000 steps to allow the proteins to relax
and to remove steric clashes, which are likely to occur in compound systems.
The insertion procedure and the presence of the membrane introduce different
problems that the minimisation cannot take care of. Thus, before the production run, a three-step procedure was followed to ensure that the setup was
physically correct. I performed a 500 ps run of the systems with a 1 fs integration step in the NVT ensemble at a temperature of 310K. All atoms were
kept fixed except for the lipidic tails of the POPC molecules. This melted the
lipids removing the unnatural straight conformations of the latter, and started
reducing the gap between the protein and the membrane. The deletion procedure, in fact, could not guarantee a perfect match of the two surfaces. To this
aim, I performed a second run of 500 ps in NVT, 2fs integration step, with
the protein and the water molecules in its cavity fixed and the other components free to move. Custom forces were applied to push away water molecules
present in the hydrophobic region of the system and thus accelerate the adhesion of the lipids onto the protein. For the last step, a 1500 ps run employed
only the protein harmonically constrained in the NpT ensemble, at pressure
of 1 atm and with oscillations along the z axis decoupled from the xy plane.
The custom forces on water molecules were still enforced. The simulated time
was sufficient to close the gap and no water molecules remained stuck in the
lipidic region.
The last frames of the previous step were used as input structure for the production runs. In these simulations the temperature was kept at 310 K [15] with
damping factor of 1 ps−1 . Constant pressure was achieved by the Nosé–Hoover
Langevin barostat [65, 66] with 1 atm of target pressure, 200 fs oscillation period and 100 fs decay coefficient. Bonds between heavy atoms and hydrogen
atoms were constrained throughout the runs with the SHAKE [67] algorithm
and the trajectory was recorded every 2000 steps, corresponding to 4 ps. Each
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conformation was simulated for 700ns on the CINECA supercomputer Marconi.
A second round of 200-ns simulations were performed for the inward structures in the presence of an external electric field to mimic an applied voltage
of 100 mV. The electric field was parallel to the z axis and directed from the
extracellular side, at top of the simulated system, to the cytoplasmic region, on
the bottom side. Although the voltage due to hyperpolarisation and depolarisation of the membrane is not constant in time, we chose to keep it constant
within our simulated time frame.

2.4
2.4.1

Results
Equilibration

The initial structure of a simulation is hardly representative of the conformations a protein explores in its dynamics, due to the crystallisation process.
This is far more important if the initial configuration is obtained from homology modelling, as in the present work. It is common practice to remove from
the analysis of the trajectory the initial part, which is referred to as equilibration. The length of the equilibration is not known a priori, and in the case of
membrane proteins it is longer than the soluble counterpart due to lipids that
slow down the dynamics.
A common quantity used to determine the equilibration of a system is the
Root Mean Squared Distance (RMSD), defined in eq. 2.4.1:
v
u
u
RM SD(t) = t

1

NX
atoms

Natoms

i=1

(ri (t) − ri (t0 ))2

(2.1)

where ri (t) is the position of atom i at time t, and t0 is a chosen reference
time.
All conformations must be aligned to a reference structure to compute the
RMSD. It represents the minimum distance between two configurations. The
desired behaviour is a slow increase in RMSD at the beginning of the simulation
and then a plateau after the equilibration is reached. Although it can describe
continuous changes in structure during the trajectory, this quantity does not
provide any information about the region of the phase space the protein is
exploring due to its high degeneracy [68].
26

Chapter 2. Prestin
To have a better understanding of the dynamics, I performed an all-to-all
RMSD for the four structures using only the subset of carbon α atoms. In this
case each conformation is aligned to all others. The result is a Nf rames xNf rames
matrix of RMSD values, with zero on the diagonal by definition. With respect
to the one-dimensional RMSD, this matrix contains information on the regions
explored during the dynamics. Low values on off-diagonal elements suggest
that the system is in a basin previously explored.
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The all-to-all RMSD for the prestin trajectories are shown in fig. 2.5.
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Figure 2.5: All-to-all RMSD of the four structures.

For the rPres in the inward state, the plot describes two major blocks in
the dynamics: the first between 50 and 400 ns and the second from 400 ns to
the end of the simulation. The first 50 ns represent the equilibration of the
system. With respect to the rat, the zPres inward explores conformations close
to the starting one for the first 100 ns, and this fraction is removed from the
subsequence analysis.
On the other hand, for the outward states the trajectories can be split
in two: around 350 ns for the rat and 300 ns for the zebrafish. The more
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conservative choice for these two cases is motivated by two main reasons. In the
first 50 ns of the simulations, several tens of permeation events occurred. Water
molecules passed through the proteins in a channel-like fashion; in fig. 2.6 a
snapshot of the trajectory shows the path of a water molecule in its passage.

Figure 2.6: Permeation event occurred in the outward conformation of the zPres
in the first 50ns.

Although the process could actually be of biological interest, it did not occur at any later stages of the simulation. In addition, it is in contrast with the
selective solvent accessibility of the putative binding site, as experiments [51]
and the present work show. The second reason is better visualised by comparing the first and the last frame of each simulation. While for the inward
states the structures preserve their global arrangement with minor changes,
for the outward state there is a shrinkage of the proteins. In particular, TM4
changes its inclination of about 10◦ with respect to the starting frame, closing
the hydrophobic core of the protein and thus blocking the path for solvent
molecules.
Among the proteins, rPres Inward shows the sharper separation between
two configurations. To further investigate the reason for this behaviour, I
computed the Root Mean Squared Fluctuation (RMSF), a per-atom indicator
that quantifies the mobility of each atom and is defined as:
28

Chapter 2. Prestin

rPres Inward.

rPres Outward.

zPres Inward.

zPres Outward.

Figure 2.7: First, in grey, and last, in orange, frame of the simulation. The rearrangement of the helices is more pronounced on the outward open conformation.

v
u Natoms
u1 X
RM SFi = t
(ri (tj ) − hri i)2
T i=1

(2.2)

where T is the number of conformations (frames) the trajectory is composed
of, hri i is the average position of the atom i in the same interval. Since the
interest relies on the global motion, I computed the RMSF using only the
Cα atoms, obtaining a per-residue information, see fig. 2.8, on the production
fraction of the trajectory.
As expected, the peaks in the RMSF are in correspondence of the amino
acids forming loops. In magnitude, the extracellular loop of residues 151-177 in
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Figure 2.8: RMSF of the four structures.

rPres Inward presents the highest values. Visual inspection of the trajectories
shows that this loop loses interaction with the protein and is then free to
fluctuate.
Following the idea of using heavy atoms or Cα in the calculation of RMSD
to cut off fast-moving atoms, I recomputed the all-to-all RMSD without including residues with RMSF greater than 6 Å for the Inward states and than
4 Å for the Outward ones, filtering out the influence of large loop fluctuations.
The sharp separation in the rPres Inward is removed by not taking into
account the loop 151-177. The transmembrane core of the protein explores
several conformations and return to them later in the dynamics. In The rPres
Outward matrix the first 100ns now seem unrelated to the rest of the trajectory.
The zPres in both states does not show major differences, except highlighting
the splitting of the first 100 ns and 300 ns for the inward and outward state,
respectively.
The all-to-all RMSD matrix can be seen as a dissimilarity matrix. To
visualise the dynamics of the proteins, I used the Multidimensional scaling
(MDS) method to project the conformations on two dimensions. Each frame
corresponds to a point; its arrangement with respect to the other points is
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Figure 2.9: All-to-all RMSD of the four structures computed of the transmembrane
region only.

defined by the distance matrix used and the relative distances are preserved.
These projections in fig. 2.10 show a non uniform distribution of the points.
Due to the lack of knowledge about the number of clusters and distribution
of the data, I applied the Gaussian Mixture model (GMM) to define in a
probabilistic manner how the conformations can be separated in groups. This
model assumes that the data are distributed according to a fixed number of
multidimensional gaussians, and iteratively the algorithm assigns a probability
of membership for each point in each cluster and updates for each cluster the
parameters of the gaussians, until convergence. To select the optimal number
of clusters I used the Bayesian Information Criterion (BIC). Increasing the
number of gaussians introduces new parameters in the model that can allow a
better fit. This may result in the overfitting of the model. However the BIC
introduces a penalty based on the number of parameters, and the model that
returns the smallest BIC is chosen as the best clustering.
Table 2.1 reports the number of clusters chosen according to the BIC. In
fig. 2.10 the points are coloured from blue to red in blocks of 100 ns from the
beginning to the end of the trajectory, and their markers represent the cluster
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Protein

Num. Clusters

rI

4

rO

6

zI

7

zO

6

Table 2.1: Number of clusters per structure using GMM.

they belong to. The shaded areas describe the gaussian probability density
computed with the GMM.
The two-dimensional projections shows a similarity between the outward
conformations. The first 100 ns are scattered and the conformations explore
the same space in the last 300 ns. This visually supports the choice to keep
only half of the trajectory for the analysis.
The rPres Inward is splitted in only four clusters with significant overlaps
in the definition of the membership. There is no clear separation between
the groups, and we can assume that the explored conformations are consistent
with each other. Finally, the zPres Inward has the higher number of clusters.
Nonetheless, since MDS preserves the distances in the projection space, we see
that the intervals 100-400 ns and 400-700 ns span the same regions, although
different form each other.
From a technical point of view, the conformations sampled by the simulations after the equilibration are physically consistent. In the following section
I will compare our structures with the available experimental data.

2.4.2

Comparison with SLC26A9

As previously stated, the only eukaryotic SLC26 structure of the SulTP domain
has been obtained by Walter [40] for the murine SLC26A9 (PDB ID: 6RTC).
The TM-ALIGN web server [69] was employed to perform the alignment
of the rPres and zPres inward structures to the murine transporter. The
output of the program consists in the aligned sequences, the Root Mean Square
Deviation between proteins and the Template Model score (TM-score). This
score takes values ranging from 0 to 1. For values less than 0.30 there is a
random structural similarity between input structures. Values in the range
0.5 to 1.0 mean that the fold pattern is the same. The results of the best
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Figure 2.10: MDS projections with GMM clustering. Top panels: rPres Inward
and Outward. Bottom panels: zPres Inward and Outward.

alignment of the simulated configurations are provided in table 2.2.
On one hand, the folded structures are highly similar. On the other hand,
RMSD values take into account two main structural differences highlighted by
circles in figure 2.11. Here the 6RTC on the left has a short helix buried in
the membrane and in contact with its TM14. The rat Inward does not show
the same arrangement for the analogous segment. This can be an artefact of
the simulation. However, the segment, spanning residue 238 to 258, is highly
hydrophobic, therefore it is likely that longer trajectories might achieve a better
agreement. Nonetheless, this helix is not related to the interesting part of the
protein, the binding site. Its influence may involve the dimerisation process,
which is beyond the scope of this work. The other major difference is due to
the flexible loop 151-177, whose conformations cannot be properly sampled by
a single structure.
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RMSD

TM score

rI

3.65

0.80440

zI

3.47

0.79189

Table 2.2: RMSD and Template Model score of rPres and zPres with respect to
6RTC.

Figure 2.11: Crystal structure of SLC26A9 and rPres Inward structure.

2.4.3

Water accessibility

A key requirement for a transporter is the selective access of solvent to the
binding site. It implies a clear separation between the residues facing the
cytoplasmic region and the amino acids on the extracellular side.
The VolMap tool in VMD was employed to compute an average density grid
of water molecules for the four systems. Figure 2.12 exemplifies the distribution
of water in the cavity of the zPres Inward state.
There is no flow inside the protein, since the bulk of it is composed of
hydrophobic residues. Similar results were obtained for the rPres Inward, and
for the outward states with a reversed accessibility.
In the case of rPres, the work by Gorbunov [51] provides a per-residue
level of detail for the exposure of amino acids to solvent. Via the Substituted
Cysteine Accessibility Method (SCAM) scan, different residues were selectively
mutated into cysteines. Cysteine-reactive reagents like (2-sulphonatoethyl)methane34
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Figure 2.12: Isosurface of the water density around the zPres Inward, isovalue
∼ 0.36.

thiosulphonate (MTSES) and 2-(trimethylammonium)ethyl]- methane-thiosulphonate
(MTSET) were used to extract information about the solvent availability and
from which part of the membrane each residue was exposed to.
Our model is in almost perfect agreement with these experimental data.
In fact, all the residues mutated into cysteines in the above mentioned work
are accessible to water. I computed the number of water molecules nearby
each amino acid during the whole simulated trajectory, assuming a reference
distance of 3 Å between the oxygen atoms of water molecules and the atoms of
the selected residues. Fig. 2.14 shows the distribution of the number of water
molecules around each specified amino acid. The only discrepancy is related
to LEU431. The median value of the water molecules nearby this residue is
zero.
In the production trajectory water molecules are in close contact to L431 for
reduced amount of time, as shown by their cumulative frequency distribution
in fig. 2.15. Almost two thirds of the analysed frames do not show the residuesolvent interaction. The visual inspection of the other third of the dynamics
exhibits interactions with the solvent only via the backbone atoms.
This amino acid, in fact, is located at the interface between the protein
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L431

Figure 2.13: Rat prestin protein with the residues mutated in cysteine [51] shown
in the licorice representation. In light green the residues in the extracellular side, in
orange the amino acids facing the intracellular region.
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Figure 2.14: Distribution of the number of water molecules nearby the selected
residues[51]. In the left panel, the amino acids facing the intracellular side, on the
right panel the residues exposed to the extracellular side. The horizontal line inside
the boxes represents the median value of the distribution.

and the membrane, with its sidechain buried in the hydrophobic core of the
protein, and its backbone is exposed to the solvent. The mutation L431C,
necessary to probe its exposure to water, introduces a polar residue that, in
contrast, can highly favour interactions with the polar solvent. The nature
of the amino acid could introduce a better exposure to the solvent without
compromising its structural integrity.
Finally these authors performed the mutation od S398C and a protein that
did not display NLC if the reagents were present inside the cell, while if the
reagents were in the extracellular environment no change in the electromotile
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Figure 2.15: Cumulative frequency distribution of the water molecules nearby
residue L431. The green line, with probability equal to 0.5, intersects the distribution
where the number of solvent molecules is zero.

response was observed. This residue will be discussed in sec. 2.4.5 since it is
involved in tchloride binding.

2.4.4

A network of interactions

Numerous experimental studies have been devoted to the prestin and its orthologs.
Few studied focused on the role of anions, in particular chloride ions [47, 46],
to trigger the NLC. It was shown that the lack of them in the cytoplasmic side
of the cell is a sufficient condition to the manifestation of NLC.
Others investigated how mutations affect the electromotily and the transport of charges in the family members. In particular, in 2011 Schaechinger et
al. [50] performed several mutations on the rat and zebrafish prestin to find
out the key residues involved in the electromotile and transport processes.
Their main findings can be summarised as follows. By swapping the N- and
C- termini between rPres and zPres, the ability to generate NLC or transport
charges is not influenced. Thus, they excluded the role of the termini, and
indirectly of the STAS domain, from the functional process. Residues 86 to
140 in rPres were sufficient to the measurement of NLC: their substitution with
the zPres counterpart abolished the nonlinear response. On the other hand,
the viceversa was not true. The same sequence 86-140 in zPres did not induce
any NLC response, except when in conjunction with another swap from rPres,
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Figure 2.16: Rat prestin with the regions integrated in the synthetic protein
coloured in pink.

with sequence 381 to 438. Such a protein, called synthetic prestin, showed
both the transport functionality inherited from the zPres bulk of amino acid,
and the NLC provided by the two substitute sequences. Finally, three point
mutations into the zPres correspondent residues were sufficient to suppress
NLC in rPres, namely: L93M, F101Y, P136T.
Other mutations were tested by Rajagopalan [49] and Bai [48], mainly of
charged residues into neutral pnes that did not suppress NLC. Nonetheless they
discovered that mutating A100 and A102 into leucines or valines did abolish
the NLC, without changing the nature of the interactions.
To gain insights in how point mutations can modify the function of the
proteins, I applied the PyInteraph analysis tools[28] to the four trajectories.
The persistence thresholds were chosen according to the size of the largest
hydrophobic cluster criterion [29], obtaining threshold values from 16.0 for
zPres inward to 28.0 for rPres outward. The network of interactions shows that
the four structures highly favour hydrophobic contacts. In fact, the residues
with the highest number of connections are mainly alanine, valine, leucine and
isoleucine,
Among these hubs of interactions, there are the abovementioned A100A102 of rPres Inward, whose mutations suppressed NLC. In our model these
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rPres In

rPres Out

zPres In

zPres Out

LEU95:8

ALA217:8

LEU100:8

VAL93:8

VAL444:8

ALA218:8

ILE145:8

VAL108:7

ALA100:7

VAL92:7

ALA346:8

PHE138:7

ALA102:7

MET143:7

LEU96:7

MET144:7

LEU104:7

VAL221:7

ALA103:7

ALA149:7

VAL107:7

LEU292:7

MET104:7

ALA220:7

CYS124:7

PHE351:7

VAL108:7

ALA221:7

MET143:7

ALA139:7

LEU342:7

VAL147:7

LEU342:7

VAL182:7

ILE349:7

ALA218:7

LEU443:7

MET225:7

LEU451:7

LEU257:7
GLU374:7
GLN403:7
LEU435:7
ALA442:7
ILE443:7
LEU488:7
Table 2.3: TM

residues belong to TM1, a helix whose extracellular end is positioned between
the core and the gate. A100 and A102 form a kind of bridge between the two
domains, and the mutation into valine or leucine could disrupt the network of
interactions that preserve the functionality of the protein. In fact, they escort
F101, a key residue of the triplet discovered by Schaechinger. The analysis of
the network shows that F101 is in the middle of the shortest path connecting
L93 and P136. Since the single mutation F101Y does not remove the NLC
response, it is more likely that A100V/L and A102V/L destroy the interaction
path and the triplet of amino acids loses its role.
Moreover, in our rPres model, the segments added to the synthetic prestin
are located in a specific region of the core domain, consisting of TM1-2 and
TM10-11. These helices are the support of the putative binding site, and when
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inserted in the zPres they could modify the cavity and this enable electromotility.
Finally, our rPres Inward structure is in complete disagreement with the
results by Lovas et al. [55]. Via their 8TM structure they assert that Y367,
Y486, Y501 and Y508 contribute to ligand binding. In our case, though, these
residues are confined in the gate domain, facing the membrane and do not play
any active role in the interaction network. Our suggestion is that they may
be important for the dimerisation process and the anchoring of lipids at the
monomers interfaces.

Salt Bridge K286-E407
A rather consistent interaction pointed out by the network analysis is the
salt bridge between LYS286 in TM 7 and GLU407 in TM 10 of the zebrafish
prestin. In the inward conformation these residues do not directly interact.
Their distance is around 28 Å. The situation dramatically changes in the outward conformation. In fact, the two residues form a salt bridge. It is worth
noting that this interaction was not captured by the homology model. At
the beginning of the simulation, the two amino acids were not in close contact. Only after 300 ns the interaction starts to stabilise and then it can be
considered formed after 400 ns.
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Figure 2.17: Distance between K286 and E407 during the simulation for the
zebrafish structures. For the rat prestin, we picked the correspondent conserved
residues K283 and E404.
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In the rat prestin LYS286 and GLU407 are found at residue 283 and 404
respectively. The behaviour of the interaction for the Inward conformation
of the rat Prestin resembles the one described above for the non-mammalian
ortholog. A different trend is shown by the rat Prestin in the outward conformation. During its dynamics, the two transmembrane helices TM7 and TM10
do not get in contact. It is hard to define a rationale behind this behaviour,
since the rat prestin in the outward conformation is not a physically viable
state. It can be argued that there is a steric hindrance in the hydrophobic
core that does not allow the rearrangement of the transmembrane helices and
therefore the stabilisation of this interaction.
In fig. 2.18 we can see a snapshot of the zebrafish Outward structure after
this interaction is formed. The importance of this interaction is related to
the fact that the residues involved belong to the two domains responsible for
the transport process. Due to its strength, we think that it helps stabilising
the outward structure, although there is no evidence that this salt bridge is
involved directly in the transport process.

2.4.5

Influence of the electric field

As previously stated in the Simulation details, sec. 2.3.2, I continued the simulations of rPres and zPres Inward for 200 ns applying an external electric
field [70]. The magnitude of the field was chosen in order to obtain a voltage
of 100 mV along the simulation cell[54].
The rationale behind this choice was to increase the interactions between
the proteins and the chloride ions. During the 700 ns simulations, no binding
events occurred, although the cavity was explored by Cl− in the zebrafish
setup. However the electric field pushed the anions toward the residues on the
cytoplasmic side and we would obtain some events.
To assess the region of phase space explored by the proteins in the presence
of the electric field, I performed the Principal Component Analysis of the
standard simulations and projected the trajectories with the applied field on
the first three principal components.
As usual, the analysis was limited to the carbon α atoms, the reference
structures were obtained by averaging all the conformations in the production
fractions after alignment to the last frames, and the extraction of the essential
subspace was performed using MDAnalysis [30, 31].
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Figure 2.18: Cytoplasmic view of the zebrafish prestin in the outward conformation.
E407 is in red and K286 in blue. The core and gate domain are highlighted in different
colours, orange and light blue respectively, to match the correspondent residues.

The presence of the electric field does not modify the global dynamics of
the Inward systems. The green points in figs. 2.19 and 2.20 represent the
conformations assumed in the presence of the electric field and they do overlap
with the regions previously explored by the systems.
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Figure 2.19: PCA of rat Inward with the electric field applied.
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Figure 2.20: PCA of zebrafish Inward with the electric field applied.

Ion pathways
The presence of the electric field enhanced the exploration of the cavity and
the binding of chloride ions to the protein in both cases.
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The dynamics of the ions is similar in both trajectories. The pathways of
the anions are mainly defined by the residues in the gate domain. For rPres,
the amino acids ARG211, LYS276, GLN454, LYS449 of the gate and ARG359
of the core domain have a high number of contacts with the ions that reach the
binding pocket. We assume they serve as anchor points for the ion to remain
in the proximity of the protein. The most stable interactions between ions and
protein involve S396, L397 and S398. Once the hydrogen-like bond is formed
with the sidechains of the serines and the N-ter of leucine, the ion persists in
the putative binding pocket for several nanoseconds.

Figure 2.21: Ion pathways to the putative binding site in the rat protein with the
electric field. On the left the front view, on the right the side view with gate on the
left and core on the right.

Unfortunately only three binding events occurred in our simulation for
rPres. Therefore any quantitative description would not be defined on stable
grounds.
Qualitatively we can, nonetheless, describe the differences with respect to
the zPres. This structure had 22 binding events and the ion pathways resembles
the rPres ones. In fact, ions make close contacts only with ARG214, LYS279,
Q457 and ARG459, residues in the gate domain. Although they still play the
role of anchors, the majority of anions access the cavity from the cytoplasmic
end of TM5 and TM12.
The higher number of hits in zPres suggests that the cavity is larger than
the one in rPres. The visual inspection of the trajectory points out that this
behaviour may be due to the loss of secondary structure of the short α-helix
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Figure 2.22: Ion pathways to the putative binding site in the zebrafish protein with
the electric field. On the left the front view, on the right the side view with gate on
the left and core on the right.

10, after residue S401, see the zebrafish subfigure at fig. 2.23.

Binding site
Until now we have used the concept of binding event without defining it. We
have found that, if during the dynamics an ion establishes a halogen bond
with S396 or S399, for rPres and zPres, the interaction is sufficiently stable to
persist for nanoseconds, with the support of S398 and S401 respectively.
Moreover, during this time, the halogen bonds can break and the ions move
slightly toward non polar residues, fig. 2.23. The detachment from the binding
site is governed by the rotameric configurations of S398/S401.
The binding pockets observed are consistent with the literature previously
presented. The presence of non polar residues is a characteristics frequently
found in anion binding site [71, 72]. Residues F101/Y102 and P136/T137
compose the pocket as well. Moreover, it is in agreement with the putative
binding site of SLC26A9 [40].
It is worth noting that the binding site is hosted almost exclusively by the
core domain. The only residue of the gate domain that interacts with the
chloride ion is ASN447/ASN450, consistent with the binding pocket of Uracil
Permease [35].
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Rat Prestin.

Zebrafish Prestin.

Figure 2.23: Binding site for chloride ions as occurred during the simulation with
applied electric field. The highlighted residues are the correspondent amino acids
described in the work by Walter et al. [40].

2.5

Adiabatic Biased MD applied to the Zebrafish
Prestin

Prestin is supposed to respond to frequencies higher than 20 kHz. Despite
its rapid movement for a human timescale, in 700 ns of unbiased molecular
dynamics it is impossible to observe any major rearrangement.
To tackle this problem, we decided to perform Adiabiatic Biased Molecular
Dynamics (ABMD) [22, 23] to simulate a transition from the zPres Inward
state to the Outward state.
The collective variable of choice was the contact map distance of the carbon α atoms. The simulations were performed with a patched version of
NAMD2.12 with PLUMED 2.4 [73]. The ensemble was NVT, despite the
presence of the membrane, due to the incompatibility of the two pieces of
software when computing the virial. All enhanced sampling simulations were
performed on the local UniTn cluster. This hindered the ability to run multiple
concurrent situations, as well as the simulated time per run, and significantly
reduced the available statistics.
In ABMD the user specifies the force constant k to be applied with the
bias. I performed several tests with k ranging from 5 · 10−3 to 5 · 10−6 . As
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presented in fig. 2.24, a higher force constant resulted in a sudden compression
of the system and the active biased hindered any local rearrangement. Lower
values of k did not provide any meaningful result in 5 ns. An efficient value

Figure 2.24: RMSD of the test ABMD trajectories with respect to the target zPres
outward conformation.

was found at k = 5 · 10−4 .
Seven runs of ABMD of 5 ns each were performed. To assess the convergence of the trajectories, I computed the RMSD for each run using as reference
the zPres outward structure. Fig. 2.25 shows a sharp decrease in RMSD at
the beginning of the simulation, where the structure is still in the inward conformation.
Although the RMSD is less than 2 Å for six out of seven trajectories,
its high degeneracy does not guarantee the convergence to the target structure. Therefore, I projected the trajectory and the target conformation on
a two-dimensional space via PCA, fig. 2.26. Each trajectory is colour coded
differently, and the black dot represents the target.
From the PCA projection, we see that trajectory 3 in light blue does not
explore the region nearby the reference structure, although its RMSD is below
2 Å.
Despite the poor statistics, most of the trajectories reach a neighbourhood
of the zPres outward.
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Figure 2.25: RMSD of the seven trajectories.

Figure 2.26: First two principal components of zebrafish under ABMD.

The three-dimensional representation of the first components, fig. 2.27,
instead provides a qualitative description of the major motions performed by
the protein regions. The core and gate domain move in opposite directions.
It is likely that the dimeric assembly offers a scaffold to the gate bundle,
transferring all the motion to the core.
Coherently with the literature, our suggestion is that the zebrafish prestin
uses the elevator-like mechanisms, although the result might be affected by the
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Figure 2.27: First principal component of zebrafish under ABMD.

bias. In particular, the choice of biasing method assumes the existence of two
states, a working hypothesis that has to be experimentally verified.
More enhanced simulations could provide a quantitative insights on whether
intermediate states are explored during the transition and present hints for
the rPres outward. However for which the lack of experimental evidences, and
of computational resources, made not advisable to extend the application of
ABMD to this structure.
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Chapter 3
Recoverin
In this chapter I will discuss the insertion of the recoverin protein, a peripheral
membrane protein, in a membrane patch. Recoverin is a calcium sensor protein
expressed in the vertebrate retina. The binding of two calcium ions triggers
the extrusion of a myristoyl group, a post-translational modification of the
N-terminus of the protein that adds a hydrophobic chain. This extrusion
gives the protein an anchor to bind the lipidic bilayer, and this insertion leads
to the formation of a complex with rhodopsin kinase. In collaboration with
the master student A. Borsatto and the group of professor Dell’Orco from
the University of Verona, I simulated the recoverin in two conditions, both
isolated and in complex with a peptide from rhodopsin kinase, to investigate
its unbiased anchoring. We found that the insertion of the myristoyl is highly
enhanced by the electrostatic interactions between the lipidic charged groups
and the arginines on the surface of the protein. The same pattern was found in
both setups, and the above mentioned interactions were no longer required to
keep the protein in contact with the membrane after the myristoyl penetrated
the lipidic patch. In addition we analysed the communication networks of the
systems and how these were affected by the presence the peptide. This could
shed a light on how the recoverin-rhodopsin kinase complex assemblies.

3.1

Recoverin and its biological role

Recoverin is a small (23 kDa) Calcium-binding protein, and is a prototypical
member of the neuronal calcium sensor (NCS) family mostly expressed in the
vertebrate photoreceptors of the retina. It is present in the outer segment
of rod cells, which with the cone cell are responsible for vision. While cones
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are sensitive to the different wavelengths of light, rods respond in dim light
conditions.

Figure 3.1: Conformation of Recoverin in the presence of a peptide from GRK1.
Shown in red, calcium ions are bound to the EF-hands. The myristoylated Nterminus is shown in blue.

Recoverin, indeed, is involved in the regulations of the phototransduction
cascade [74, 75]. The concentration of Ca2+ in retina cells depends on the
amount of incident light they perceive. In a low light condition, the Ca2+
concentration is high. Incident light triggers a reduction of the intracellular
cations, and this change is detected by a group of calcium sensors, such as
Rec, that can bind and unbind to specific target proteins depending on the
availability of the ions. This targeted binding mechanism allows the regulation
of the signalling cascade and is essential to bring the cell back to the dark state,
in which there is the maximum sensitivity to light [76].
NCS family is a sub-branch of the calmodulin superfamily. As it is common
for calcium-binding proteins, Recoverin presents two functional EF-hands, a
helix-loop-helix structural motif that coordinates and binds Ca2 + ions. In ad52
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dition, its N-terminus is acylated, and in vivo it undergoes a post-translational
modification with the attachment of the myristoyl group[77].
Without bound calcium ions, Recoverin assumes a compact conformation,
defined as tense Recoverin (Rec-T), in which the hydrophobic myristic moiety
is buried inside the protein. In the dark state, due to the abundance of Ca2+ ,
Recoverin binds two cations and this triggers a conformational transition to
a relaxed state (Rec-R), in which the myristoyl group is extruded from the
hydrophobic pocket and is exposed to solvent [78, 79]. The free myristoylated
N-terminus offers the protein a hydrophobic anchor that allows its attachment
to the membrane. In this membrane-bound configuration, Recoverin can bind
and inhibit rhodopsin kinase (GRK1) [80, 81].
In 2017 Timr et al. [82] simulated the binding of recoverin to a biological
membrane. Via all-atom and coarse-grained MD simulations they proposed
that the stabilisation of the N-terminus conformations might be due to the
disordered C-terminal region of recoverin and the presence of the proteic target
GRK1, a precondition for the spontaneous insertion of the myristic group into
the lipidic bilayer. In addition, they suggested that negatively charged lipids
were necessary to achieve the correct orientation of the protein for a successful
insertion.
Although their conclusions are in agreement with the available experimental data, the composition of the membrane they used is far from the realistic
bilayer of the rod outer segment (ROS) discs.
The idea of this work, therefore, was to explore the binding mechanism of
Recoverin for realistic membrane compositions. While the above mentioned
study used a bilayer composed by 80% of phosphatidylcholine (PC) and 20%
of phosphatidylglycerol (PG), experimental data [83, 84] show that ROS disc
composition is mainly composed by a mixture of phosphatidylethanolamine
(PE) and phosphatidylcholine (PC) in an almost equal proportion, 42% and
45%, respectively, and a 14% of charged lipids, phosphatidylserine (PS). Moreover the percentages change due to the presence of cholesterol, whose content
in the disc membranes is not the same. Within a rod cell, in fact, new discs
form at the base of the outer segment, while older discs reach the top of the
rod before being removed. It has been found that the percentage of cholesterol
in these discs is related to their age, from 30% in new cell discs to 5% in older
ones[85, 86, 87].
In addition, the amount of cholesterol modifies the fluidity of the mem53

3.2. Simulation details
brane enabling or hindering the formation of lipidic rafts that in turn affect
the activities of the membrane proteins [88]. Moreover, the presence of the
target might modify allosteric communications between amino acids. Proteins
like recoverin, in fact, carry out their biological function via conformational
transitions triggered by binding events in the EF-hand motifs. To have an
effect on the whole protein, this mechanism must propagate the signal via
long-distance interactions.
To shed a light on the role of lipids and target in the recoverin function,
we performed all-atom simulations of recoverin with and without a peptide
from GRK1 bound to it, structures named Rec-R and Rec-GRK1 respectively, employing a membrane whose composition approximates experimental
conditions[83, 84] without taking into account the contribution of the cholesterol: 40% of phosphatidylethanolamine and phosphatidylcholine, and 20% of
phosphatidylserine.

3.2

Simulation details

The creation of the setups required a three-step process: obtaining the protein
initial structures, creating the lipidic bilayer, and the assembly of the two
setups.

3.2.1

Rec structures

The recoverin structures used in this work are shown in fig. 3.2, with the two
functional EF-hands with calcium ions, and, hence, the myristic moiety already
extruded.
The Rec-GRK1 structure has been modelled by a member of the collaboration [89]. The apo1 form, instead, was obtained by removing the peptide.
To avoid possible artefacts introduced with the removal, the protein was equilibrated via MD and the final structure compared to the Rec-GRK1 and no
sensitive differences were reported, as observed experimentally [90].
The residues in the structure were parameterised using the force field
CHARMM36m[63], and the myristoylated GLY1 was labelled GLYM1.
1

The apo definition represents an abuse of notation. The apo form defines the Rec-T,

the structure without calcium ions. Nonetheless, throughout the manuscript it should be
intended as Rec-R, without the GRK1 peptide.
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Figure 3.2: The protein setups. MYR identifies the myristoyl covalently bound to
GLY1 [9].

Lipid

Percentage

DGPC

40%

DGPE

40%

DGPS

20%

Table 3.1: Lipidic composition for both Rec-R and Rec-GRK1.

3.2.2

Membrane patch

The membrane with the composition of our choice was created using CHARMMGUI [91, 92] and its Membrane Builder tool [93].
2

The membrane patch of 100×100 Å consisted of 260 molecules. The
chosen lipids were 1,2-Ditricosanoyl-sn-glycero-3-phosphocholine (DGPC), 1,2Ditricosanoyl-sn-glycero-3-phosphoethanolamine (DGPE) and 1,2-Ditricosanoylsn-glycero-3-phosphoserine (DGPS), in the proportion described in Table3.1.
These species of lipids are employed in in vitro experiments, allowing a direct
comparison with the data.
The system, parameterised according to CHARMM36m[63], was solvated
using TIP3P[61] and, due to the presence of charged lipids (DGPS), the system
was neutralised with a 0.15 M concentration of K+ and Cl− ions.
The final system of ∼ 64000 atoms was equilibrated using Gromacs 2016.5[94]
software, since the conformations of the hydrophobic tails were proper of a
membrane in a gel phase rather than a liquid one.
We followed the multistep protocol suggested by the webserver to melt
the lipidic tails and relax the membrane system. At each step restraints on
lipid heads and tails were imposed, but their strengths was reduced at each
iteration.
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After the first minimisation with the steepest descent algorithm, the system
underwent a 50-ps run in NVT ensemble using the Berendsen thermostat[95],
with temperature at 310 K and coupling costant τT =1 ps, employing position
and dihedral restraints on the whole lipids. Short simulations for a total of
500 ps were performed in the NpT ensemble using the Berendsen barostat[95],
with reference pressure of 1 atm and coupling constant τp = 5 ps, in the semiisotropic fashion so as to decouple the fluctuations of the xy plane and the
z direction. During these runs we decreased first the dihedral restraints force
constant, and more slowly the position restraints on the lipid polar heads. The
last short run did not enforce any restraints.
Finally, the systems were free to evolve in a 10-ns simulation. The simulated
ensemble was NpT with the Nosé-Hoover thermostat[14], T = 310 K and
τT = 1 ps, and semi-isotropic Parrinello-Rahman[17] at 1 atm. In this run the
density of the bilayer was monitored using the gmx density tool and used a
proxy to assess the stability of the system.
In all the simulations we employed Periodic Boundary Conditions, the
short-range interactions were calculated with a cutoff of 12Å, the long-range
contribution of the Coulombic interaction were taken into account via the
Smooth Particle Mesh Ewald[96] algorithm, and hydrogen-heavy atom bonds
were constrained by the LINCS algorithm [97].

3.2.3

System assembly and insertion.

The lipidic bilayer was extracted from the membrane setup, and recoverin
was positioned perpendicular to the xy plane of the membrane at a distance
of 10Å with the N-terminus facing the membrane. The 90×90×160 Å3 box
was solvated with TIP3P water molecules, manually removing the molecules
misplaced in the hydrophobic region of the membrane. The system was neutralised with 0.15 M of KCl and 1 mM of MgCl2, thus adding 135 potassium
ions, 83 chloride ions and 1 magnesium ions. Subsequently, it underwent an
energy minimisation step using the steepest descent algorithm. A 5-ns NVT
simulation was required to equilibrate water molecules and ions in the new
setups, with protein and membrane restrained.
The two Rec-R and Rec-GRK1 systems were finalised with a 2-ns NVT run
at 310 K using the velocity-rescaling thermostat[98], and then a 2-ns NpT run
at 1 atm using Berendsen semiisotropic barostat. The temperature coupling
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was separately applied to protein, lipids and solvent.
All the production runs were performed in the NpT ensemble at 310 K
and 1 atm, emplyoing the velocity rescale thermostat and the semiisotropric
Parrinello-Rahman barostat[99].
Per structure, we performed seven 200-ns unbiased MD simulations: two
of them used as initial configuration the above mentioned arrangement, with
the protein at 10 Å from the surface of the membrane; the other five runs
employed as reference structure the recoverin anchored to the membrane after the spontaneous myristoyl insertion occurred in one of the two previous
simulations and the initial velocities of the atoms were randomly initialised

3.3

Assessing sampling homogeneity

We performed the Principal Component Analysis on the five simulations with
the myristoyl inserted in the membrane to assess the sampling homogeneity
of the conformations explored in the dynamics. The concatenated trajectories

Figure 3.3: Panels A,B: RMSIP of the 5 replicas and the concatenated trajectory.
Panels C,D: two-dimensional projection of conformation along PC1 and PC2 [9].

were projected onto the first two principal components, which identify the
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two largest collective motions of the protein. The substantial overlapping of
the scatter plots in the PC space sampled is consistent with a homogeneous
sampling for each replica.
In addition, the consistency of the conformational sampling was double
checked by evaluating the Root-Mean Square Inner Product (RMSIP) of the
essential subspace, the subspace defined by the first 20 principal components,
of each replica and the concatenated trajectory, calculated as follows:
v
u
S
u1 X
t
RM SIP =
(v A · vjB )2
S i,j=1 i

(3.1)

where viA and vjB represent the eigenvectors of the subspace belonging to
replicas A and B respectively, while S is its dimensionality.

3.3.1

Lateral lipid diffusion

The presence of the protein on the membrane surface might have affected the
diffusion of lipids and introduced subdiffusive behaviours in the system. Via
the gmx msd tool implemented in the Gromacs package we computed the
lateral Mean Squared Displacement, eq. 3.2 of the head groups.
h(r(t0 + t) − r(t0 ))2 i = 4Dt

(3.2)

This indicator is computed averaging over all the head groups of lipids of
the same type and over multiple time origins.
A slight subdiffusive tendency for PS lipids seems to occur after the insertion of Rec-GRK1, probably due to two combined causes. As I will describe
later in sec.3.4.1, PS play a crucial role in the binding of the protein. The
density of this type of lipids in proximity of the protein is high during the
simulation. In addition to that, phosphatidylserine molecules account for only
20% of the membrane, i.e. 26 lipids per leaflet. A reduction in the motion of
few lipids can affect their average diffusion.
The behaviour of the lipids in the lower leaflet, which is not in contact with
the protein, does not differ from the upper leaflet. The divergence shown in
fig. 3.4 for the DGPS suffers from the reduced number of data points used in
the averaging process with the growth of the time interval, and is within the
error window. A better quantitative estimate would require further sampling
and larger membrane patches.
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Figure 3.4: Mean square displacements (MSD) for the different lipid molecules
in the membrane. The MSDs are calculated on 200 ns trajectories after protein
insertion (red lines) or before protein insertion (black lines). Error bars (shaded
areas) correspond to averages over various replicas. The time windows of 180 ns
ensured proper statistics over the 200 ns trajectories [9].

3.4

Spontaneous insertion events

In our unbiased MD simulations two events of spontaneous membrane insertion
occurred, one for each of the recoverin states in only one of the two 200-ns
replicas.
The myristic moiety was initially solvent-exposed. The time evolution of its
solvent accessible surface area (SASA), fig. 3.5 was used as a proxy for insertion
events. Upon burial, in fact, the myristoyl SASA dropped significally.
Although the fluctuations of the SASA for the Rec-GRK1 complex are
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Figure 3.5: Time evolution of the myristoyl SASA during the first two trajectories
for Rec-R on the left and Rec-GRK1 on the right. The orange lines refer to the
replicas where the insertion was successful, the blue lines otherwise. The beginning
and end of the insertion process is highlighted by the vertical green and red line,
respectively [9].

higher compaired to the Rec-R during the free diffusion and comparable in the
two replicas, in the insertion process the oscillations are highly suppressed and
the SASA decreases to zero towards the end of the process.
The hydrophobic interactions regulate the dynamics of the insertion of a
peripheral membrane protein into the membrane and stabilise the complex,
but they do not drive the approach of the protein onto the membrane and its
orientation. Experimental data by Brand et al.[100] showed that the orientation of the protein once on the membrane was not affected by the presence of
the myristoylated N-terminus. Moreover, the free diffusion has to be hindered
for the process to start. The interactions that lead the binding process must
be found it the charge-charge and charge–dipole interactions between the polar
head groups of lipids and its positively-charged residues[101].
We computed the macrodipole of the protein, see 3.6 and analysed its
dynamics affected by the membrane electric field. The orthogonal component
of the dipole of Rec-R to the membrane, shown in fig.3.7, exhibits two different
behaviours in the unsuccessful and successful replicas. In free diffusion it
displayed important oscillations and sign reversal. In the replica with insertion
the fluctuations were considerably lower, suggesting the importance of a correct
orientation for a binding event to occur.
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Figure 3.6: Graphical representation of the dipole moment during the insertion.

Figure 3.7: Time evolution of the dipole moment of Rec-R along Z axis over two
200 ns replicas where no myristoyl insertion was observed (left) and where myristoyl
insertion occurred (right) in correspondence of the green line [9].

3.4.1

Step-by-step binding via electrostatic interactions

If the charge-dipole interaction is necessary for the insertion process, it does
not guarantee a sufficient time for the myristoyl to explore the surface of the
membrane and then interact hydrophobically with the lipidic tails.
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We found that for both Rec-R and Rec-GRK1 the presence of negatively
charged lipids (PS) is fundamental to initiate the insertion, as shown in fig.3.8.

Figure 3.8: The dynamics of myristoyl insertion into the membrane for Rec-GRK1,
with the respective time frames. Rec (green) and GRK1 peptide (orange) structures
are shown as cartoons, Ca2+ions are represented as red spheres, N-terminal myristoyl
group is shown as purple spheres, upper leaflet of the membrane is represented as
light grey spheres [9].

In the simulations with the binding event, Rec-R and Rec-GRK1 followed
the same multistep process.
First, the N-terminal domain of Rec had to face the surface of the membrane. The protein orientation was kept fixed by the formation of a salt bridge
between Arg43 and the charged head of the a PS lipid, t=153 ns in the figure.
This allowed the myristic moiety to enter into a gap among the lipid head
groups. A second salt bridge between Arg 46 and another PS charged group
stabilised the interaction and set the protein in its final orientation, while the
N-terminus was completing the anchoring. The only difference in the Rec-R
case is related to the second charge-charge interaction the protein formed with
the lipid. In fact, Arg46 established a hydrogen bond interaction with the polar
phosphate group of the same lipid interacting with Arg43. Although weaker
than the salt bridge, the hydrogen bonds were sufficient to arrange Rec-R in
the proper orientation.
62

Chapter 3. Recoverin
The initial orientation was preserved in all the other subsequent replicas for
a total of 1µs, without any detachment. This result is in agreement with the
study performed by Valentine et al. [102] with solid-state NMR spectroscopy,
in which they showed a constant orientation of the protein while bound to the
membrane . In addition, they identified several basic residues of the recoverin
N-terminal domain (Lys5, Lys11, Lys37, Arg43 and Lys84), responsible for the
stability of the orientation on a 80% PC and 20%PG membrane, required to
properly expose the interface to GRK1 binding.
Via our custom implementation of PyInteraph [28], we extended the analysis capabilities in the identification of H-bonds, salt bridges and hydrophobic
contacts to the system protein-membrane to obtain a refined and detailed description of the interactions.

Figure 3.9: The persistence of the interactions between Rec residues and any lipid
in the upper leaflet of the membrane calculated over 1µs trajectory for Rec-R (left)
and Rec-GRK1 (right). Only residues with a persistence value higher than 0.13 are
reported; bars are coloured according to the nature of the interactions: H-bonds are
shown in blue, hydrophobic interactions in red, salt bridges in yellow [9].

Our analysis, see fig.3.9, showed a significantly different pattern in the
interactions of Rec-R and Rec-GRK1 with the membrane. The presence of
the GRK1 target took away some of the persistent protein-lipid interactions.
Nonetheless, for five residues (Asn3, Ser4, Lys5, Arg43 and Arg46) the duration
of the H-bonds exceeded 50% of the simulated time. The bar plot shows a
striking majority of interactions due to H-bonds, N-terminus included via the
Gly1 backbone. It it is worth pointing out, though, that all the positively
charged residues form very persistent pure salt bridges.
Despite a reduced number of contacts with the membrane, Rec-GRK1 established strong electrostatic interactions, mainly via Lys5, Arg43 and Arg46,
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for more than 50% of the total time. With respect to the apo form, the proteintarget state requires these salt bridges with the charged lipids to stabilise and
increase the hydrophobic packing of the myristoyl.
Among the basic residues we identified, Lys5, Lys37 and Arg43 are in the
list of amino acids suggested in Valentine’s work [102]. The others, in particuler
Arg46, might play a key role in a membrane with the composition of the ROS
discs, different from the membrane used in the aforementioned work.

3.4.2

Membrane in the bound state

The crucial role of the PS lipids in the protein-membrane network of interactions pointed out in the previous analysis led us to investigate the dynamics
of lipids when the insertion of recoverin has been successfully occurred.
We, therefore, computed the density of the PS lipids in the upper leaflet
of the membrane for each of the five replicas that presented the recoverinbound states, and compared it with the density maps of Rec-R and Rec-GRK1
for the same trajectories, see fig.3.10. As we previously stated, the insertion
in the membrane of the N-terminus occurred if salt bridges were established
between basic residues and charged lipid head groups. The density maps of
PS confirmed that these lipids played an active role in the Rec-membrane
interactions. Moreover, the interaction persisted afterwards: on average the
proteins was in contact with a region with a high density of PS.
It is unclear whether the high density regions contained only one PS lipids
or, as in Rec-GRK1 binding, multiple lipids cluster together forming small
rafts. As stated in sec. 3.3.1, the system studied does not provide a quantitive
answer to this question.
We can suggest, though, that once the protein is sufficiently close to the
charged head group of a PS molecule, Arg43 forma a persistent electrostatic
interaction that anchors the protein to the membrane and allowa the myristoyl to explore the surface of the bilayer. The presence of the protein, in
addition, with its basic residues at the N-terminal domain modulates the local
concentration of PS lipids.

3.4.3

State-specific allosteric mechanisms

Recoverin, as other members of the NCS family, requires long-distance allosteric communications across the structure to transfer the information about
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Figure 3.10: Example of density maps for Rec (A,B) and PS upper membrane
leaflet (C,D), calculated as the ratio between the number of atoms belonging to each
species and the volume. The maps were generated analysing one 200 ns membraneanchored trajectory for Rec-R (A,C) and Rec-GRK1 (B,D).The trajectories were
centred on the myristoyl group. White dashed lines in panels A and B represent the
contour of Rec density profile, projected onto the PS density maps, shown in panels
C and D [9].

its state from the EF-hands to the N-terminus or the pocket for the binding
of rhodopsin kinase.
The dynamic interactions developed in an MD trajectory can be condensed
in a static representation, the protein structure network (PSN). Each amino
acid is represented as a node in an undirected graph, and the edges between
residues are defined by the interactions occurred in the simulation[103].
For each conformation we build a PSN encoding the concatenated trajectory of 1µs, using the interaction definitions of the PyInteraph [104] software
and our custom implementation based on the MDAnalysis[30, 31] package.
The representation of the protein dynamics through a PSN allows the iden65
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tification of protein hubs, amino acids that mediate the highest number of
persistent interactions, or nodes that have the the highest degree in the graphtheory jargon.
In this work we defined as hubs the residues that persistently interacted
with at least seven other residues, i.e. with a degree ≥ 7. An edge between two
amino acid were considered established if at least one of the three interactions
defined in PyInteraph, i.e. salt bridges between charged residues within 4.5 Å,
hydrophobic contacts between sidechains whose centers of mass were within
5.0 Å, and hydrogen bonds with a donor-acceptor distance less then 3.5 Å
and a donor-hydrogen-acceptor angle less than 120◦ , had been formed in the
simulation for more time than a persistent threshold pT , defined in sec.1.4.2.
The analysis of the hubs identified for Rec-R and Rec-GRK1, whose summary is presented in fig.3.11, shows that Asp74 and Phe57 in the N-terminal
domain and Asp110 in the C-terminal domain mediate intramolecular interaction in both states. Other residues with high connectivity are state-specific.
On one hand, Lys101 and Ile13 are high-degree hubs if the target peptide is
not bound to the recoverin, Rec-R state. On the other hand, in the C-terminal
domain Met132 and Lys194 become activated if the GRK1 peptide is present.
A state-specific PSN without major structural modifications requires the rearrangement of the intramolecular connectivity.
To assess how the intramolecular communications are arranged in two
states, we compared the long-distance connections between specific residues
via the communication robustness (CR) index defined as follows:
CRAB =

σAB · pT
l

(3.3)

where pT is the persistence threshold used to filter the non-bonded interactions, l represents the length of the shortest paths connecting residue A to
residue B, and σAB is the number of shortest paths.
Since the CR index assigns to a pair of residues a higher value based on
the shortest and most redundant paths, it is a good proxy of the importance
of such communication routes. The CR index of the paths connecting Glu85
of EF2 and Glu121 of EF3 to residues located at the binding interface for the
peptide are shown in fig.3.12.
For the Rec-R state, a robust allosteric connection was found between
Glu121 of the EF-hand 3 and Tyr86 of EF2, Phe35 of EF1 and Phe49. Except
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Figure 3.11: (Top) Three-dimensional structures of Rec-R (A) and Rec-GRK1 (B).
Rec (green) and GRK1peptide (orange) structures are shown as cartoon, Ca2+ions
are represented as red spheres, the N-terminal myristoyl group is shown as purple
sticks. Cα atoms of hub residues are shown as spheres with a radius size proportional
to their degree (number of connections). The colour code is as follows:blue (degree 7),
yellow (degree 8) or orange (degree 9). (Bottom) Schematic representation of theintramolecular communication between Rec EF-hands and GRK1 interface residues for
Rec-R (C) and Rec-GRK1 (D) signalling states. Rec shape is represented in grey,
the helices of the four EF-hands are represented as green cylinders with the entering
helix in front of the exiting helix. GRK1 is shown either as a transparent (C) or a
solid purple cylinder (D) depending on its presence, Ca2+ -ions are represented as red
circles. For both cases, residues E85 and E121, representing EF2 and EF3 respectively, and the three residues with the highest communication robustness (CR) are
shown as black dots and labelled. The communication between EF-hands and interface residues is represented by dark red (E85) and teal(E121) arrows whose width
is proportional to CR values. Interactions between interface residues and GRK1
peptide are shown by black dashed lines [9].

for the latter, the same allosteric paths were reported in a computational
work of Rec-R and Rec-GRK1 in solution[89]. In addition, that study did
not report any communication between EF2 and residues at the C-terminal
domain, where the interface for GKR1 is located. With the presence of the
membrane, our PSN shows instead robust connection between Glu85 of EF2
and two residues in the EF4 motif, Pro190 and Gln191, suggesting that the
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Figure 3.12: Intramolecular communication between Rec E85 (A) and E121 (B),
representative residues of EF2 and EF3 respectively, and GRK1 interface residues.
CR index is reported for all Rec interface residues of Rec-R (black) and Rec-GRK1
(red). The higher the value, the more robust the connection is [9].

binding is highly favoured if the recoverin is in contact with the membrane.
The lipidic bilayer affects consistently the long-range pathways in the RecGRK1 case as well. With respect to the counterpart in solution [89] that
extracted allosteric communications between EF2 and EF4, in this work GLu85
of EF2 established new short-ranged connections with Ile52 and Phe57. A
similar situation occurred for Glu121 in EF3. The presence of the membrane
introduced more connections both long- and short-ranged, such as the ones
with Phe49 and Phe57 or Gln191.
The change in degree of the major hubs, residues with degree greater than
7, extracted in this work with respect to the simulation in an aqueous environment by Marino et al. [89], see fig. 3.13, offers a synthetic overview on the
effect of the membrane on the intramolecular interaction of both Rec-R and
Rec-GRK1.
In general, the presence of the membrane reduced connectivity of the major hubs for both Rec-R and Rec-GRK1, as highlighted by predominance of
negative shifts compared to the number of increased degree, probably due to
a redirection of the interaction.
The highest impact of the membrane influence was reported for the RecR state. This structure showed the highest positive and negative change in
degree, with a +4 for Lys101 and −3 for Phe49 and Ala89. It is of interest
to highlight that the largest variations in connectivity did not affect the two
states in the same way. For the Rec-R the hubs involved were located to the
N-terminal domain; in the Rec-GRK1 case, on the C-terminal domain, i.e. in
68

Chapter 3. Recoverin

Figure 3.13: The effects of the membrane on the intramolecular connectivity of
Rec-R (black) and Rec-GRK1(grey). The reported residues were hubs with degree
≥ 7 in one of the four signalling states.∆Degree was calculated as the difference
between the degree of the hubs in the presence and in the absence of membrane.
The data referring to the hub degree in the absence of membrane was taken from
the work by Marino et al[89]. The inset represents the structural regions of Rec to
which the hub residues belong [9].

proximity of the interface for the peptide.
Overall, the analysis on the impact of the membrane in the communication
network shows that it strengthens the allosteric paths between the calciumbinding EF-hands and the interface where the rhodopsin kinase binds the
recoverin. Thus, the existence of these robust long-ranged communications
could be crucial for the formation of the complex.
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Aqp4
This chapter is devoted to a preliminary study of the human Aquaporin type
4 protein in the M23 isoform upon aggregation. Although extensively studied
for its pharmaceutical interest and its role in water regulation as well as target
a for the auto-immune disease Neuromyelitis optica (NMO), its aggregation
mechanism is unclear. Depending on its N-terminal region, it is expressed in
the M1 or M23 isoform. The latter aggregates and, unfortunately, has a better
response in binding with NMO antibodies, thus favouring the auto-immune
disease.
In this work I simulated an infinite orthogonal array of particles of AQP4M23 for 800 ns to shed a light into the interactions and the role of the Nterminus upon aggregation, and whether it affects the dynamics of the protein.
The results here presented are preliminary, but suggest further computational investigations and/or experimental validations.

4.1

AQP4 and its isoforms

Human AQP4 is an integral membrane protein consisting of six transmembrane helices and five connecting loops. As the name suggests, it is a water
channel and forms tetramers as biological assembly, fig.4.1. It is expressed
in astrocytes throughout the central nervous system, and its malfunctioning
is responsible for several disorders of water regulation. Moreover, it is the
target of auto-antibodies in patients affected by neuromyelitis optica (NMO)
[7], a self-immune inflammatory disease of the central nervous system. The
binding of NMO-IG antibodies is enhanced when the AQP4 tetramers aggregate into supramolecular complexes known as Orthogonal Arrays of Particles
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Figure 4.1: Tetramer of hAQP4 with

(OAP)[105]. The tendency to aggregate depends on the isoform in which AQP4
is expressed. At the moment two different isoforms of hAQP4 have been identified, named M1 and M23, for the starting methionine of their peptidic chain,
Met1 or Met23. [106].
Experimental evidences show that hAQP4-M23 promotes the formation of
the OAPs, while the M1 isoform does not.
It is therefore of scientific interest to understand how the N-terminus affects
the protein dynamics or whether its role is fulfilled during the aggregation or
after.

4.2

The Hamletic N-terminus

Several computational studies have been performed on hAQP4 and other members of the aquaporin family to investigate the water gating mechanism[107,
108, 109] or the binding with the NMO-Ig antibody[110]. Most of them,
though, did not include in their model the presence of the N-terminus. This
segment of the protein is intrinsically disordered and it is not resolved in the
crystal structure.
In our research group the M23 N-terminus has been modelled and the
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most populated conformations were extracted from explicit solvent simulations, whose sampling was enhanced employ the Replica Exchange with Solute
Tempering (REST2) by the wangReplicaExchangeSolute2011a.
Three clusters were mostly populated and, according to their, importance
their representative conformations were added to the AQP4 tetramer as shown
in fig.4.2, which has been extensively simulated in the group and for which
equilibrated structures are available.

Figure 4.2: Tetramer of hAQP4 with the four N-terminus in blue. The cytoplasmic
side is on top, while the extracellular region with the loops that binds NMO-Ig in at
the bottom.

As we can see in fig.4.2, the conformations of the termini did not have any
structural property, except for one segment in the beta hairpin motif. This
structure is stable throughout the dynamics.
The system was subsequently simulated for 500 ns, following a protocol
similar to the one described in sec.2.3.2.
To provide a comparison with the available simulations, I created an infinite
OAP.
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The scientific question was whether the M23 N-terminus acts as a sensor to
recognise other AQP4-M23 proteins as suggested by Mitsuma et al.[111] and
thus the aggregation occurs after recogntion, or the N-terminus itself modifies
the protein structure thus enabling the formation of OAPs.

4.3

To infinite OAP and beyond

The scarcity of computational resources were daunting in dealing with a system
of this size. To investigate the interactions between N-termini at least two
tetramers were needed, since the use of only two monomers from different
tetramers could have interfered with the structural stability of the helices.
In that case most of the system would have consisted of lipids and water
molecules.
We decided to investigate the behaviour of the intrinsically disordered regions with the full molecular assembly to mimic the biological environment
within the limit of the force field. The use of unbiased MD simulations was
driven by the necessity to avoid any bias in the choice of the collective variables
to describe the N-termini aggregation.
Therefore, first, I created a tetramer of tetramers. The relative positions
of each functional tetramer with respect to each others were extracted from
the density map of the OAP of a mutated AQP4 (PDB ID:3IYZ)[111].
Following the same rationale used by Wells et al.[112] in the simulation
of an infinite long microtubule, I exploited the periodic boundary condition,
quintessential for an MD simulation, to reproduce a tetrameric assembly of
AQP4 tetramers in the xy plane, as shown in fig.4.3.
This setup would maximise the possibility of interactions between the Ntermini, since each of them would have three different tetramers. The size of
the system guarantees the absence of self-interactions between a tetramer and
its image.

4.4

System setup and simulation

The supermolecular complex was inserted in a POPC membrane 144×144 Å2
using VMD and the already cited tools. Overlapping lipids were removed, the
system was solvated with TIP3P water molecules, and a 0.15 M concentration
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Figure 4.3: Tetramers of tetramers to mimic the OAP assembly. The unit cell is
inside the blue square.

of NaCl was added to neutralise the system. The final system consisted of
almost 250000 atoms.
The force field of choice was CHARMM36m and the MD engine used for
the equilibration was NAMD2.12, while Gromacs 2018.2[113] was employedfor
the production to take advantage of the two shared Graphical Processing Units
available in the local cluster.
The refinement of the system employed multiple passages to relax. Following minimisation, the whole system was restrained except for the lipidic
tails which were allowed to melt. Subsequent runs of 1 ns in NVT allowed the
thermalisation of the solvent and the adhesion of the membrane to the protein,
now free of positional constraints. The harmonic restraints of the protein were
incrementally decreased and eventually released after the membrane-protein
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gap had been removed.
The system topology was then translated into Gromacs, and two parallel
simulations of 400 ns in the NpT ensemble, with the Nosé-Hoover thermostat
at 310 K, semi-isotropic Parrinello-Rahman barostat at 1 atm were performed.
The system was stable in both simulations: after the initial 10 ns during
which the volume of the boxes decreased, the unit cells relaxed to the stationary
values of the volume of 2142 ± 8 nm3 and 2143 ± 8 nm3 .

4.5

Preliminary results

Throughout the simulation the N-termini do not show peculiar interactions.
The beta hairpin segments persist in their conformation, the other structureless moieties are highly flexible.

Figure 4.4: Snapshot of the contact between two termini.

In the middle of one simulation, though, two N-termini strongly interact
forming a short antiparallel beta sheet.
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Although they belong to the same tetramer (see fig.4.4), this event provides
information that hints at possible aggregation mechanisms.
The region of the termini that makes contact is the same for both segments
and consists in Val24, Ala25 and Phe26 (the so-called VAF motif). The detail
of the contacts is provided in fig.4.5. The stabilisation of the beta structure

Figure 4.5: Atomistic detail of the interaction between the VAF sequences.

is enforced by the hydrogen bonds between the main chains. Once the first
H-bond is formed between Val24 of one terminus and Phe26 of the other, the
alignment of the chain rapidly follows.
This secondary structure lasted for several tens of nanosecond. Fig.4.6
shows the distance between the amine and carboxylic end of Val24 and the
carboxylic and amino end of Phe26.

Figure 4.6: Distance between backbone atoms of Val24 and Phe26 in the Nterminus domain.
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For approximately 30 nanoseconds, the two hydrogen bonds coexist, and
in this interval we observe the secondary structure. Once the bond is broken
between the backbone nitrogen of Val24 and the backbone oxygen of Phe26,
the two amino acids stay in contact, pivoting around the remaining bond. This
interaction between the VAF motifs could be plausible as well also when the
two termini belong to different tetramers.
To perform the comparison between the single tetramer and the tetrameric
assembly, I built the Protein Structure Network for the two systems. For the
OAP case, the interactions computed on a tetramer-basis were averaged to
obtain a single comparable network.
The plethora of mutations in experimental data and their possible links
with our generated PSN are still under scrutiny. Nonetheless, some cautionary
assertions can be made. In particular, the aggregation modifies the network
of interactions. For the single system, I found 27 amino acids with a degree
greater than 7 (hub), most of them hydrophobic. The assembly instead showed
50 and 54 hubs. In this network, half of the hubs that were present in the single
tetramer fialed to qualify as hubs. The influence of the aggregate in the intratetrameric interaction is not due to the N-termini, since they were present in
both structures and their inter-tetrameric influence was negligible.

Figure 4.7: Root Mean Square Fluctuation for a single monomer, average over the
4 monomers in the single tetramer simulation, and over 16 in the terameric complex-

Another hint on the role of the aggregation can be derived from the comparison of the average fluctuations of the monomer in the systems. The two
curves in fig.4.7 match with only a difference between residue 140 and residue
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160. In the AQP4 structure, this sequence of amino acids correspond to loop C
(residue 137-157), whose mutations interfere with loop A, which is responsible
for the binding of antibodies [110].

4.6

Conclusions

This preliminary work shows that the presence of the N-terminal domain of the
M23 isoform does not directly affect any global properties of AQP4. Nonetheless, a possible binding mechanism of the termini could involve the initial VAF
motif. This hypothesis should be validated employing newer force fields tailored to describe intrinsically disorder region as well as structured domain[11].
The higher tendency of the AQP4 protein to bind NMO-Ig when assembled
into OAPs can be partially explained by the increase in mobility of loop C.
Nonetheless, in the aggregated form, the fluctuations are enhanced offering a
hint to the OAP conundrum.
As a by-product, this simulation offers a state-of-the-art sampling of the
single monomer of AQP4 with an aggregated simulated time of more than
ten microseconds, an unprecedented source of statistics for this system. The
corresponding statistical analysis is still in progress and will be reported in a
subsequent collaborative research article.
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Conclusions
In this work, I have presented all-atoms Molecular Dynamics simulations approaches to tackle questions and problems posed mainly by experimental investigations in molecular biology, and, in particular, on membrane proteins.
Atomistic Molecular Dynamics simulations are, nowadays, a powerful tool in
molecular biology: they really fulfil Klaus Schulten’s prophecy of the “computational microscope”. This is certainly true for water soluble globular proteins:
however, it is also true that the case of water soluble globular proteins is, in
these early 2020s (or late 2010s), the one for which we have most experimental
data, obtained with numerous and different techniques, all well assessed and
well debated. In other words, these proteins are well characterised, sometimes
so well that an atomistic molecular dynamics approach seems just a further
evidence or a justification of biological processes that can be clearly inferred
from experimental data.
This is certainly not the case for membrane proteins, for reasons that I
have clarified in each chapter and I summarise here. The first one is the intrinsic difficulty of obtaining crystals (not to mention NMR solved structures)
of membrane proteins: it has been said that “crystallising proteins is an art, but
crystallising membrane proteins resembles witchery”. There are few structures
available, not in general, but in relation to the number of membrane proteins
we are interested to. In addition, most of these membrane proteins perform
their function by conformational changes: sometimes the crystal structure of
one state is available, but few information is available for the other states,
which might differ a lot from the one(s) at our disposal. As evident for each
system I have studied within this thesis work, the crystal structure takes a
snapshot that clearly has some resemblance with the protein surrounded by
lipid molecules, but these lipids are not the ones the protein interacts with
in a membrane. Embedding the protein system in the membrane is part of
the game, and one for which extreme care must be paid. Atomistic Molecu81
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lar Dynamics simulations provide here an invaluable tool: there is no better
way to construct a realistic model of a protein embedded in a membrane, surrounded by the solvent and the ions at physiological concentrations. However,
this comes at a price: as usual, the timestep for all our atomistic simulations
remains in the order of the femtosecond, even taking into account the constant
improvement of empirical force fields and software tools, which are nowadays
far beyond our expectations ten years ago. The widespread diffusion of High
Performance Computing resources has also meant that it is now possible, even
with those timesteps, to reach a total simulation time of about 1 µs for what
would have been called monster systems ten years ago. Still, 1 µs is 3 orders of
magnitude (best case scenario) and 9 orders of magnitude (not even the worst
case scenario) below the typical timescale of a biological process. As stated in
our methodological introduction, resorting to advanced simulation techniques
and, in particular, enhanced sampling methods is not the ultimate answer, but
the one we can afford. Again, this comes at a price: enhanced sampling does
not mean that we can solve all problems by simply enhancing our confidence in
a collective variable or reaction coordinate. Enhanced sampling is a boost to
our simulations, but this boost has to be validated, with further plain Molecular Dynamics simulations (when computational resources are available), with
available experimental data (for which the experimental conditions must be
clear) or (when both options are not viable) with different enhanced sampling
approaches.
All the systems I have investigated within this thesis work present these
three features, with a notable exception: the availability of computational
resources. This is fairly common in the extended community of computational
biophysics: however, the number of groups with adequate local and national
HPC resources is constantly increasing and the competition is becoming more
and more unbearable for groups that lack these computational facilities.
The prestin protein is certainly the most challenging problem I have faced
during these years and within this thesis. The problem is so challenging that
our results will probably still require not only a comparison with the available
experimental data (which is already presented here) but also some patience
to wait for further experiments, still in progress at the time I am writing this
thesis. However, some results can be considered remarkable on this system:
first, I have constructed and validated four models of the prestin protein, based
on homology modelling, which is a weak strategy to build up a protein model,
82

Chapter 4. Aqp4
but the only one at our disposal when there is no crystal structure available.
Nonetheless, homology modelling works when the starting models are properly
chosen: in this respect, the humble approach employed, consisting in asking for
advice from experimental molecular biology laboratories, has certainly paid off.
I have shown, with quantitative indicators and qualitative comparisons with
experimental data, that our proposed four models represent the state of the art
on this peculiar biological system. In particular, I have provided the first realistic models of the zebrafish prestin protein in the inward open and outward
open states embedded in a membrane. The same holds true for the inward
open state of the rat prestin protein. In addition, I have applied our protocol
to obtain a putative outward open state for the rat prestin protein, a state
that does not exist in nature and has never been realised in the laboratory,
but would represent the final state of a putative transition from the inward
open to the outward open state of mammalian prestin, a transition that never
occurs. This model is crucial to assess why this transition is forbidden and
which molecular mechanism prevents it from occurring, a “molecular switch”
that is not present in the zebrafish prestin. Forcing the transition from the
inward open to the outward open state was exactly the main daunting task
for this biological system and certainly the “high-risk high-gain” part of this
thesis. Indeed, in the zebrafish case, one would observe this transition, with
the availability of unlimited computational resources: I did not follow this
path and tried instead to apply enhanced sampling algorithms to this aim.
The results are certainly not conclusive: however, they strongly lean forward
the elevator mechanism, which is also the one most experiments would support. Further studies are certainly needed, but this is a good starting point
and one for which I am eager to witness its legacy. Probably less difficult in
terms of computational approach, the recoverin system has also constituted
an interesting benchmark for our advanced molecular dynamics simulations.
Here, the protein itself is not a transmembrane protein, but one that lives in
solution and performs its function by extruding a myrystoyl end to anchor the
membrane. Observing this anchoring process seemed to be an ambitious goal
at the beginning: there was a computational work on the same problem and
23 long runs were required to observe a few anchoring events. Here, probably,
the lack of computational resources would have prevented us from addressing
this problem in the first place. However, the collaboration with our experimental counterpart pointed out that the composition of the membrane was
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not the one adopted in the previous computational study. What if this anchoring process depends crucially on the interaction with the lipids and, as a
consequence, on the membrane composition? This was the question we tried
to address. The answer was that a realistic membrane composition accelerated
the anchoring process to such an extent that it was observable even with our
limited computational resources. This result, however, came after a careful
analysis of our trajectories, that included the application of the PyInteraph
approach and its extension to lipid interactions. The recoverin system thus
produced two main achievements: the PyInteraph extension to lipid interactions and a first clear explanation of the anchoring mechanism of Recoverin
into its proper membrane.
Last but not least in importance, I have tried to approach the most difficult question posed by the investigations on the human protein Aquaporin
4 (AQP4). Here, the idea was to gain insights on the role of N-terminus in
the AQP4M23 isoform, a segment of the protein not resolved in the available
crystal structures. In particular whether its presence would affect the Orthogonal Array of Proteins or their formation. The exploitation of the periodic
boundary conditions allowed me to constrain the size of the system, although
it is the biggest I have worked with during my doctoral training.
I remark that the results are preliminary and far from conclusive. Nonetheless we have decided to present the procedure here and hope that our results
will trigger experimental groups to further investigate this system.
However, the experience with the previous systems has provided us enough
confidence to assess the validity of our equilibration procedure. Our main result
here is the full equilibration of a tetramer of AQP4 tetramers with 16 copies of
their fully reconstructed N- terminals. Again, in this case, the analyses have
suggested some possible experiments, but they will require time and resources
(specific funding in this case) to be tested.
I would like to close this work with a final comment on what the experience
with membrane proteins has thought me, after working on these three interesting and peculiar systems. We have stressed that computational resources
are an important asset (or should we say a prerequisite?) if we aim at being
competitive in this field of research. However, it is true that the lack of resources has forced us to focus on the analyses of our produced (and, given our
limited resources, precious) atomistic molecular dynamics trajectories. This
is certainly in contrast with a widespread attitude towards the production of
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“movies” of monster-systems approaching now the unbelievable number of 100
million particles. Of course, these simulations are neither useless nor pointless: they are extremely valuable, although probably they are more valuable
on the computational side (the computational algorithms that would take care
of such big systems are certainly not trivial) rather than the biological side.
In this thesis work, I have tried to follow another path: although difficult and
not conclusive at times, we do still believe that the constant interaction with
experimental groups, a careful systematic analysis of all-atoms Molecular Dynamics trajectories, and a clever application of different enhanced sampling
methods are the key ingredients to success in the investigation of membrane
protein systems.
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